
E L S E V I E R  Talanta 44 (1997) 1-13 

Talanta 

Review 

Microcells for voltammetry and stripping voltammetry 
Ya. I. Tur'yan 

National Physical Laboratory of Israel, Danciger "A" Bldg., The Hebrew University, Givat Ram, Jerusalem 91904, Israel 

Received 12 February 1996; revised 19 June 1996; accepted 24 June 1996 

Abstract 

The designs and applications of "non-flow" microcells in voltammetry and stripping voltammetry for samples with 
volumes from sub-microliters to 5 ml are reviewed. The analysis of microcell designs was carried out on the basis of 
their classification: (i) microcells with a static sample, including thin-layer microcells with a static sample; (ii) 
microcells with forced convection of the sample; and (iii) microcells for batch injection of samples. Two working 
electrode types (the usual state and inverted state) are discussed. The use of working micro- and mercury-film 
electrodes and of the accelerated removal of dissolved oxygen are also considered in detail. 

Keywords: Microcells; Review; Sample batch injection; Stripping voltammetry; Voltammetry. 

I. Introduction 

Electrochemical methods of anlysis, including 
voltammetry and stripping voltammetry, are 
widely used [1-3] in microanalysis with small 
volumes of samples. Voltammetry and stripping 
voltammetry can be used for the analysis of small 
volumes of samples after their preconcentraion by 
different methods [4], for the automation of anlay- 
sis [5-10] and for the anlaysis of the limited volume 
materials in biology, medicine and the environ- 
ment, such as biological fluids [11,12], brain slices 
[13], products of enzymatic reactions [9], cate- 
cholamines [14] and human cerebrospinal fluid [15]. 

The possibilities of voltammetric and stripping 
voltammetric microanalysis essentially depend on 
the design of the microcell where the measuring 

process takes place. We define the "microcell" as 
the complex of following elements: the working, 
auxiliary and reference electrodes, the electrode 
compartments and electrolytic diaphragms and the 
devices for sample inlet and outlet, for removal of 
dissolved oxygen and for sample forced convection. 

The term "micro" is not related to the cell size 
but to the sample volume, which we conditionally 
accepted up to 5 ml: 0.5-5 ml [16-23], 20-300/zl 
[5-13,24-27] and ~< 10/11 [10,14,15,25,28-53]. 

There are flow-through and "non-flow" micro- 
cells. In flow-through microcells, sample is intro- 
duced in to the cell with a continuously moving 
carrier solution and leaves the cell together with it. 
In "non-flow" microcells, sample is introduced to 
the cell directly and discretely with a pipette or 
some mechanical closer. After analysis it is re- 
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moved from the cell or from the measuring zone 
with the same device or by the rotation of the mixer 
or working electrode or by displacement by the next 
sample of the electrolyte. 

Flow-through microcells are intended mainly for 
detection in liquid chromatography and flow injec- 
tion analysis. These ceils have been considered in 
detail in reviews by Kissinger [54], Gunasingham 
and Fleet [55], Berisci et al. [1] and for stripping 
voltammetry by Lunque de Castro and Izquierdo 
[56]. Therefore, the novel aspects of this review are 
the analysis of designs and application of "non- 
flow" microcells in which a sample is introduced 
directly and discretely with a pipette. These micro- 
cells are widely used in voltammetry and stripping 
volammetry. Some microcells that were developed 
for other electrochemical methods of analysis are 
also included in this review since they are suitable in 
principle for the voltammetry and stripping 
voltammetry. 

Designs of"non-flow" microcells can be classfied 
depending on the sample state in the cell: 

(i) microcells with a static (motionless) sample; 
(ii) microcells with forced convection of the 

sample; 
(iii) microcells for bath injection of samples. 

These cells are designed for the analysis of groups 
of samples during a relatively short time. In such 
a microcell a sample during analysis can be in 
either the static state or in the forced-convection 
state. Therefore, such a cell can be classified as 
(iii) and (i) or (ii) types simultaneously. 

2. Designs of microceils and their applications 

2.1. Types of electrodes 

We consider here only working electrodes and 
among them such important kinds as micro-, 
mercury-film and modified electrodes. Others elec- 
trodes will be considered in the analysis of cell 
design. 

2.1.1. Working microelectrodes 
Wightman and co-workers [57-59] pioneering 

work was the basis for the use of working micro- 
and submicroelectrodes in microcells [45-53]. The 

surface area of these microelectrodes is ~ 0.1 mm ~ 
but often it is 10-4-10 -3 mm 2. Microelectrodes 
have been fabricated from carbon paste [35, 60], 
carbon fiber of diameter 8-10 /~m [45-47, 52], 
cylindrical graphite fiber of diameter 8/~m [50], Pt 
wire of diameter 10/~ m [47], Au film of surface area 
0.12 5.7 mm 2 [48], Pt film of surface area 4 x 10 3 
mm 2 [53] and 0.1 mm 2 [49] and Cu, Ag and Pt wire 
of diameter of 25/~ m [51]. Working solid microelec- 
trodes can be plated with a mercury film (see 
below). 

Advantages of the working microelectrodes are 
following [45-53]: (1) possiblility of the use of the 
extremely small sample volumes, down to the 
sub-microliter level; (2) decrease in the current 
capacity and the possibility of potential rapid 
scanning; (3) rapid reaching of the steady-state 
current; (4) high current density compared with 
that of the usual rotating disk electrode, which 
together with the better reproducibility and the 
simpler design of the microcell, allow the same or a 
shorter preconcentration time to be achieved in 
stripping voltammetric analysis as with a rotating 
disk electrode; (5) insignficant iR distortion allows 
the use of non-aqueous solvents and low concentra- 
tions of the supporting electrolyte, and as a conse- 
quence the effect of contamination is decreased, 
which is of particular importance in the stripping 
voltammetry; and (6) there is a possibility of 
combining the functions of auxiliary and reference 
electrodes in one electrode and electrolytic di- 
aphragms can be excluded. 

The drawback of working microelectrodes is the 
necessity to amplify a very small current. Therefore, 
the ratio of the analytical signal to noise is de- 
creased and the detection limit is increased corre- 
spondingly. In order to decrease or to eliminate this 
drawback completely, the application of a mi- 
croelectrode array is reasonable. The microelec- 
trode array increases the analytical signal 
proportionally to the number of microelectrodes 
(with a sufficient distance between them). Although 
we do not know of the use of such kinds of 
microelectrodes in microcells, the recent develop- 
ment [61] of an iridium-based ultramicroelectrode 
array (without or plated with mercury) by mi- 
crolithography is very promising for microcells. 
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2.1.2. Working mercury-film electrodes 
There are two directions in the development of 

these electrodes: (1) the development of mercury- 
film electrodes for voltammetry that are ecologi- 
cally sounder than the classical dropping mercury 
electrode (DME), while the advantages of the DME 
such as a high hydrogen overpotential and excellent 
reproductibilty have been retained and (2) the 
development of mercury-film electrodes for strip- 
ping voltammetry. 

Mercury films that have been used in voltamme- 
try (first direction) have a greater thickness. It has 
been shown that only in mercury films with thick- 
ness ~> 10-25/~m do the electrochemical properties 
of the film correspond to those of metallic mercury 
[62,63]. A mercury-film has been electrochemicaly 
plated and dissolved on a Pt microelectrode in the 
automatic regime imitating the DME [63]. 

In stripping voltammerty (second direction), 
very thin mercury films with a thickness of ~< 1 l~m 
have been used. The films for stripping voltamme- 

Fig. 1. Capillary microcell. 
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Fig. 2. Microcell with Nation membrane. 

try are obtained either by preliminary electrochem- 
ical plating or in situ [64]. In stripping voltammetry 
on mercury-film electrodes including microcells 
[8,28,30,36,37,43,47,51], a lower detection limit and 
better reproducibility are achieved. In microcells, 
mercury-film working macroelectrodes have been 
prepared by the electrochemical plating of mercury 
on glassy carbon [8,28,30,43] and impregnated 
graphite [26,27,36,37] and for microelectrodes on 
carbon fiber [47], Cu, Au and Pt [51]. 

Methods of preparation of mercury films have 
been considered in detail in many publications [2, 3, 
65], so here newer work in this field is considered. 
The problem of the mercury-film regeneration to 
obtain a film in situ has been considered in connec- 
tion with the formation of Hg2CI2 [66]. To resolve 
this problem, the use of a supporting electrolyte 
containing a high concentration of NaSCN has 
been proposed [67]. The other technique for im- 
proving the regeneration of a mercury film in situ 
was developed by Lovri~ and co-workers [68,69]. 
They first used a mercury film in situ, then the 
analysis was continued in situ but in a solution with 
an Hg 2+ concentration ~ 100 times smaller. Fren- 
zel [70] has shown that better adhesion of the 
mercury film takes place on the rough surface of a 
carbon electrode. Brainina et al. [71] proposed to 
add to the supporting electrolyte Zn 2+ ions, which 
form adatoms on the electrode surface that improve 
the adhesion of the mercury film on the carbon 
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electrode. Ping Wu [72] showed that rapid scan- 
ning of the potential at the anodic stripping stage 
worsens the mercury-film structure. 

2.1.3. Working modified electrodes 
Modification of the working electrode surface 

can accelerate the electrode process and make it 
more selective. Application of physical, physico- 
chemical and chemical activation of the working 
electrode surface has often been used in macro- 
cells [73,74]. For microcelis only a few examples 
of modification of the working electrode, by en- 
zyme glutamate dehydrogenase [9], 7,7,8,8-tetra- 
cyanoquiodimethane [33], poly(vinylferrocene) 
[49,52] and poly(vinylpyridine) [52], are known. 

2.2. Removal o f  dissolved oxygen 

This aspect concerns all microcell types ((i-iii); 
see Introduction). In many cases, especially when 
using voltammetry with mercury and mercury- 
film working electrodes, the dissolved oxygen in- 
ferferes with the analysis. To accelerate the 
removal of the dissovled oxygen in voltammetry, 
Yarnitzky [75] sprayed the sample into the nitro- 
gen compartment. In another study [22] a thin 
sample film was poured down the wall of a capil- 
lary tube in which nitrogen flows at the center. 
Baranski and co-workers [45,51] proposed to put 
the microcell in a special chamber through which 
an inert gas, saturated by the vapor of the corre- 
sponding solvent, passes. The time of the oxygen 
removal is ~ 5 min. 

In anodic stripping voltammetry, the problem 
connected with dissolved oxygen is simplified 
since the dissolved oxygen does not influence the 
stage of metal preconcentration although it influ- 
ences the anodic stripping stage [76,77]. For ex- 
clusion of this influence, an increase in the 
scanning rate during the anodic stripping stage 
was proposed by Wojciechowscki and Balcerzak 
[77]. The expedience of this approach is confi- 
rmed by the results of stripping voltammetric 
analysis in microcells [8,36,37,47,50]. At the same 
time, for greater accuracy, Baranski [47] took 
into account the background current in the pres- 
ence of oxygen. 

2.3. Microcells with static sample 

The advantages of the use of a static sample are 
the possibility of decreasing the sample volume and 
applying a relatively simple design ofmicrocell. The 
higher limit of detection [78] in comparision with 
that reached with microcells with forced convection 
of the sample [36,37] is a drawback to the static 
sample approach. 

Two different working electrodes (in the usual 
and inverted states) are used in these cells. 

2.3.1. Working electrode in the usual state 
The working electrode in the usual state, that is, 

set from top to bottom, has been used in a 
number of microcells, e.g. Fig. 1 [50]. As the 
working electrodes, hanging mercury drop 
[16,17,22,31] and solid macro [15,18,19,30,44] and 
micro [35,50,60] electrodes have been applied. 

The microcell [50] (Fig. 1) is sufficiently simple 
and is based on a two-electrode system. In Fig. 1, 
(1) is the cylindrical graphite fiber working mi- 
croelectrode, (2) is the reference/auxiliary stain- 
less-steel needle, (3) is the sample, (4) is the hole 

Fig. 3. Microcell with the packed graphite working electrode. 
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Fig. 4. Microcell with capillary packed-bed working electrode. 

for the micropipette for aspirating/dislodging a 
sample, (5) is the reference/auxiliary electrode con- 
tact and (6) is the working electrode contact. In the 
case of the anodic stripping voltammetry, it has 
been recommended [50] to preplate the reference/ 
auxiliary stainless-steel needle (2), with mercury. A 
two-electrode system of the catheter type has also 
been used in a microcell [60] but the electrodes were 
immersed in a supporting electrolyte in the outer 
compartment and this caused the undesirable dilu- 
tion of a sample. 

The possibility of using a very small sample 
volume ( ~< 1/~1) in a microcell [44] (Fig. 2) has been 
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Fig. 5. Microcell with inverted working electrode. 

Fig. 6. Microcell with working mercury-drop electrode. 

reported with the working microelectrode placed in 
a Nation membrane tube. In Fig. 2 (1) is the 
working microelectrode (Au wire), (2) is the Nation 
membrane tube, (3) is the sample, (4) is the auxil- 
iary electrode (Au wire), (5) is the reference elec- 
trode, (6) is the supporting electrolyte and (7) is a 
Teflon tube. Sample (4) and supporting electrolyte 
(6) enter the microcell by the capillary action. Since 
cations diffuse through the Nation membrane, only 
anions can be determined in the sample. 

Microcells with the working solid electrode in the 
form of a packed bed [15, 18, 19] have been 
developed. In the cell (Fig. 3) [19], (1) is the 
packed-bed electrode in the form of powdered 
graphite, (2) is pencil lead for contact, (3) is a Vycor 
porous glass tube, (4) are cotton plugs, (5) is the 
platinum auxiliary electrode and (6) is the reference 
electrode. The sample and solvent for washing of 
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Fig. 7. Microcell with inverted microlithographicallly fabri- 
cated microelectrodes. 
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FFV 
Fig. 8. Microcell with inverted metal foil microelectrodes in a 
multi-decker sandwich heat-sealing film. 

tube (3) are removed by an aspirator. It is more 
efficient to use a microcell [15] with a packed-bed 
working electrode also but having a simpler design 
(Fig. 4). In Fig. 4, (1) is a glass capillary tube for the 
sample (10-40/tl), (2) is granular glassy carbon, (3) 
is pencil lead for contact, (4) is glass wool, (5) is the 
platinum auxiliary electrode, (6) is the reference 
electrode and (7) is the supporting electrolyte. The 
filling of the microcell with a sample was carried out 
by immersion of the tip in a sample solution. For 
emptying, the tip is touched to a tissue. 

2.3.2. Working electrode in inverted state 
This kind of solid working electrode, which is set 

from bottom to top, is illustrated in Fig. 5 [24]. The 
analogous state of the mercury working electrode is 
shown in Fig. 6 [42]. Working electrodes in the 
inverted state have been used in microcells more 
often than working electrodes in the usual state 
because of the possibility of applying a sample of 
smaller volume. Both macro [12,13,24,29,34,43] 
and micro [45 49,51,53] working electrodes in the 
inverted state have been used in microcells. 

The first development of the working electrode in 
the inverted state by Iwamoto et al. [24] was based 
on the use of a Pt plate (Fig. 5). On the surface of 
the Pt plate (1), the sample drop (50 /~1) (2) is 
placed. The Pt wire auxiliary electrode is in the 
form of a ring (3) and the tip (4) of the electrolytic 
bridge of the reference electrode is immersed in the 
sample drop. In the microcell (Fig. 5), a capillary 
with mercury as the working electrode that is 

directed upwards has also been used [24]. 
The cone form of the microcell with the mercury 

drop working electrode on the bottom of the cell is 
shown in Fig. 6 [42]. In Fig. 6, (1) is the Pt contact, 
(2) is the mercury drop of 5/~1 volume, (3) is the 
sample of 10/tl volume, (4) is the capillary of the 
electrolytic bridge of the auxiliary and simulta- 
neously of the reference electrode and (5) is the 
capillary for the inlet of nitrogen. In the microcell 
(Fig. 6), deaeration of the sample is carried out 
simultaneously with the pre-electrolysis (stripping 
voltammetry), but nitrogen is admitted higher than 
the sample level. 

In microcells [48, 49, 53], all three electrodes 
(working, auxiliary and reference) have been in- 
verted, which allowed a decrease in sample volume, 
e.g. down to sub-microliter levels [53]. In the 
microcells shown in (Fig. 7) [48, 49], the three-elec- 
trode system was fabricated by microlithography. 
In Fig. 7, (1) is the working microelectrode (Au [48], 
Pt [49]), (2) is the auxiliary microelectrode (Au [48], 
Pt [49]) and (3) is the reference microelectrode (Au 
[48], Ag/AgC1 [49]). The sample volume is ~ 2/~1 
[48,49]. 

The microcell shown in (Fig. 8) [53] consists of 
three strips of metal foil in a multi-decker sandwich 
heat-sealing film. In Fig. 8, (1) is the working 
microelectrode (4/zm Pt foil) and (2) is the auxiliary 
microelectrode (100 /lm Ag foil). This micro 

Fig. 9. Kissinger-type microcell for a static sample. 
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Fig. 12. Microcell with static working disk electrode for batch 
injection analysis 

Fig. 10. Microcell with a working rotating disk electrode. 

cell has a sample volume of 0.05-1.0/11. 
The use of  a very small current in the microcells 

shown in Fig. 7 and 8 obviated the need to 
separate the electrode compartments by di- 
aphragms. 

2.3.3. Thin-layer microcells 
In thin-layer electrochemical cells [79,80] which 

will be discussed below, both types of working 
electrodes (usual and inverted states) have been 
applied. In such microcells the sample is usually in 
the form of a very thin layer between the working 
and auxiliary electrodes. Although thin-layer mi- 
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Fig. 11. Capillary microcell for the batch injection analysis. 

crocells are applied for flow-through systems 
more often [54,55], there are also some thin-layer 
microcells [11,14,26,27,32,38,40,41] for a static 
sample that are of interest. There are thin-layer 
microcells [11,32] that are suitable for both flow 
and static samples which is advantgeous. A micro- 
cell similar to the Kissinger type [54] has been 
used [32] for static samples (Fig. 9). In Fig. 9, (1) 
is the carbon paste working electrode, (2) is the 
carbon paste auxiliary electrode, (3) is the elec- 
trolytic capillary of  the reference electrode (Ag/ 
AgC1), (4) is the sample layer (2-5/~1, but a 100 
/zl volume was used to wash and fill the micro- 
cell), (5) is the working electrode contact and (6) 
is the auxiliary electrode contact. 

2.4. Microcells with forced  convection o f  sample 

In comparison with the static sample, in the 
case of forced-convection of the sample the diffu- 
sion of the analyte to the working electrode sur- 
face is accelerated and hence the analytical signal 
is increased and the detection limit decreased by 
about an order of magnitude [36,37]. In stripping 
voltammetry under the same conditions, the use 
of forced convection of a sample decreases the 
times of pre-electrolysis and of analysis. 

Usually in non-flow microcells, forced convec- 
tion was carried out in one of the following ways: 
rotation of the working electrode [5,20,21,28,36, 
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37], stirring of the sample by a magnetic stirrer 
[23], vibration pump [81] or rotation of the cell 
[82, 83]. In the case of the vibration pump [81], 
the fall of the mercury drop used as the working 
static merucry electrode was eliminated. 

As the rotating working electrode, a disk elec- 
trode is usually used [84]. The rotating disk in 
microcells has been made from the one of follow- 
ing materials: glassy carbon without [5] and with 
a mercury film [28], Au [20], Pt [20,21] and im- 
pregnated graphite with a mercury film [36,37]. 
The sample volume is 0.5-4.0 ml [20,21,23] but 
the sample volume can be also decreased to 200/~1 
[28,36,37]. 

A microcell with a rotating disk working elec- 
trode is shown in Fig. 10 [28]: (1) is the rotating 
disk working electrode, (2) is the auxiliary elec- 
trode, (3) is the reference electrode and (4) is the 
sample. The auxiliary and reference electrodes are 
separated by electrolytic plugs (5) of porous ce- 
ramics. 

It should be noted that forced convection has 
been successfully combined with hydrodynamic 
modulation [85-93]. Although this effect was ap- 
plied in macrocells, it can also be used in micro- 
cells to decrease the influence of the current which 
is not connected with the diffusion of the analyte 

' \  

2 ~  
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Fig. 13. Microcell with working rotating disk electrode for 
batch injection analysis. 
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Fig. 14. Microcell with working rotating disk electrode with 
impeller for batch injection analysis. 

to the working electrode surface. Hence it allows 
the detection limit to be decreased. 

2.5. Microcells for batch injection of sample 

In these microcells the working electrode can be 
in the usual state [5, 36, 37], but more often it is 
in the inverted state [6-10, 25, 94, 95]. 

The first microcell for voltammetric batch-in- 
jected analysis was proposed by Karolczak et al. 
[25]. This cell (Fig. 11) is distinguished by its 
exceptional simplicity. In Fig. 11, the working 
carbon paste electrode (1) in a Teflon sheath is 
put in a Teflon capillary (2). The sample (3) does 
not wet the Teflon and the carbon paste. The 
injection port (4) serves as an inlet for the sample 
(1-300 /~1) by a micropipette and for sample 
removal by an aspirator without washing. The 
residuals are negligible ( < 1%). The auxiliary elec- 
trode (5) is a platinum wire and (6) is the refer- 
ence electrode in the form of a silver wire. 

A different approach to batch injection analyses 
was developed by Wang and co-workers [5-8], 
Amine et al. [9] and Brett and co-workers 
[10,94,95]. The principle of the flow large-volume 
wall-jet cell developed by Gunasingham and co- 
workers [96-98] for liquid chromatography and 
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flow injection analysis has been used in microcells 
[5-10, 94, 95] for batch injection analysis. An 
example of such a microcell is shown in Fig. 12: 
(1) is a large compartment, (2) is a large volume 
of supporting electrolyte, (3) is the static working 
electrode (glassy carbon [8, 95], carbon paste [6] 
and modified carbon paste [9], Pt disk [9, 10, 94] 
and ion-selective electrodes [6, 7] have been used), 
(4) is the auxiliary electrode, (5) is the reference 
electrode, (6) is the micropipette tip for the inlet 
of a sample (10-100/zl) (for maximum sensitivity, 
the minimum sample volume of 14/ll is required 
at a fixed distance of the tip from the center of the 
working electrode (2-3 mm) [94]) and (7) is a 
magnetic stirring bar. The important advantage of 
this design and of the design with rotating work- 
ing electrodes (see below) is the possibility of 
automatic removal of the sample. The latter, after 
contact with the surface of the working electrode, 
is washed by the large-volume of supporting elec- 
trolyte in compartment (1). Since considerable 
dilution of the sample takes place in this case, a 
large number of analyses can be carried out with- 
out replacing the supporting electrolyte in com- 
partment (1). In the case of anodic stripping 
voltammetry [8], the magnetic stirring is switched 
off before the inlet of a sample and carrying out 
the pre-electrolysis and stripping stage. After the 
stripping stage the magnetic stirring is switched 
on again for cleaning of the working electrode. 

1 

¢-',._ 

! 
~II 

j 4  

/ 5  

Fig, 15. Microcell with working rotating disk electrode for 
batch injection analysis. 

A microcell with a rotating working electrode 
[5] has been used for batch injection voltammetric 
analysis. In this cell (Fig. 13), (1) is a large 
compartment, (2) is the large-volume supporting 
electrolyte, (3) is the rotating disk working elec- 
trode (glassy carbon), (4) is the auxiliary elec- 
trode, (5) is the reference electrode and (6) is the 
plastic tip for sample injection by micropipette. 

A cell [99] with a rotating disk working elec- 
trode (Fig. 14) was used for macrosamples but it 
can also be applied for batch injection voltammet- 
ric microanalysis. In Fig. 14, (1) is the compart- 
ment, (2) is the supporting electrolyte, (3) is the 
rotating disk working electrode (glassy carbon), 
(4) is the impeller fixed to the shaft of the rotating 
electrode and rotating together with it, (5) is the 
auxiliary electrode, (6) is the reference electrode, 
(7) is the channel for internal circulation of elec- 
trolyte, and (8) is the micropipette for inserting 
the sample in channel (7). In the case of a work- 
ing rotating disk electrode with an impeller, addi- 
tional internal circulation of electrolyte occurs. 
The inlet sample is first moved down in channel 
(7) and then up to the working electrode surface. 
On contact of the sample with the electrode sur- 
face the analytical signal is generated. Such a 
system is analogous to the usual system for detec- 
tion in flow injection analysis. However, the sys- 
tem [99] is different from the others in its 
simplicity and compactness. In comparison with 
the microcell in Fig. 13, in the microcell in Fig. 14 
steadier movement of the sample to the working 
electrode surface and a more intensive hydrody- 
namic effect have been achieved [99]. 

We have seen that the microcell with a static 
working electrode (Fig. 12) was used for batch 
injection in anodic stripping voltammetry and this 
design did not allow the use of a rotating working 
electrode for stripping voltammetric analysis. At 
the same time, the design in Fig. 15 [36, 37] with 
the rotating disk working electrode in the micro- 
cell for batch injection in anodic stripping voltam- 
metry decreased the detection limit by 
approximately an order of magnitude. In Fig. 15, 
(1) is the inner microcompartment, (2) is the 
sample (200-300/tl), (3) is the body of the micro- 
compartment, (4) is the outer large compartment, 
(5) is the supporting electrolyte, (6) is the channel 
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for inlet of the sample, (7) is the micropipette 
for the injection of the sample, (8) is a channel 
for displacement of the sample and washing so- 
lution into the outer large compartment, (9) is 
a channel for the auxiliary electrode, (10) is a 
channel for electrolytic contact with the refer- 
ence electrode, (11) are electrolyte plugs made 
of hardened ashless filter-paper or porous ce- 
ramic, (12) is the rotating disk working elec- 
trode, (13) is the auxiliary electrode and (14) is 
the reference electrode. The inner microcom- 
partment is replaced with another that enables 
one to work with different volumes of samples 
and working electrode sizes. 

Recently, Brett et al. [95] have shown that 
the detection limit in anodic stripping voltam- 
metry using microcells with batch injection 
analysis can be significantly decreased with em- 
ployment of a static working electrode also. 
The microcell of the type in Fig. 12 was used 
but instead of a manual micropipette a pro- 
grammable motorized electronic micropipette 
was applied [95] (see also [94]). The choice of 
the optimal sample dispensing rate allowed the 
maximum hydrodynamic well-jet effect to be 
obtained [94,95,100] and hence a significant in- 
crease in the analytical signal. This also ensured 
the complete displacement of the analyte sam- 
ple with a new sample without the use of a 
mixer (Fig. 12). 

The application of all the microcells consid- 
ered above is surveyed in Table 1. Microcells 
have been used for the analysis of both organic 
and inorganic substances. Microcells with a 
static sample and the working electrode in the 
inverted state have a number advantages in the 
simplicity of design and the very low sample 
volume. In this respect, such microcells with 
microeletrodes fabricated by microlithography 
are especially promising. Microcells for batch 
injection analysis accelerate the analysis (to 30- 
60 and more samples per hour) and facilitate 
complete automation. These microcells with 
forced-convection of the sample (rotating work- 
ing electrode [36,37] or wall-jet effect [95]) have 
permitted the batch injection stripping voltam- 
metric anaysis of metal traces with nanomolar 
detection limits. 
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Abstract 

The immobilization of formylsalicylic acid compounds on the surface of amino group-containing silica gel phases 
is described. The resulting phases were tested for the extraction of iron(III) and showed an exchange capacity of 
0.95-0.96 mmol g-  1. The other metal ions tested showed lower metal capacity values than iron(III). The selectivity 
of the phases tested for the extraction of iron(III) from a mixture containing several other metal ions was evaluated 
using atomic absorption spectrometry. A method for the recycling of immobilized silica gel after metal extraction is 
described for practical applications. 

Keywords: Iron(III) extraction; Silica-immobilized formylsalicylic acid 

1. Introduction 

Immobilization and cross-linking of organic 
compounds with certain functional groups on 
the surface of silica gel has gained importance 
in different research and industrial fields [1-13]. 
However, irreversible binding of the metal ions 
and lack of selectivity are the main disadvan- 
tages of some of the silica gel-bound ligands 
reported [9,14]. The development of highly selec- 
tive and high-affinity chelating phases is based 
on the selection of donor atoms employed in 
selective metal ion binding. Examples of such 
immobilized phases are the use of crown ether 
derivatives for the selective extraction and pre- 

concentration of some cations such as alkali and 
alkaline earth metal ions [15,16]. Another exam- 
ple is the selection and immobilization of 
thioaniline derivatives on the surface of silica gel 
for application as a selective sorbent for the sep- 
aration and preconcentration of Pd(II) from 
large quantities of Rh(II) and Ir(II) [17]. Iron is 
an essential metal and is used for the treatment 
of anaemia, but excessive intake or overdosing 
requires a selective analytical method or medica- 
tion for metal treatment. Deferrioxamine B is a 
naturally occurring trihydroxamic acid which 
shows a high affinity and selectivity for 
iron(III), leading to its use in the treatment of 
iron overload in Couley's anaemia [18,19]. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
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Formylsalicylic acid derivatives have been re- 
ported to form stable metal complexes with differ- 
ent metal ions in the solid state [20,21]. Moreover, 
the iron(III)-salicylic acid complex formed in so- 
lution showed higher sensitivity than other 
iron(III) complexes with phenolic compounds 
[22]. The immobilization of formylsalicylic acid 
has not been reported previously, and in this work 
we immobilized 3- and 5-formylsalicylic acid 
(C8I-'I604) on  the surface of silica gel by a direct 
chemical reaction of the amino group-containing 
silica gel phase and the aldehyde group of formyl- 
salicylic acid, in order to evaluate their perfor- 
mance in the extraction of different metal ions, 
and with the anticipation of such a phase being 
selective for the extraction and preconcentration 
of iron(III). 

2. Experimental 

2.1. Materials and solvents 

The silica gel used was of TLC grade with a 
70 230 mesh size and 60 A pore diameter, pur- 
chased from Woelm Pharma (Eschwege, Ger- 
many). 3-Aminopropyltrimethoxysilane, 3-chloro- 
propyltrimethoxysilane and ethylenediamine were 
purchased from Aldrich (Milwaukee, WI, USA). 
Organic solvents were dried according to litera- 
ture methods. 3-Formylsalicylic acid and 5- 
formylsalicylic acid were synthesized according to 
the literature [23,24]. 

2.2. Synthesis of  silica gel-bound amines 

For the synthesis of silica gel-bound amines, the 
silica gel particles were first activated by refluxing 
with concentrated hydrochloric acid for 4 h, 
filtered off and washed with doubly distilled water 
several times until acid-free and dried in an oven 
for 6 h. A 20 g amount of the dry silica gel was 
transferred into a round-bottomed flask, then 150 
ml of dry toluene were added followed by 20 ml 
of 3-aminopropyltrimethoxysilane (or 3-chloro- 
propyltrimethoxysilane) and refluxed overnight. 
The silica gel-bound amino or chloro derivative 
was filtered off, washed with toluene, ethanol and 

diethyl ether and dried at 60°C for 6 h. The 
product was silica gel-bound 3-aminopropyl phase 
(SGBAP) or 3-chloropropyl phase (SGBCP). A 
20 g amount of SGBCP was suspended in 100 ml 
of dry toluene and 20 ml of ethylenediamine were 
added to the suspension and refluxed for 12 h. 
The amine derivative was filtered off, washed with 
toluene, ethanol and diethyl ether and dried in an 
oven at 60°C for 6 h. The product was silica 
gel-bound ethylenediamine (SGBEDA). 

2.3. Synthesis of  silica gel-bound formylsalicylic 
acid (SGBFSA) 

For the synthesis of silica gel-bound formylsali- 
cylic acid, 1.8 g of 3- or 5-formylsalicylic acid was 
dissolved by heating in 150 ml of dry toluene, 
then 10 g of SGBAP or SGBEDA were added to 
the solution. The mixture was reflexed for 2 h, left 
to cool, filtered, washed with toluene, ethanol and 
diethyl ether and dried under vacuum at 80°C for 
5 h. The synthetic route to the silica gel-immobi- 
lized formylsalicylic acid phases is illustrated in 
Scheme 1. 

2.4. Metal capacity of  bonded phases 

The capacity of the modified phases for the 
extraction of different metal ions from aqueous 
solution was determined in triplicate by the batch 
equilibrium technique. Typically, 100 mg of the 
silica gel phase were equilibrated with 1.0 ml of 
0.1 M metal ion solution and 9 ml of acetate 
buffer solution in a 50 ml volumetric flask and 
automatically shaken for 30 min at room temper- 
ature. After equilibration, the mixture was filtered 
and washed with 50 ml of doubly distilled water 
and the unextracted metal ion was determined by 
EDTA titration using the buffer and indicator 
appropriate for each ion. 

2.5. Iron selectivity measurement 

To 100 mg of the immobilized silica gel phases, 
10 ml of bufferd mixture (pH 5.5) containing 
eight metal ions, viz. Fe(III), Mg(II), Mn(II), 
Co01), Ni(II), Cu(II), Zn(II) and Cd(II), approxi- 
mately 500 ppm each, were added and automati- 
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Scheme 1, Synthetic routes to phases 1-IV. 

cally shaken for 30 min. After equilibration, the 
extracted metal ions on the surface of  silica gel 
were filtered off and washed with 20 ml of doubly 
distilled water. The filtrate and washings were 
quantitatively transferred into a 50 ml volumetric 
flask and diluted to volume with doubly distilled 
water. A standard solution containing the same 
metal ions were also prepared for quantitative 
evaluation. The sample mixtures and the standard 
solution were subjected to atomic absorption 
spectrometry at the wavelength appropriate for 
the metal ion under investigation. 

2. 7. Apparatus 

IR spectra of the immobilized phases were ob- 
tained from KBr pellets by using a Perkin-Eimer 
Model 1430 ratio-recording spectrometer, pH 
measurements were carried out by using a Schott 
Ger~ite pH meter, which was calibrated against 
two standard buffer solutions of pH 4.0 and 9.2. 
Atomic absorption spectrometry was performed 
with a Perkin-Elmer Model 2380 atomic absorp- 
tion spectrometer at the appropriate wavelength 
for each metal ion tested. 

2.6. Recycling procedure 

Recycling of the immobilized phases after first 
use for metal extraction was carried out by treat- 
ment of the phase-Fe(III)  complex with an excess 
(100 ml) of 0.1 M EDTA solution [25]. The 
mixture was automatically shaken for 30 min, 
filtered, washed with 25 ml of 0.1 M EDTA and 
100 ml of  doubly distilled water and dried in an 
oven at 80°C and used for a second metal ion 
extraction. 

3. Results and discussion 

3.1. Characterization of the bonded phases 

The immobilization of formylsalicylic acid on 
the surface of silica gel modified with two amine 
derivatives was confirmed by IR analysis. Com- 
parison of the band assignments listed in Table 1 
indicates that formylsalicylic acid is covalently 



18 M.E. Mahmoud, E.M. Soliman / Talanta 44 (1997) 15-22 

bonded to the silica gel amino group through 
Schiff base bond formation, characterized by the 
presence of a new band at 1530-1580 cm ~ cor- 
responding to v c N of all the phases studied. In 
addition, the VNH2 band present in silica gel- 
modified amine derivatives is absent in the IR 
spectra of phases I - IV  owing to the participation 
of the amino group in the Schiff base formation. 
The characteristic Vco band at 1600-1700 cm 
in the four phases I - I V  is further evidence of the 
presence of a carbonyl group in the structure of 
the immobilized phases I-IV, which is direct evi- 
dence for the presence of a carboxylic moiety. The 
total amount of formylsalicylic acid immobilized 
on the silica surface was determined according to 
the iron(Ill) probe method [26,27] and found to 
be 0.95+0.01 mmol g J of the synthesized 
phases I-IV.  

Table 1 
Infrared spectral data for the immobilized phases 

Bonded phase IR band (cm-~) Band assignment 

SGBAP 3410, 3390 v(NH2) 
2890 v(C-H) aliphatic 

< 1400 v(Si-O) 

SGBEDA 3455 v(N-H) 
3415, 3385 v(NH2) 
2890 v(C-H) aliphatic 

< 1400 v(Si-O) 

I 3650 v(O-H) 
1653 v(C=O) 
1560 v(C=N) 

< 1400 v(Si-O) 

II 3655 v(O-H) 
1652 v(C=O) 
1577 v(C=N) 

< 1400 v(Si-O) 

Ill 3660 v(O-H) 
3453 v(N-H) 
1645 v (C=O) 
1534 v(C=N) 

< 1400 v(Si-O) 

IV 3667 v(O-H) 
3431 v(N-H) 
1645 v (C-O) 
1534 v(C-N) 

< 1400 v(Si-O) 

3.2. Metal capacity in different buffer solutions 

The metal capacity values, expressed in mmol 
g-~ of phases l - I V  and determined in different 
buffer solutions, are given in Table 2. These val- 
ues are the averages of three measurements and 
the relative standard deviations were found to be 
in the range 0.00-0.05% for n = 3. The Mg(II) 
metal capacity values are low at lower pH solu- 
tions, but slightly increase with increase in the pH 
of the metal ion solution. The maximum Mg(II) 
metal capacity value was found to be in the range 
0.10-0.22 mmol g ~ in buffer solutions of pH 
5-6. Zn(II) was found to behave similarly, the 
maximum capacity for Zn(II) being in the same 
range as for Mg(II) under the same buffering 
conditions. One can conclude from the metal ca- 
pacity values of both Mg(II) and Zn(II) that 
phases I - IV  have little affinity for these metal 
ions. 

Cd(II) and Pb(II) were also found to show little 
tendency towards extraction and binding by im- 
mobilized phases I-IV. The metal capacity values 
for these ions lie in the range 0.12-0.20 mmol 
g ~, determined in higher pH solution. In the 
same manner, Co(II) and Ni(II) showed metal 
capacity values in the range 0.12 0.29 mmol g J 
The difference between Co(II) and Ni(II) is that 
the higher metal capacity value for Co(lI) is deter- 
mined in low pH solutions (pH 3 4), whereas 
that of Ni(II) is determined in higher pH solution 
(pH 5-6). 

There is no or little contribution of the 
ethylenediamine moiety in phases III and IV, 
which may be attributed to the position of the 
active chelating sites on the surface (OH and 
COOH) if compared with the position of the 
ethylenediamine moiety away from the surface. 

The maximum metal capacity value of Cu(II) 
showed a dramatic increase from 0.45 mmol g 
for phase II to a maximum of 0.78 mmol g ~ for 
phase I (Table 2). The basic difference between 
these two phases is the position of the nitrogen 
atom, which is in the ortho position in the case of 
phase I and in the para position in the case of 
phase II. This situation may assist the chelation of 
Cu(II) by the nitrogen atom [21] in phase I, 
leading to an increase in the metal capacity. The 
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Table 2 
Metal capacity in mmol g-~ of phases l - I V  in different buffer solutions a 

Metal ion pH Metal capacity (mmol g-~) 

Phase I Phase 11 Phase I11 Phase IV 

Mg(ll) 2.0 0.04 0.04 O. 12 0.04 
3.1 0.05 0.06 O. 16 0.08 
4.0 0.06 0.08 0.18 0.21 
5.0 0.08 0.10 b 0.19 b 0.22 b 

6.0 0.12 b 0.08 0.12 0.08 

Fe(lll) 1.6 0.10 0.04 0.02 0.10 
2.6 0.12 0.06 0.08 0.20 
3.7 0.14 0.12 0.12 0.34 
4.5 0.50 0.45 0.38 0.70 
5.5 0.96 b 0.95 b 0.95 b 0.96 b 

Co(ll) 2.0 0.18 0.12 0.02 0.10 
3.1 0.22 0.20 b 0.08 0.16 
4.0 0.25 b 0.18 0.22 ~ 0.29 b 

5.0 0.10 0.16 0.20 0.16 
6.0 0.16 0.10 0.12 0.14 

Ni( | l)  2.0 0.02 0.08 0.14 0.10 
3.1 0.04 0.04 0.12 0.09 
4.0 0.06 0.14 0.10 0.08 
5.0 0.08 0.16 b 0.14 0.23 b 
6.0 0.12 b 0.06 0.22 b 0.12 

Cu(ll) 2.0 0.04 0.02 0.02 0.04 
3.1 0.10 0.03 0.16 0.06 
4.0 0.25 0.06 0.24 0.09 
5.0 0.70 0.45 b 0.36 0.12 
6.0 0.78 b 0.30 0.44 b 0.25 b 

Cd(II) 2.0 0.12 0.10 0.02 0.01 
3.1 O. 13 0.06 0.06 0.04 
4.0 0.14 0.08 0.10 0.10 
5.0 0.15 b 0.12 b 0.16 b 0.12 b 

6.0 0.12 0.04 0.08 0.08 

Pb(I1) 2.0 0.04 0.04 0.04 0.02 
3.1 0.10 0.07 0.06 0.07 
4.0 0.11 0.14 0.11 0.09 
5.0 0.12 0.18 b 0.16 0.16 b 
6.0 0.15 b 0.06 0.20 b 0.12 

a The relative standard deviations are in the range 0.00 0.05% for n = 3, 
b Maximum metal capacity values. 

same trend is also evident when comparing phases 
III and IV. This assumption of nitrogen participa- 
tion in Cu(II) binding may help in designing new 
selective phases for Cu(II) extraction and precon- 
centration. 

Finally, Fe(III) was found to be the only metal 
ion highly extracted by all four immobilized 

phases I-IV. The metal capacity values of Fe(III) 
are all above 0.95 mmol g l, which is indicative 
of the higher selectivity of these phases towards 
Fe(III). The reason for such high selectivity is 
mainly based on the presence of two chelating 
oxygen atoms, one of which is a carboxylic [22] in 
all phases tesed. Comparison of the metal capac- 
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Table 3 
Metal capacity (mmol g-~) with different shaking times (min) and at selected optimum buffer conditions 

Metal ion pH Shaking time Metal capacity (mmol g-r)~ 
(min) 

Phase I Phase II Phase llI Phase IV 

Fe(III) 5.5 for l - IV 

CoOl) 

Ni(il) 

Cu(ll) 

3.1 for II, 4.0 for I, III and IV 

5.0 for II and IV, 6.0 for ! and Ill 

5.0 for II, 6.0 for I, II1 and IV 

Cd(ll) 5.0 for I-IV 

Pb(ll) 5.0 for II and IV, 6.0 for I and Ili 

30 0.96 0.95 0.95 0.96 
20 0.92 (96.0) 0.75 (79.0) 0.80 (84.0) 0.90 (94.0) 
10 0.90 (94.0) 0.72 (76.0) 0.70 (74.0) 0.84 (88.0) 
5 0.86 (90.0) 0.65 (68.0) 0.64 (67.0) 0.72 (73.0) 
2 0.70 (73.0) 0.62 (65.0) 0.63 (66.0) 0.64 (67.0) 

30 0.25 0.20 0.22 0.29 
20 0.18 0.18 0.18 0.20 
10 0.16 0.15 0.10 0.16 
5 0.12 0.09 0.08 0.10 
2 0.10 0.05 0.03 0.08 

30 0.12 0.16 0.22 0.23 
20 0.12 0.15 0.18 0.20 
10 0.12 0.11 0.10 0.12 
5 0.10 0.09 0.08 0.11 
2 0.09 0.08 0.07 0.10 

30 0.78 0.45 0.44 0.25 
20 0.75 0.39 0.32 0.20 
10 0.71 0.30 0.26 0.16 
5 0.69 0.20 0.24 0.15 
2 0.68 0.15 0.20 0.14 

30 0.15 0.12 0.16 0.12 
20 0.15 0.12 0.12 0.10 
I0 0.14 0.10 0.09 0.08 
5 0.11 0.08 0.05 0.07 
2 0.09 0.07 0.03 0.06 

30 0.15 0.18 0.20 0.16 
20 0.14 0.16 0.16 0.13 
10 0.10 0.13 0.10 0.10 
5 0.07 0.09 0.08 0.08 
2 0.06 0.06 0.07 0.07 

Values in parantheses are the percentage extraction relative to the values at 30 min. 

ity values of Fe(III) in Table 2 with those found 
in the literature [6,8,17] reveals a superior selectiv- 
ity for the extraction of Fe(III) by the immobi- 
lized silica gel phases containing 3- or 
5-formylsalicylic acid. 

3.3. Metal capacity at different shaking times 

The shaking time is an important factor in 
determining the possibility of application of the 
immobilized phases I -IV for the selective extrac- 
tion of Fe(III) from a mixture containing several 

metal ions. Table 3 gives the effect of shaking 
time on the extraction of each metal ion at the 
selected optimum pH found in the previous sec- 
tion. The percentage extraction compared with 
the maximum metal capacity value in the case of 
Fe(III) is also included in Table 3. It is notable 
from Table 3 that Fe(III) is rapidly extracted, 
giving a metal capacity value of 0.62 mmol g -  
after only 2 min of shaking, corresponding to 
about 65% extraction of the Fe(III) present in the 
solution. This minimum value of the metal capac- 
ity determined after shaking for 2 min is higher 
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than almost any other metal ion capacity value 
even after 30 min of shaking, except for one value 
for Cu(II)-phase I. These trends in the variation 
of metal capacity values with shaking time are 
useful in the evaluation of the immobilized phases 
I-IV as highly selective for Fe(III) extraction. 

3.4. Selective extraction of  Fe(III) 

The results of Fe(III) metal capacity determina- 
tion as a function of either shaking time or pH 
prompted us to perform selective extraction stud- 
ies of Fe(III) by the immobilized phases I-IV 
from mixtures containing other metal ions. A 
mixture of metal ions was prepared with similar 
ppm concentrations of Fe(III), Mg(II), Mn(II), 
Co(II), Ni(II), Cu(II), Zn(II) and Cd(II). How- 
ever, Pb(II) precipitated in this mixture of metal 
ions and was therefore excluded from selectivity 
investigation. The mixture of metal ions was ex- 
tracted with the four immobilized phases I-IV 
under the same experimental conditions of buffer, 
shaking time and dilution steps. A standard solu- 
tion containing the same eight metal ions was also 
prepared for quantitative determination of the 
percentage extraction of each metal ion. The re- 
sults of the atomic absorption analysis of the four 
phases and the standard are given in Table 4. 
Interpretation of selectivity is always based on the 
separation factor, ~, which is a direct measure of 
the concentration or distribution ratios of the two 
solutes between the two phases. However, the 
data in Table 4 are expressed in mmol 1 ~ and 
percentage extraction values for simplicity. These 
values clearly demonstrate that only Fe(III) was 
isolated by the four phases tested, the values being 
in the range 93.4-97.1%, which is an excellent 
match with the metal capacity values previously 
described. On the other hand, the remaining seven 
metal ions were found to be less than 4% ex- 
tracted by the immobilized phases, except for 
Cu(II), with extraction in the range 5.6 8.5%. 
Comparison of the percentage extractions ob- 
tained for Fe(III) and Cu(II) shows the great 
affinity of phases I-IV to Fe(III), but with some 
noticeable interference by Cu(II) ion. The interfer- 
ence of Cu(II) in selective extraction of Fe(III) by 
phases I-IV is mainly attributed to the high metal 
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Table 5 
Comparison of metal capacities (mmol g -  ~) of the original and recycled phases 

Metal ion Metal capacity 

Phase ! Phase II Phase Ill Phase IV 

Original Recycled Original Recycled Original Recycled Original Recycled 

Fe(IIl) 0.96 0.90 0.95 0.92 0.95 0.89 0.96 0.90 
Cu(II) 0.78 0.70 0.45 0.39 0.44 0.42 0.25 0.20 
Pb(II) 0.15 0~16 0.18 0.14 0.20 0.17 0.16 0.16 

capacity value expected under the experimental 
conditions of the selectivity test. Therefore, opti- 
mization of the selective extraction of Fe(III) in 
the presence of Cu(II) can be accomplished by 
selection of the appropriate experimental condi- 
tions, such as the pH of the solution, which 
favour the elimination of Cu(II) interference. 

3.5. Recycling of Fe(III)-phase 1-IV complex 

Selection of the Fe(III)-phase I IV complex 
for recycling was based on the higher affinity of 
the metal ion to different silica gel phases. EDTA 
was used as the recycling reagent because of its 
high capability for back-extraction of metal ions 
from the complexes formed [25,28] and elution 
from the surface of immobilized silica gel. The 
recycled phases were subjected to a second metal 
ion extraction from a solution containing Fe(III), 
Cu(II) and Pb(II), and the results of this study are 
shown in Table 5. The values of the metal capac- 
ity of recycled phases (Table 5) indicate the possi- 
bility of using EDTA as a good recycling agent 
based on the similarity of the values of the metal 
capacity in the second extraction to those of the 
initial metal extraction given in Table 2. 
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Abstract 

A chemically modified electrode (CME) was constructed and evaluated for use as an end-point indicator in the 
automatic titration of Ni(II) with EDTA. The CME consisted of a graphite paste prepared by mixing a strong acid 
ion exchanger containing 4-(3,5-dichloro-2-pyridylazo)-l,3-diaminobenzene and graphite powder-Nujol paste. This 
mixture showed high mechanical resistance in strongly acidic and alkaline solutions (6 M HCI pH 12). The CME did 
not require any special conditioning prior to use. It could be used over long periods (5-6 months) of continuous work 
without renewing either the electroactive surface or paste. In buffered solutions (pH 3-4•5), automatic direct 
potentiometric titrations could be carried out over a wide interval of Ni(II) concentrations, ranging from 3 to 6000 
ppm, with satisfactory accuracy and precision. For practical analysis, the electrode was applied to the determination 
of nickel in two certified composition alloys. Interferent ions were previously separated by applying an ion-exchange 
procedure. 

Keywords: Chemically modified electrode; Graphite paste electrode; Nickel; Potentiometric titrations 

I. Introduction 

In parallel with the development of  new ion- 
selective electrodes for the direct potentiometric 
determination of ions or substances in solution, 
from the analytical viewpoint research on chemi- 
cally modified electrodes (CME) for end-point 
detection in automatic potentiometric titrations 

* Corresponding author• 

is also of  interest. Generally, for sufficiently 
high concentrations, potentiometric titrations 
give good accuracy, they are not strongly depen- 
dent on the exact interpretation of small 
changes in voltage and are not limited by the 
accuracy of the electrode response to changes in 
solution concentrations. However, the develop- 
ment of  suitable end-point sensors is not very 
simple. Thus, in addition to the often severe 
chemical limitations inherent to the titrimetric 
procedures (e.g. interferences, side-reactions, pH 

0039-9140,/97/$15.00 ~ 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)01961-3 



24 P.S. Gonzdlez et al. / Talanta 44 (1997) 23-30 

effects, suitability of reagents), there are other 
factors relating to the electrode behaviour, e.g. 
response times, slope of titration curves and 
overall voltage changes. In general, fundamen- 
tally high rates of potential change (especially at 
low concentration levels) are needed to ensure 
that the end-point and equivalence point are as 
close as possible. 

In an earlier paper [1], we reported the 
construction of a simple electrode of 4-(3,5- 
dichloro-2- pyridylazo)- 1,3 - diaminobenzene (3,5- 
C12-PADAB)-modified graphite paste. This 
electrode was shown to be reliable as an end- 
point indicator in the automatic potentiometric 
titration of Zn(II) with EDTA, but owing to the 
relatively high reactive solubility in acidic solu- 
tions (pH <4), its use was restricted only to 
neutral or alkaline solutions. We report here the 
construction and performance of a chemically 
modified electrode system consisting of a con- 
ventional graphite paste mixed with a strong 
acid ion exchanger which contains absorbed 3,5- 
CI2PADAB. Both macroporous resin and ion 
exchangers modified with selective complexing 
agents have been widely used for the preconcen- 
tration or separation of metal ions [2-16]. This 
kind of ligand immobilized substances, so-called 
chelating agents resins, have also been incorpo- 
rated into a conventional graphite power-Nujol 
oil pastes for the developement of CMEs. Most 
of these electrodes were not potentiometric sen- 
sors; the modified substance was incorporated in 
order to preconcentrate the analyte from dilute 
solution. Then, once the analyte had been ex- 
tracted into the electrode surface, the analytical 
measurements were made in some other medium 
by using voltammetric method [17-26]. The suc- 
cessful developement of carbon paste electrodes 
should involve, at least, a permanently immobi- 
lized and stable species. In addition, such a 
modifier must be insoluble enough to avoid a 
continuous flow of the modifier from the elec- 
trode to the working solution (from the elec- 
trode response viewpoint, the dissolution of any 
component of the modified substance yields a 
continuous potential drift and a stable potential 
is not attained). Initial experiment carried out 

with the pure 3,5-C12PADAB-modified resin 
showed that it was almost insoluble in water 
over a wide range of pH. No disolution of 3,5- 
C12PADAB was observed after several days of 
exposure to these solutions. We also found that 
the electrode developed in this work possessed 
high mechanical stability in both strongly acidic 
and alkaline solutions. Although it proved to be 
sensitive to changes in Co(II), Zn(II), Cu(II) and 
Ni(II) concentrations, it was used as an end- 
point sensor for the automatic potentiometric ti- 
tration of Ni(II) with EDTA. 

2. Experimental 

2. I. Appara tus  

All potentiometric titrations were made with 
an Orion Automatic Titrator (Model 960 Auto- 
chemistry System, Orion Research, Cambridge, 
MA, USA), by using ion exchanger modified- 
graphite paste electrodes in conjunction with a 
double-junction Ag/AgCl electrode (Orion 90- 
02). The titrator was programmed to record mil- 
livolt readings during the analysis when the 
electrode response reached a pre-set stability. All 
titrations were started when the electrode re- 
sponses became stable (_+ 1 mV min-J) after im- 
mersion in sample solutions. Typically, such 
stability was attained in not more than 0.5-1 
min in stirred solutions. Measured increments of 
titrant were automatically added from the titra- 
tor's burete. During the course of a titration, 
each new pre-set titrant volume was added after 
the potential had become stable to + 1 mV or 
less. Near the end-point, the electrode response 
was slower than at the start of the titrations. In 
general, in these regions + mV min -~ stability 
was attained 2-3 min after addition of each ti- 
trant volume. When the Ni(II) concentrations 
were higher than 2000 ppm, pre-dose volumes of 
titrant were added to reduce the time of titra- 
tions. The end-points were taken by applying 
either the first- or second-derivative technique to 
the data generated during the titrations. 
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2.2. Reagents 

2.2.1. Standard nickel solution (ca. 0.1 M) 
Ni(II) standard solution was prepared by dis- 

solving the required amount of metal (99.95% 
pure) in 50 ml of 1 + 1 hydrochloric acid. The 
solution was diluted with distilled water in a 
1000 ml volumetric flask. 

2.2.2. Standard EDTA solution (ca. O. 1 M) 
The disodium salt was dissolved in distilled 

water and standardised by potentiometric titra- 
tion with a Zn(II) solution prepared from 
99.99% pure metal. 

2.2.3. 3,5-CI2PADAB reagent 
The reagent was synthesized and purified in 

our laboratory as described previously [27]. 

2.2.4. Formic acid-Jbrmate buffers 
Several stock buffers were prepared by adjust- 

ing 1 M formic acid solutions (500 ml each) to 
the required pH with concentrated sodium hy- 
droxide solution. All reagents were of analytical 
grade. All solutions were prepared in doubly 
distilled water and diluted further as required. 

2.3. Electrode preparation 

The electrode body was constructed as de- 
scribed previously [1]. 

2.3.1. Preparation of 3,5-Cl2PADAB-modified 
resin 

Dowex 50W-X12 H + form resin (200-400 
mesh) was cleaned before being used by boiling 
for 2 h with methanol. The resin was packed 
into a glass tube (200 mm x 6 mm i.d.) to give 
a bed about 2 cm high. The column was first 
washed with 50 ml 5% (v/v) HCI and then with 
a large volume of distilled water to remove acid 
from the column. A 0.05% (w/v) solution of 3,5- 
C12-PADAB in 95% ethanol was passed through 
the column at a 10 ml min-~ flow rate until the 
effluents became strongly coloured. At this 
point, to ensure complete resin "saturation", an 
additional 50 ml of reactive solution was passed 
through the bed at a 0.5 ml min -~ flow rate. 

Then both the inner tube walls and column 
were carefully washed with several portions of 
pure ethanol (100 ml in total). Finally, the 
modified resin was dried overnight at 90°C and 
stored in a tightly stoppered 2 mi vial. The final 
product was not appreciably hygroscopic. 

2.3.2. Preparation of modified carbon pastes 
The pastes were prepared by mixing a 

weighed amount of modified resin and the re- 
quired weight of carbon (spectroscopically pure 
graphite powder, 400 mesh). Before mixing, the 
resin was wetted with a few drops of Nujol oil 
and then thoroughly mixed with a spatula. 
When necessary, more Nujol was added, drop 
by drop, until the entire mixture appeared uni- 
formly wetted. The modified pastes were packed 
firmly into the cavity of the electrode body, then 
the surfaces of pastes were smoothed off by 
rubbing the electrode across a flat piece of glass, 
Finally, the excess paste was scraped off with a 
glass spatula. 

2.4. General procedure for Ni(II) titrations 

Pipette a sample volume containing between 
0.15 and 300 mg of Ni into a 100 ml beaker. If 
necessary, dilute to 50 ml with distilled water 
and neutralize to litmus paper with dilute 
sodium hydroxide or hydrochloric acid solution. 
Add 1 ml of pH 3 sodium formate-formic acid 
buffer (ca. 1 M); connect both the working and 
reference electrodes, stir the solution continu- 
ously with a magnetic stirrer and start the titra- 
tion when a stable potential (±1 mV) is 
attained. 

2.5. Recommended procedure Jor Ni(II) 
separation 

2.5. I Preparation of resin column 
Slurry an adequate amount of resin (Dowex 

I-X10 type, 200-400 mesh, C1 form) with wa- 
ter and pour into 25 ml burette containing a 
small plug of glass-wool at the bottom, to form 
a 20 cm bed. Allow the resin to settle and then 
wash it with hot dilute acetone (1 + 1) until the 
effluent is colourless. Rinse with 100 ml of dis- 
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tilled water, then wash the resin with 9 M HC1 (50 
ml) to displace water, adjusting the burette tap so 
that the flow rate is ca. 10 ml min -~. Just before 
use, allow the solution to flow from the burette 
until the surface is ca. 1 cm below the top of the 
resin level. After samples have passed through 
column, to displace iron(Ill), regenerate the resin 
by passing 0.1 M HCI solution (about 150 ml) until 
Fe(III) is not detectable with 5% KSCN solution. 

2.5.2. Ni(lI) separation 
With a clean, dry pipette, pour 5 ml of the 

solution to be analysed on the top of column 
and let it flow in slowly until the liquid surface 
is ca. 1 cm below the top of the resin level, 
discarding the first few millilitres of effluent. 
Change the receiver to a 50 ml Pt dish and elute 
Ni(II) with two portions of 5 ml each of 9 M 
HC1. Evaporate the solution to near 0.5 ml on a 
sand-bath and allow it to cool. Dilute the 
residue with 5 ml of water, and quantitatively 
transfer the solution into a 100 ml beaker. Wash 
the dish with three 10 ml portions of water. 
Add 1 ml of 1 M formic acid-formate buffer 
(pH 3.5), mix well and titrate with EDTA when 
the potential is stable (+1 mV min-~). 

2.5.3. Preparation of samples 
IPT standard No. 24 samples (about 100 mg) 

were dissolved in 20 ml of concentrated hydrochlo- 
ric acid and the solutions were evaporated until 
almost dry. The residues were taken up in 25 ml of 
9 M HC1, quantitatively transferred into a 100 ml 
volumetric flask and finally diluted to volume with 
9 M HC1. Portions of 5 ml of each of these 
solutions were loaded on to the column. 

When the chromium content was low, as in IPT 
standard No. 45, it was most convenient to dissolve 
samples (about 3 g) in 50 ml of dilute (1 + 1) 
HNO3. The resultant solutions were evaporated 
carefully just to dryness and allowed to cool. The 
residues were then dissolved in 10 ml of 9 M HC1 
and auantitatively transferred into a 100 ml volu- 
metric flask with the aid of several portions of 9 M 
HCI. Finally, 9 M HC1 was added to reach the 100 
ml mark. Portions of 5 ml each of these last 
solutions were loaded on to the column for Ni(II) 
separation. 

Results and discussion 

We found that an electrode prepared with plain 
carbon-Nujol paste, that is, a paste containing 
neither 3,5-C12PADAB nor 3,5-C12PADAB- 
modified strong acid ion-exchange resin, was not 
sensitive to Ni(II) or another ions in the pH range 
0-12. However, when the electrode was filled with 
a graphite-Nujol paste mixed with 3,5- 
Cl2PADAB-saturated resin, it showed a well 
defined response to concentration changes of ions 
such as Ni(II), Co(II), Cu(II) and Zn(II). In 
aqueous solution, 3,5-CI2PADAB reacts with the 
above ions (pH 2-11) to form coloured complexes 
which have been used as the basis for development 
of several spectrophotometric [27-31] and titrimet- 
ric [1,32] procedures. The reagent could also be 
absorbed by a strong acid ion-exchange resin, and 
once absorbed it maintained the ability to react 
with these ions. In these cases, apparently the 
reactions did not occur in solution but in the grains 
of the ion exchanger. For example, it was clearly 
observed that when the modified resin was im- 
mersed in a solution containing an excess of Cu(II), 
after a few seconds of contact with liquid, the deep 
red colour of resin changed to the characteristic 
red-purple colour of the Cu(II)-C12PADAB com- 
plex. The complex formed in this way was also 
strongly retained by the resin and was more stable 
than the same complex formed in solution. Thus, 
the red-purple Cu(II)-3,5-C12PADAB complex 
formed in solution at pH 2-5.5 was rapidly de- 
stroyed by increasing the acidity of the medium to 
pH < 2 by addition of HCI. Otherwise, the same 
complex formed with the reagent retained by the 
resin was not destroyed even if the HCI concentra- 
tion was increased to 6 M. The complex was 
partially desorbed or destroyed by HC1 at concen- 
trations higher than 6 M, by (1 + 1) 6 M HCI- 
ethanol mixtures and by EDTA solution at 
p H > 2 .  

The absorption of 3,5-CI2PADAB and the reac- 
tions of the modified resin with the above metallic 
ions can be understood by considering that (1) 
3,5-CI2PADAB possesses two amino groups lo- 
cated in ortho and para positions with respect to 
the azo group, and (2) that in the complexation 
reactions with metallic ions only the o-amino 
and azo nitrogen atoms participate [28]. 
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Furthermore, if an interaction with the ion ex- 
changer occurs through the p-amino group as 
follows: 

R - - S O 3  H 

3.1. Paste composition 

The electrode response was strongly affected by 

• _Q R--  SO3 H 3 N --N----N 

Nl-I 2 CI 

Solid 

(pale yellow) Solution (red) Solid 

(dark red) 

Form 1 

the resultant product will keep both the o-amino the paste composition. Several modified graphite 
and azo groups free to react with the metallic ions pastes containing different amounts of 3,5- 
according to C12PADAB (from 1% to 80% (w/w), relative to the 

N - -N~-N + Me n+ ~ R- -SO3H3N 

H 2 Cl Ct H2 . ,,, , 

Me n+ 

Solid Solution Solid 
Form 2 

The above assumption is in good agreement with 
the experimental results. 

The calibration of the electrode as a direct pot- 
entiometric sensor was attempted at pH 3, 3.5 and 
4 with pure Ni(II) solutions for concentrations down 
to 10 3 M and with Ni(II)-EDTA and Ni(II)- 
CDTA buffer [33,34] solutions for concentrations 
lower than 10- 5 M. These solutions covered the pa~ 
range from ca. 3 to 12. For the calculations, the 
Ni(II)- formate complexes were neglected. The ionic 
strength in all solutions was adjusted to 0.1 by 
addition of the calculated amount of KNO 3. The 
results obtained indicated that the electrode re- 
sponse was not linear in either --1ogaNi(ii) or 
--1OgtNi(ii)l. However, some initial titrations of the 
metallic ion carried out with EDTA as the titrant 
showed that the electrode should be suitable as an 
end-point indicator for these titrations. Therefore, 
the studies were orientated in that sense. 

weight of graphite powder) were prepared and 
assayed. Below 40%, the behaviour of the electrode 
was poor, showing a slow response and smooth 
potential jump at the end-point, while ion-exchanger 
contents higher than 60% yielded pastes without 
mechanical resistance. The ion-exchanger grains of 
electrodes containing more than 60% were rapidly 
removed from the paste when they were immersed 
in solutions. However, with 40-60% pastes, the 
CME showed the best response and suitable me- 
chanical resistance. Usually, 50% modified pastes 
were used in subsequent studies. 

3.2. Electrode conditioning 

The CME did not need any conditioning before 
use. We found that previous exposure to Ni(II) 
solutions as a conditioning process was not neces- 
sary for the electrode to work. However, the first 
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Fig. I. Typical electrode response in the titration of Ni(lI) at 
pH 3.5. (1) Titration of 50 ml of 244 ppm Ni(II) (7 ml pre-dose 
volume). (2) Curve obtained by applying the first derivative 
method to the data for curve 1. 

titrations carried out with all recently prepared 
electrodes gave curves that showed inflection 
points not coincident with the theoretical 
end-point. Typically, e,':act results were obtained 
after carrying out two or three titrations of 
standard Ni(II) solutions. Once working, a large 
number of determinations could be made at 
various concentration levels, over a period of 

Table 1 
Some typical results obtained in EDTA potentiometric titra- 
tions of Ni(lI) using a graphite paste electrode containing, 
3,5-CI2PADAB absorbed by a strong acid ion exchanger. 

Ni(II) taken Ni(ll) found Error Standard deviation 
(ppm) (ppm) a (%) (ppm) 

3.29 3.31 0.6 0.07 
6.53 6.49 0.6 0.07 

30.13 30.25 0.39 0.11 
66.93 67.05 0.17 0.52 

233.17 234.40 0.10 0.55 
601.50 604.10 0.42 3 

3007.50 3025.00 0.60 7 
6001.00 5976.70 0.60 20 

Mean of 20 titrations. 

almost 6 months of continuous work, without the 
need to renew the electrode surface or paste. 

3.3. Ni(II) titrations. Influence of pH 

The influence of pH on the Ni(II) titrations was 
studied by carrying out titrations of buffered 
(formic acid-sodium formate or acetic 
acid-sodium acetate buffers) 10 -3 M Ni(II) 
solutions in the pH range 2-6. In the pH range 
3 4.5 the accuracy and repeatability obtained 
were insensitive to variations of pH. However, 
with a gradually more acidic or alkaline medium 
(up to pH 2 and pH 6, respectively), although the 
potential jump at the end-point became small, 

Table 2 
Maximum concentrations of foreign ions tolerated in Ni(II) determination by the proposed method. 

Ion Maximum concentration Ion Maximum concentration 
tolerated (ppm) tolerated (ppm) 

Fe(llI) 23 
Cu(ll) 20 
Zn(ll) 20 
Pb(ll) 63 
Co(lI) 24 
Ca(II) 20000 
Mg(II) 12000 
Cr(III) 156 
Mn(II) 55 
Mo(VI) 96 

Thiosulphate 9600 
Nitrate 12400 
Phosphate 47500 
Fluoride 3800 
Chloride 35500 
Thiocyanate 29000 
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Table 3 
Compositions of certified samples and results obtained for the determination of Ni 

29 

Sample Composition Ni found Error Standard 
(% w/w) (% w/w) (%) deviation (ppm) 

IPT No. 45 
(nodular) 

IPT No. 24 
{AISI 316) 

C (total) 2.95, 
C (graphitic) 2.66, 
Si 2.82, Mn 0.425, 
P 0.017, S 0.011, 
Cu 0.194, Cr 0.221, 
Ti 0.004, Mg 0.0031 
Ni 0.196 

C (total) 0.044, 
Si 0.528, Mn 1.500, 
P 0.039, S 0.004, 
Cu 0.030, Cr 17.81, 
Mo 2.640, Co 0.045, 
Fe 67.42 
Ni 9.930 

0.195 0.51 0.005 

9.98 0.57 0.04 

Ni(II) could be titrated with lower accuracy but 
with good precision. Therefore, in all subsequent 
work, a pH value of 3.5 was employed for the 
titrations. Fig. 1 illustrates a typical titration of 
Ni(II) at pH 3.5. 

3.4. Accuracy and precision. Range of deter- 
minable Ni(II) concentrations 

At pH 3.5 and with formic acid-formate 
buffered solutions, direct Ni(II) potentiometric 
titrations could be carried out in the range from 
nearly 3 to 6000 ppm with an accuracy of better 
than 0.5% (relative error) and a repeatibility lower 
than 0.71 (relative standard deviation). Some typ- 
ical results obtained are shown in Table 1. 

3.5.Interferences 

The influence of foreign ions on the Ni(II) 
determination by the proposed method was stud- 
ied for several cations, principally those which 
were expected to be interferents (e.g. Cu(II), 
Zn(II), Co(II), and Fe(IlI)). The cations tested 
were added as their chlorides or nitrates because 
these anions, as well as perchlorate, sulphate, 
acetate and formate, did not interfere at concen- 
trations up to 1 M. An ion was considered to 

interfere when it produced an error greater than 
0.6% (relative error) in the nickel determination. 
Table 2 shows the results obtained. 

The greatest limitations were brought by the 
metallic ions mentioned above, and interference 
could not be controlled either by masking or by 
reducing them to another oxidation state. Previ- 
ous separations proved to be the best way to 
avoid their interference. For that purpose, and to 
extend the method's application to samples con- 
taining large amounts of iron, cobalt, zinc, 
chromium and molybdenum, several separation 
procedures were tried. The ion-exchange method 
suggested by Kraus [35,36] was the simplest and 
most convenient manner for nickel separation 
from samples containing high proportions of 
other metals. 

3.6. Applications 

To evaluate the electrode performance in prac- 
tical analytical work, two alloy samples certified 
by the Instituto de Pesquisas Tecnol6gicas (IPT), 
of San Pablo state, Brazil (IPT Nos. 24 and 45) 
were analysed for their nickel content. The sample 
compositions and the results obtained are shown 
in Table 3. In both cases, six determinations were 
carried out on three portions of each sample. 
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4. Conclusions 

The method  developed in this work  showed good  
accuracy and precision in direct automat ic  poten- 
tiometric titrations o f  Ni(II)  with EDTA.  The C M E  
was constructed by using easily available and 
inexpensive materials. The 3,5-C12PADAB- 
modified ion exchanger and the modified res in-car -  
bon paste were very easily prepared and rapidly 
incorporated into the electrode body  or  replaced. 
They could be stored for long periods without  loss 
or reactivity. For  example, no difference in the 
electrode behaviour  was found on compar ing  the 
results obtained from a freshly prepared modified 
paste with those for the same paste after 10 months  
o f  storage in a stoppered vessel, protected against 
direct sunlight. The electrode did not need any 
special condit ioning to work correctly. All elec- 
trodes used in this work were ready to use imme- 
diately after their preparation.  At  pH  3 -4 .5  they 
gave excellent results for automat ic  Ni(II)  titrations 
over a wide range o f  concentra t ion (3 -6000  ppm). 
This was especially attractive because it should 
allow application o f  the method  to samples with 
high nickel contents wi thout  carrying out  extensive 
dilutions before titrations. Only inexpensive and 
easily available reagents were required for the 
titrations. Furthermore,  no external s tandards for 
instrument calibration were required. The only 
calibration necessary was s tandardizat ion o f  the 
E D T A  solution. In the above pH range, the titra- 
tion curves were symmetrical,  with the inflection 
points coincident with the theoretical end-points. 
Typically, overall potential jumps  of  8 0 -  I00 mV 
were obtained at the end-points. 

Al though the method showed several interfer- 
ences, which could only be avoided by applying a 
simple separation procedure,  the above findings 
suggest the r e s in - ca rbon  paste electrodes could be 
advantageously  employed for Ni(II)  determina- 
tions in a wide variety o f  materials, such as miner- 
als, soils and some industrial effluents. 
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Abstract 

The application of SQUAD to the refinement of formal potentials from potentiometric or coulometric steady-state 
and spectrophotometric measurements was tested. The formal potential thus obtained for the Fe(CN) 3-/Fe(CN)~- 
couple in 0.5 M HzSO 4 agreed with published data. This method was found to be satisfactory for the determination 
of typical standard potentials and it is suggested that it may be advantageous when dealing with multi-component 
systems. 

Keywords: Coulometry; Formal potentials; Potentiometry; Spectrophotometry; SQUAD 

1. Introduction 

Several studies have been published using 
spectrophotometric, potentiometric and coulo- 
metric data to determine experimental standard 
potentials [1,2]. Most of these have used the 
cell potential (E) and absorbance values in a 
specific wavelength to determine the standard 
potential through graphical methods. In this 
way, it is only possible to determine standard 
potentials with a 100 m V / n  separation in simple 
systems with few components (two or three). 

* Corresponding author. Tel.: (52)(5) 7244670; fax: (52)(5) 
7244666; e-mail: mtrs218@xanum.uam.mx 

When the system is multi-component, it could 
be convenient to solve multiple regression with 
computer programs such as SQUAD [3-8], 
SCOGS [7,8], LETAGROP-SPEFO [8] and 
DALSFEK [9]. However, these programs have 
been designed for systems where oxidation state 
changes do not exist. 

Sill6n [10] suggested the use of  an equi- 
librium constant for the redox couple. We eval- 
uate the capability of using the SQUAD 
program with potentiometric or coulometric 
measurements and spectrophotometric data to 
refine these equilibrium constants and their 
standard potentials. In order to demonstrate the 
methodology used to achieve this task, we 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02005-X 
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selected a simple system, the Fe(CN)63 / 
Fe(CN) 4- couple in 0.5 M H 2 S O  4 o v e r  a Pt 
electrode, as a typical example for the redox 
couple. 

2. T h e o r y  

and demonstrates that [e] and pe can be introduced 
in the place of [H] or pH in the input data of 
SQUAD to refine this kind of cumulative constant 
for the redox couple (and then E°). 

The same idea has been used in other approaches 
in different electrochemical studies [11]. 

SQUAD [3-8] is a program with the capability 
of refining the stability constant of a general 
complex, Mm M't Hk L, L'q, where m, l, n, q >> 0 and 
k is positive (for protons) and negative (hydroxide 
ions), employing a non-linear least-squares ap- 
proach. 

The data fed to SQUAD are absorption spectra, 
chemical composition (total concentration of M, 
M'L, L' and pH) and a chemical model to describe 
the system. The residual sum (U) is calculated from 
the following equation [6]: 

1 N W  
U = 2 ~ t" A calc A obs)2 

~'cli,k - -  f l i , k  (1) 
I 1 

where the absorbance values Ai.k, for each spec- 
trum, give a total of I for each wavelength and a 
grand total of N W .  

In order to use the SQUAD program to refine 
standard potentials for several redox couples, we 
proposed to following the stability constant defined 
by Sill6n [10] for a redox couple: 

Ox + n e -  ~-  Red (2) 

The Nernst law is 

o R T  [Oxl 
E = E + 2.303 ~-ff log iRed I (3) 

The product of F/2 .303RT  on both sides of Eq. (2) 
gives 

1 1 IOxl 
pe = n- log K + -n log iRed ] (4) 

where 

F 
pe = 2 .303RT E and 

1 F 
- l o g  K-=- - -  E ° (5)  
n 2.303RT 

Eq. (4) is of the Henderson-Hasselbalch type 

3. E x p e r i m e n t a l  

3. I. Reagents and instrumentation 

All the reagents were of analytical grade from 
Baker and Merck and aqueous solutions were 
prepared using deionized water (Millipore, 
18 p~-l) .  

Solutions of Fe(III) and Fe(II) were separately 
prepared by weighing both salts, K3Fe(CN)6 and 
K4Fe(CN)6'3H20, and dissolving them in 0.5 M 
H2SO 4. 

A Radiometer-Tacussel Model LPH4430T po- 
tentiometer was used for the potentiometric stud- 
ies. The reference electrode (saturated calomel 
electrode (SCE), Tacussel) and the working elec- 
trode (platinum electrode) were introduced into 
the electrochemical cell for potentiometric mea- 
surements. 

3.2. Procedure 

The solutions, 1.095 x 10 3 M K3Fe(CN)6 and 
1.023 x 10 3 M K4Fe(CN)6-3H2 O, were placed in 
10 or 25 ml burets as required, different aliquots 
were transferred to the beaker of the cell and the 
measurement of the equilibrium potential was 
taken (e.g. 24 ml of Fe(III) and 1 ml of Fe(II) 
solution). 

For controlled-potential coulometry, a Model 
377A PAR coulometry cell system was used. A 
three-electrode glass cell was used under a nitrogen 
atmosphere, a platinum-gauze working electrode 
was used for the oxidation and reduction systems 
and the reference electrode (SCE) was introduced 
by means of a Luggin capillary. The counter-elec- 
trode was a platinum mesh. The study was per- 
formed using a DEA 332 Digital Electorchemical 
Analyzer with IMT 101 electrochemical interface 
from Radiometer-Tacussel, with Voltamaster II 
software. 
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Fig. 1. Absorption spectra for solutions containing different Fe(CN)~-/Fe(CN)26 ratios in 0.5 M H2SO 4 volumetrically mixed. (a) 
Three-dimensional representation. (b) Typical absorption spectra for several pe values. In both cases pe is calculated following 
Sill~n's suggestion, from potentiometric measurements. 

For the spectrophotometric study, a Perkin- 
Elmer Lambda 17 double-beam UV-visible spec- 
trophotometer with 1 cm quartz cells was utilized. 

4. Results and discussion 

4.1. Po ten t iome t r i c  s tudy  

The experimental E vs. log{[Fe(CN) 3- ] /  

[Fe(CN) 4 ]} plot is linear following the equation E 
(mV) = 676.5 (_0 .1)  mV + 59.8 (_+0.4) 
[mV-l]log{[Fe(CN)~- ]/[Fe(CN) 4 ]}(r 2 = 0.9999) 
in agreement with the Nernst law. A slight 
blue coloration appeared when [Fe(CN) 4-  ] >> 
[Fe(CN)63 - ], which was probably due to the forma- 
tion of  Prussian Blue by to the slow degradation of 
Fe(CN)63 in the acidic medium. 

Representative absorption spectra obtained for 
different Fe(CN)63 - /Fe (CN)  4 - ratios as a function 
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Fig. 2. Time dependence of charge involved in controlled-potential coulometry at 470 mV vs. NHE for different amounts of 
K3Fe(CN)6 dissolved in 0.5 M H2SO4: (a) 0, (b) 8.13 x 10 -3, (c) 1.63 x 10 -2, (d) 2.44 × 10 -2, (e) 3.25 x 10 -2 and (f) 4.06 x 10 -2 
mmol. 

of pe are shown in Fig. 1. In this case pe was 
calculated from the potential measurement with a 
platinum electrode immersed in the solution and 
using Eqs. (4) and (5). 

4.2. Coulometric study 

In order to analyze the K3Fe(CN)6 behavior 
under the above conditions, a coulometric study 
was carried out. The charge (Q) vs. time plots 
obtained in this process are shown in Fig. 2. From 
these curves and for long times, a Q vs. 
[K 3 Fe(CN)6] plot was constructed for 470 mV vs. 
SHE. The charge varied linearly with the number of 
moles of K3 Fe(CN)6 in solution (correlation coeffi- 
cient = 0.9999) and the function was Q (mC) = - 
66 (+435) mC+91052 (+9026) [mC mmol- ']  
mmol K3Fe(CN)6. Considering that the slope of 
this function is equal to the product nF, the number 
of electrons involved in the reaction is 0.9 _+ 0.1. 
This indicates that the Fe(CN) 3- has been trans- 
formed into Fe(CN)64-. 

Solutions containing 15 ml of 8.17 × 10 -4 M 

K3Fe(CN)6 were electrolyzed, imposing different 
potentials in the range 780-520 mV vs. SHE for 
800 s. Solutions containing 15 ml of 8.57 × 10 - 4  M 
K4Fe(CN)6"3H20 were similarly electrolyzed, im- 
posing different potentials in the range 520-850 
mV vs. SHE for 800 s. 

For a liquid junction between two different 
electolytes, ~ may be estimated on the basis of the 
Henderson equation. In this case, Ej = 14 mV for 
KC1-HzSO4 solutions [12], and the potentials 
obtained in potentiometric and coulometric meth- 
ods are corrected taking this Ej value into account. 

Fig. 3 shows representative spectra obtained 
from steady-state solutions in coulometric experi- 
ments at several imposed potentials. The spectra 
are also represented as functions ofpe. In this case 
pe is calculated from the potential imposed at the 
working electrode. 

4.3. SQUAD results 

The spectral behavior of the potentiometric and 
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Fig. 3. Typical absorption steady-state spectra for different imposed potentials in coulometric experiments from solutions initially 
in 0.5 M H z S O  4 containing (a) 8,17 x 10 - 4  M Fe(CN)~- and (b) 8.57 x 10 -4 M Fe(CN)~ . The imposed potentials are shown as 
pe values. 

coulometric methods is similar. Only one isosbestic 
point is observed in all cases (2 = 258 nm). This 
can be associated with the presence of  only one 
redox couple over the potential range considered. 

In Table 1, the values of the equilibrium con- 
stants (and standard potentials) obtained from 
refinement achieved with SQUAD by assuming 
only one redox couple with the exchange of one 
electron are reported. 

The statistical data (Table 1) are within the 
range of experimental error expected in all cases. 

The difference between E ° obtained from elec- 
trolysis of Fe(CN)~- or Fe(CN) 4 (approximately 
10 mV) could indicate a hysteresis of the electron 
exchange in the redox couple, probably due to 
kinetic complications (see below). On the other 
hand, the difference between E ° obtained from 
electrolysis of  Fe(CN)36- and the potentiometric 
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Table 1 
SQUAD results for the Fe(CN)2 /Fe(CN)~-  formal potential in 0.5 M H2SO 4 from experimental data 

System Log K + ~r E ° (mY vs. SHE) Standard deviation Sum of squares 
O-A a U b 

Potentiometric 11.6422 _+ 0.0137 688.75 4.4464 x l0 -~ 1.6943 
Coulometric 11.4601 x 0.0166 677.98 2.3662 x 10 2 0.3354 
Fe(III) ~ Fe(II) 
Coulometric 11.6733 x 0.0173 690.59 4.5156 x 10 : 1.4661 
Fe(lll) ~ Fe(ll) 

a A represents a global standard deviation of refinement of  absorbance data. 
b U represents the sum of  squares of  residuals, Eq. (1). 

method could be due to the slight degradation of 
Fe(CN) 3 in acidic media in the latter case. 

In order to verify the quality of these data, 
several E ° values reported in the literature were 
compared with those obtained in this study (Table 
2). Our results agreed with the published values. 

The difference between the formal potentials in 
H2SO4, HCI and HCIO 4 media and the standard 
potential may be explained by the protonation of 
hexacyanoferrate (II) [10]. Fig. 4 shows the Pour- 
baix-type diagram for the redox couple. For the 
construction of this diagram it was assumed that 

Table 2 
Published formal potentials for the Fe(CN) 3 /Fe(CN) 4 cou- 
ple 

° ~ Conditions Ref. E F e ( C N )  6 /Fe(CN) 4 

(V vs. SHE) ~ 

0.356 Standard [12,14] 
0.48 0.01 M HC1 [14] 
0.56 0.1 F HC1 [12,14] 
0.689 0.5 M H2SO 4 This work, 

potentiometric 
method. 

0.678 0.5 M H2SO 4 This work, 
coulometric 
method,  
Fe(lll)  --, Fe(II) 

0.691 0.5 M H2SO 4 This work, 
coulometric 
method,  
Fe(ll) --* Fe(Ill) 

0.690 1 M H2SO 4 [15] 
0.72 1 M H2SO 4 [14] 
0.72 1 M HCIO4 [12,14] 
0.71 1 M HC1 [12,14] 

Fe(CN)6 3 - and H iFe(CN);- 4 complexes are kineti- 
cally inert [13]. From this diagram it is evident that 
the protonation of hexacyanoferrate (II) increases 
the formal potential with respect to the standard 
potential. 

Under the experimental conditions of this study, 
the redox couple involved was 

2H + + Fe(CN) 3 + e  ~--H2Fe(CN)6 2- (6) 

The protons included in the coordination sphere 
in hexacyanoferrate (II) indicate chemical reactions 
coupled to electron exchange. This could explain 
the hysteresis observed in the coulometric experi- 
ments. 

5. Conclusions 

From the above results, it is possible to propose 
the refinement of formal potentials by the SQUAD 
program, using the log K proposed by Sill6n for 
redox couples. 

The data can be obtained from potentiometric 
and spectrophotometric measurements. In addi- 
tion, we showed that refinement of the formal 
potential from coulometric steady-state and spec- 
trophotometric measurements is also possible. The 
application of this methodology to redox systems 
with several couple electron exchanges and chemi- 
cal reactions will contribute to the understanding of 
the electrochemical behavior of complex systems. 
Interpretation of the data must be done carefully, 
such as in this case for Fe(CN) 3-/Fe(CN)6 2 in 0.5 
M H2SO4, since spectrophotometric changes may 
result from a chemical reaction irrelevant to the 
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Fig. 4. Pourbaix diagram for the Fe(CN) 3-/Fe(CN) 6 couple. Data taken from Sill6n [10]. It is assumed that Fe(CN)~- and 
HiFe(CN)~-4 are inert complexes [13]. 

potential being measured. The application of the 
methodology to complex systems will be demon- 
strated in future studies. 
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Abstract 

A capacitively coupled microwave plasma (CMP) operating at 800 W was examined for the direct determination 
of cadmium in solids. The laboratory-constructed system contained a tungsten cup electrode capable of holding 
microsample quantities. A low-powered plasma was used to heat the sample, while at higher powers the plasma was 
used for sample vaporization and excitation. This plasma enabled thermal vaporization (TV) sample introduction to 
be accomplished in situ as the plasma formed directly around the sample. Thus, the need for sample preparation, 
procedural steps and sample transport was eliminated. This technique was capable of the direct determination of trace 
elements in solid samples in less than 5 min. The effects of experimental parameters such as gas flow rate, atomization 
power and electrode position were investigated. Detection limits obtained for Cd by TV-CMP-AES were in the 
picogram range with a relative standard deviation of < 20%. The accuracy and precision of the method were also 
evaluated by measuring Cd in several NIST Standard Reference Materials. 

Keywords: Atomic emission spectrometry; Cadmium; Capacitively coupled microwave plasma; Solids 

1. Introduction 

The direct analysis of  solids is important for 
several reasons. Because many samples occur nat- 
urally in solid form, pretreatment is usually 
needed to convert the sample into a liquid for 

*Correspsonding author. Fax: (352) 392-4651; e-mail: 
jdwin@chem.ufl.edu. 

Present address: Air Products and Chemicals, Inc., 7201 
Hamilton Blvd., Allentown, PA 18195, USA. 

analysis. Dissolution of the solid prior to analysis 
is often time consuming and requires the use of  
hazardous chemicals. Contamination from the 
added reagents can also occur [1]. Dilution errors 
and sample transfer losses arising from sample 
handling steps are possible and can lead to poor  
detection limits [2]. Also, some digestion proce- 
dures may result in the loss of  some volatile 
elements [3]. In addition, the resultant solution 
can contain a high salt content with the potential 
for clogging nebulizers [4]. The plasma perfor- 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
Pll  S0039-9140(96)02006-1 
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mance as an excitation and atomization source 
can be degraded from the introduction of the 
solvent [5]. These problems can be avoided by the 
direct analysis of solids, as this would allow the 
sample to be analyzed in its natural state [2]. 
However, direct introduction of solids into plas- 
mas does suffer from some disadvantages. Poorer 
precision is observed than with solution nebuliza- 
tion techniques [6]. Sample heterogeneity becomes 
more of a concern owing to the small sample 
sizes required of this method [2]. Furthermore, 
calibration curves are more difficult to determine 
as compared with solution analysis, where 
aqueous standards are used directly [7]. Even so, 
direct analysis of solids offers a means of rapidly 
quantifying the elemental content of a sample 
before it is subjected to extensive pretreatment. 

Several methods have been used for the direct 
introduction of solids into an inductively coupled 
plasma (ICP). These include direct sample inser- 
tion (DSI) [2,8,9], electrothermal vaporization 
(ETV) [7,10,11], arcs [12], sparks [13], laser abla- 
tion [2] and slurry nebulization [14]. However, 
these techniques have some difficulties, including 
transport losses of analyte, background shifts, the 
need for matrix modifiers, the difficulty with 
availability of standards and tedious sample 
preparation and/or sample introduction proce- 
dures. Some of these problems can be alleviated 
by performing direct solid introduction into a 
capacitively coupled microwave plasma (CMP). 
The CMP allows for the analysis of an analyte in 
situ as the plasma forms directly around the sam- 
ple. Thus, the need for sample preparation and 
procedural steps is eliminated. Also, this method 
allows for discrete sampling without any resultant 
sample dilution or losses. 

Until recently, no work has been reported on 
methods of direct solid sampling without employ- 
ing some means of analyte vapor transport into 
microwave plasmas. Ali et al. [4] developed a 
method for the rapid screening of solids using 
CMP-AES. The solid powder samples were 
placed in a graphite cup electrode and then the 
electrode was heated to initiate vaporization and 
atomization of the analyte. This method was 
evaluated using samples of tomato leaves (NIST 
SRM 1573a) and coal fly ash (SRM 1633a). Lim- 

its of detection were observed in the nanogram 
range. 

Masamba et al. [5] used this same technique 
for the direct analysis of steel samples. Metal 
samples are conducting, easily machined into dif- 
ferent shapes, resistant to sputtering and rela- 
tively homogeneous. For these reasons, metals 
are amenable to direct analysis. The steel samples 
were machined into cylinders which could fit 
snugly into the top of a hollow graphite holder. 
Power was supplied to the holder to create a 
plasma for vaporization and atomization of the 
analyte. Detection of constituents in steel was 
possible from less than 1 /tg g-~ to the per cent 
range. 

In this work, a CMP with a tungsten cup was 
used for the determination of cadmium. Samples 
of graphite powder, to which Cd has been added, 
and a variety of NIST of Standard Reference 
Materials (SRMs) were evaluated. A mixture of 
helium and hydrogen was used as the plasma gas. 
The effects of experimental parameters were ex- 
amined. The detection limit for solid Cd was in 
the picogram range. The results were compared 
with those previously obtained for Cd in solution 
[15]. The accuracy and precision of this method 
of direct analysis were also investigated. 

2. Experimental 

2.1. Instrumentation 

The laboratory-constructed CMP system con- 
sisted of a high-voltage power supply which 
transferred energy to a 2450 MHz magnetron. 
The actual microwave power output of the mag- 
netron could not be measured, thus the power 
used represented the amount of power supplied 
to the magnetron. The energy propagated as a 
standing wave through a brass waveguide with 
the plasma forming at the surface of the elec- 
trode. The tungsten cup electrode supported by a 
graphite holder sits in the center tube of a two 
concentric tube quartz torch and is shown in Fig. 
1. The tungsten cup was capable of holding a 
volume of up to 10 /tl. The plasma gas was 
introduced through the bottom of the torch. 
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Emission was detected by a 1 m Jobin-Yvon 
spectrometer which contained a photodiode array 
(PDA) detector. The design of this CMP system 
was described in greater detail elsewhere [15]. 

2.2. Sample preparation 

The Cd solid standards used for analysis were 
prepared from cadmium chloride salt obtained 
from Fisher Scientific (Fairlawn, N J, USA). The 
Cd salt was added to a 10 g quantity of high-pu- 
rity graphite powder (grade SP2X, lot 721, Union 
Carbide, New York, USA) and thoroughly mixed 
in plastic vials using a ball-mill. This solid stan- 
dard was quantitatively diluted with additional 
spectroscopic-grade graphite powder to prepare 
the remaining concentrations. It was necessary to 
use coarse graphite powder for the standards be- 
cause fine powder caused atomization difficulties. 

The SRMs studied were obtained from the 
National Institute of Standards and Technology 
(NIST). These solid samples included coal fly ash 
(1633a), tomato leaves (1573a), Montana soil 
(2711), bovine liver (1577b) and oyster tissue 
(1566a). No pretreatment or dilution steps were 
performed on these samples prior to analysis. 

2.3. Procedure 

The solid samples were deposited into the tung- 
sten cup using a micropipettor (Model 225, 
Drummond Scientific, Broomall, PA, USA) with 
glass capillary tips, which was originally designed 

submerged 
6 m m  -'-- W cup electrode 

i Graphite 
holaer 

/ Torch 

""1 i He&H2 

Fig. 1. Exaggerated view of tungsten cup design. The inner 
diameter is 3 mm, the outer diameter is 4 mm and the depth is 
2 mm. 

for liquid introduction. The pipettor was set to 1 
ktl and the end of the capillary was inserted into 
the solid sample. The pipettor was repeatedly 
moved back and forth until the tip was filled. Any 
sample adhering to the outside walls of the capil- 
lary was wiped off before deposition into the 
tungsten cup. The amount of sample dispensed 
was determined by calibration. The calibration 
was performed by weighing 20 loads of the 
graphite standard with a microbalance. It was 
determined that for a 1 /~1 load, 0.6 mg of Cd 
solid in graphite was introduced with about an 
8% relative standard deviation (RSD). 

Once deposited in the electrode cup, the sample 
was subjected to a preatomization step which used 
a low-powered plasma to heat the sample. Preat- 
omization was performed at a microwave power 
of 124 W for 3 s. After this step, the gas flow rates 
were set to the appropriate levels. The power was 
then rapidly increased to the atomization power, 
while simultaneously starting the computer for 
data acquisition. The emission signal was inte- 
grated for 1.0 s intervals for a 3 s time period. The 
electrode was submerged 6 mm below the top of 
the torch as shown in Fig. 1. The emission signal 
was observed at 5 mm above the electrode cup. 
All experimental parameters were optimized for 
the best signal-to-background ratios. 

After each sample had been measured, it was 
necessary to clean the electrode cup. This was 
accomplished using a laboratory-constructed 
"vacuum cleaner". A Pasteur pipet was connected 
to a side-arm flask with a rubber hose. The top of 
the flask was attached to a ceiling vent. The pipet 
was placed inside the tungsten cup and the suction 
from the vent was used to remove any residue. 
This method proved satisfactory for sample re- 
moval as it was quick and easy to use. 

2.4. Detection limits 

Peak heights were used in the analysis of the 
data. The peak height was obtained from the 
maximum signal over a 3 s time interval to vapor- 
ize and excite the analyte. The peak height from 
this spectrum was corrected for the blank signal. 
The blank was graphite powder which had also 
been subjected to mixing with a ball-mill. The 
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Fig. 2. Effect of preatomization power on solid Cd signal. 

attributed to the volatile nature of this analyte. 
Similar results were found by previous researchers 
[4,16]. It was determined that a preatomization 
power of 124 W was sufficient for solid Cd mea- 
surements. 

Optimization of the duration of the preatomiza- 
tion stage was also necessary. The preatomization 
time is the difference between the time the plasma 
was ignited and the time when the power was 
increased for atomization. It was found that the 
Cd signal was relatively constant with increasing 
preatomization times up to 60 s. 

3.2. Temporal profile 

signals were background corrected by the com- 
puter software. All signals are reported as the 
mean of the three measurements with error bars 
representing one standard deviation from the 
mean. The calibration curve was obtained using 
the optimal experimental conditions determined 
from solid Cd. The optimization studies for each 
parameter were performed individually while all 
other experimental conditions were held constant. 
The optimal conditions were defined as those 
which produced a maximum signal-to-back- 
ground ratio. The detection limit was determined 
as three times the standard deviation in the blank. 
The blank standard deviation was calculated from 
10 measurements of the blank signal at a wave- 
length of 228.802 nm. 

3. Results and discussion 

3. I. Preatomization stage 

The preatomization stage was necessary for the 
analysis of the solid Cd samples by thermal va- 
porization introduction into the CMP. It was 
found that elimination of this step produced an 
initial instability of the plasma which led to atom- 
ization difficulties. Also, the sample would sputter 
out of the electrode, contributing to irrepro- 
ducible signals. However, it was found that preat- 
omization at high powers results in signal losses 
of Cd as shown in Fig. 2. These losses were 

The emission signals obtained were transient, 
which is an inherent characteristic of the thermal 
vaporization technique. The temporal profile of 
180 pg of Cd in graphite powder is displayed in 
Fig. 3. For Cd in graphite, the signal lasted 
approximately 3 s. These results were similar to 
those observed for aqueous Cd [15]. 

3.3. Electrode position 
The vertical distribution of the Cd emission for 

Cd in graphite is shown in Fig. 4. The observation 
height is the position above the electrode in the 
plasma where the signal is observed. A 0 mm 
observation height corresponds to the electrode 
surface being even with the center of the entrance 
slit of the spectrometer. The maximum 
signal-to-background ratio, and therefore the 
optimal emission signal, were observed to occur at 
5-6 mm observation height; this low height was 
attributed to the volatile nature of Cd. Similarly 
to aqueous Cd [15], the background level also 
increased at 5-6 mm. In addition, the emission 
intensity began to decrease at observation heights 
greater than 7 mm. 

The horizontal distribution of the emission of 
Cd (in graphite) across the plasma was also 
examined. A cylindrical-shaped plasma was used 
for the measurements and produced a uniform 
emission intensity for Cd (in graphite samples) 
over a width of 1 mm. These results are similar to 
those obtained for cylindrical plasmas with 
aqueous analytes [15]. The emission intensity 
across the plasma was asymmetric. 
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Fig. 3. Temporal profie of 180 pg of the emission signal Cd (in graphite powder) at 228.802 nm. 

3.4. Atomization power 

It was found that the emission intensity for Cd 
in graphite increased with increasing atomization 
power to a maximum; the maximum occurred 
when 800 W of power was supplied (see Fig. 5). 

Further increase in the atomization power led to a 
decrease in the intensity. These observations differ 
from those reported for Cd in aqueous samples 
[15]. The higher atomization power required here 
was probably due to the solid nature of the ma- 
trix. 
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Table 1 
Comparison of optimal conditions selected for solid and 
aqueous [15] Cd 

Parameter Solid Aqueous 

Wavelength (nm) 228.802 228.802 
Observation height (mm) 5 4 
Displacement (mm) 0 0 
He flow rate (1 rain -~) 7 5 
H2 flow rate (cm 3 min-i) 380 460 
Preatomization/drying power (W) 124 90 
Preatomization/drying time (s) 20 45 
Atomization power (W) 828 525-630 

3.5. Plasma gas f l ow  rate 

The helium flow rate did not have a signifi- 
cant effect on the Cd signal (in graphite). How- 
ever, the emission intensity did experience a 
twofold increase at 7 1 min -1. The reason for 
this increase is unknown. Further investigation 
of solids with a CMP needs to be performed 
before definite conclusions can be drawn. The 
plasma was observed to be cylindrical in shape 
at this flow rate. These findings are similar to 
those for Cd in aqueous samples [15]. 

Just as for Cd in pollution samples [15,17- 
19], a small addition (of ca. 400 cm 3 min - j )  
results in the maximum. The signal was not de- 
tectable unless at least 100 cm 3 min - I  of  H2 
was introduced. I f  flow rates higher than 400 
cm 3 min - l  were used, the emission signal de- 
creased slightly, probably as a result of  the de- 
crease in the excitation temperature of  the 
plasma with increase in hydrogen addition. [18]. 

being the atomization power required for analy- 
sis. The higher power necessary for the solid 
analyses is probably due to the nature of  the 
matrix. The analytical calibration curve for Cd 
in graphite was linear and had a log- log  slope 
of 1.0 over the region from the detection limit 
to at least two orders of  magnitude higher. The 
absolute detection limit obtained for Cd in 
graphite was 40 pg and the concentration detec- 
tion limit was 70 ng g-1. These absolute and 
relative detection limits are also compared with 
those obtained for Cd in solid samples by 
analogous methods [4,20] in Table 2. 

When comparing the results obtained for Cd 
in both an aqueous and a solid matrix, many 
similarities are observed (Table 1). As men- 
tioned previously, many of the operating condi- 
tions chosen to be optimal for the Cd 
measurement closely agree. Likewise, the trends 
observed for most of the experimental parame- 
ters agree. However, it was still discovered that 
the determination of Cd was not independent of  
the matrix studied. This was demonstrated by 
the fact that there was a threefold difference in 
the slopes of  the calibration curves obtained for 
these matrices. This difference was largely a re- 
sult of  the dissimilar trend in the atomization 
power required for analysis. The solid matrix 
required a higher power for Cd measurement, 
and above this power the emission intensity de- 
creased. In an aqueous matrix, the atomization 
power increased to a maximum and then 
reached a steady state. Further studies of  the 
behavior of  solids in a CMP should be investi- 
gated before any more conclusions can be 
drawn. 

3.6. Trace Cd determination 

The operating conditions used for evaluating 
the analytical performance of  T V - C M P - A E S  
for solid Cd were based upon the optimization 
studies just described. The optimal conditions 
were selected as those which produced a maxi- 
mum signal-to-background ratio while all other 
parameters were held constant. These conditions 
are given in Table 1. The conditions for both 
matrices were similar, with the main difference 

Table 2 
Comparison of detection limits for Cd 

Technique LOD 

pg ng g- i 

This work (solid) 40 70 
Graphite cup TV CMP [4] 300 30 
DSI-ICP-AES [20] ~ 300 1 

a DSI = direct solid introduction. 
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Table 3 
Determination of Cd in solid SRMs 

Sample SRM Measured Certified 
concentratiom' concentration 
(lCgg i) (#gg r) 

Bias 
(%) 

Montana soil 2711 38 ± 11 41.70 _+ 0.25 
Tomato leaves 1573a 1.4 ~: 0.4 1.52 _+ 0.04 
Bovine liver 1577b 0.6 + 0.3 0.50 _+ 0.03 

-9  
-8  
20 

"The 4- values represent confidence intervals for the three measurements at the 95%, level. 

3. 7. S tandard  reference mater ia ls  

The accuracy and precision of the method de- 
veloped for the determination of Cd in solids 
using CMP-AES were examined. Analyses were 
performed using a variety of SRMs obtained from 
NIST without any prior sample preparation. The 
operating conditions used were those listed in 
Table 1. The results observed for Cd measurment 
are displayed in Table 3 compared with the cer- 
tified concentrations provided by NIST. The listed 
concentration ranges are within one standard de- 
viation of the mean of  three measurements. These 
values were obtained based upon the calibration 
of Cd in graphite powder. The observed concen- 
trations closely agree with the certified values for 
each of the SRMs Montana soil, tomato leaves 
and bovine liver, showing less than 10% bias for 
the first two and 20% for the third. The accuracy 
may possibly be improved by performing the cali- 
bration by the method of standard additions, thus 
eliminating any errors caused by matrix effects. 
Even so, the precision of the measurments was 
less than about 20%. The precision was limited by 
sampling precision and data processing precision 
(selection of temporal peak), Current work in- 
volves the measurement of the peak area, which 
should minimize the latter. 

4. Conclusions 

The method developed for the determination of  
Cd in solid samples using TV-CMP-AES is capa- 
ble of measurement at trace levels. A detection 

limit of 40 pg was possible with an RSD of  
<20%. The experimental conditions were found 
to agree closely with those obtained for the deter- 
mination of Cd in aqueous solution. The main 
difference in the operating conditions between 
these two matrices was the atomization power, 
which at present makes the current method matrix 
dependent. Even so, this technique provided rea- 
sonable accuracy when applied to solid standard 
reference materials and compared favorably with 
other atomic methods of analysis. In addition, 
this preliminary investigation demonstrated the 
promise of T V - C M P  for the direct analysis of 
solid samples. 
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Abstract 

A method for the analysis of tungsten alloy to determine selected elements using inductively coupled plasma atomic 
emission spectroscopy is described, with emphasis on line selection and spectral interference. The spectral interference 
coefficients were calculated for the spectral lines of selected major and trace elements. These values were used to select 
analytical lines and to calibrate concentrtions of the analytes. The detection limits of the elements for this method 
were determined and compared with those obtained by flame atomic absorption spectrometry and direct current 
carbon arc emission spectrometry. The results indicated that the detection limits for all of the elements determined by 
the proposed method are significantly better than those obtained by other techniques. In this study, the analytical 
reliability of the proposed method was estimated by comparison of the analytical data for the two types of tungsten 
alloys produced by the Korean Tungsten Company with those obtained by the matrix matching method and the 
results indicated that the accuracy of multi-element analysis is satisfactory. 

Keywords: Inductively coupled plasma atomic emission spectrometry; Interference correction; Line selection; Tungsten 
alloy 

I. Introduction 

Tungsten alloys are of great importance in var- 
ious branches of industry. They are mainly em- 
ployed for radiation shields, balance weights and 
inertial navigation systems [1]. A detailed knowl- 
edge of the levels of the major and trace elements 
in metal alloys is essential since they may have 

* Corresponding author. Fax: (82) 53-950-6330. 

either a deleterious or beneficial effect upon the 
mechanical and physical properties of alloys [2- 
5]. Trace element analysis of metal alloys can be a 
problem owing to the difficulty of dissolution and 
the instability of the sample solutions. Inductively 
coupled plasma atomic emission spectroscopy 
(ICP-AES) is a popular tool in the determination 
of trace elements [6-22], but a current limitation 
is the spectral interferences observed with ele- 
ments that emit line-rich spectra. In order to 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02007-3 
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overcome this problem, a number of studies have 
been carried out to develop methods for isolating 
elements from complex matrices, including copre- 
cipitation [9-11], complex formation [12,13] hy- 
dride conversion [14], adsorption [15], ion 
exchange [16] and chromatography [17-19]. How- 
ever, these methods are concomitant with the risk 
of contamination from the chemicals and tedius 
time-consuming procedures. 

In this study, the interfering spectral lines for 
nearly all of the elements in tungsten alloy that 
can be determined by ICP-AES were investigated. 
Spectral interferences, which arise from the in- 
complete isolation of the net signal at the analysis 
line, seriously affect the analytical results, particu- 
larly when high concentrations of matrix con- 
stituents are present. For the analytical lines of 
elements of interest we calculated the spectral 
interference correction coefficient (K0.), which is 
defined by the ratio of the spurious concentration 
observed for element i and the actual concentra- 
tion of interference j to evaluate quantitatively the 
amount of spectral interference on the individual 
lines. The corrected concentrations of the ele- 
ments for the real samples were obtained using 
the K o. values and the results were compared with 
those obtained by other analytical methods such 
as flame atomic absorption spectrometry (FAAS) 
and direct current carbon arc atomic emission 
spectrometry (d.c. arc AES). The detection limits 
for the analytes were also evaluated for the proce- 
dure suggested in this paper. 

Scott-type coaxial plastic spray chamber (Jobin- 
Yvon; Cat. No. 11285268), a plastic sheathing 
tube and a sapphire sample introduction tube. A 
force-fed Miniplus II peristaltic pump (Jobin- 
Yvon; Cat. No. 21357000) was used to deliver 
sample solution at a rate of 1.5 ml rain -~. The 
other operating conditions for ICP-AES are listed 
in Table 1. For FAAS a Model 3030B atomic 
absorption spectrometer (Perkin-EImer, Norwalk, 
CT, USA) was used, and for d.c. arc AES a 
Model 70-000 system (Thermo Jarrell Ash, 
Franklin, MA, USA) with a 3.4 m focal length 
monochromator with a ruled grating was em- 
ployed. 

2.2. Samples and reagents 

Two types of tungsten alloys (Grades P and T) 
used for real sample analysis were supplied by the 
Korea Tungsten Company (Kyungpook, Korea). 
Water was purified with a Milli-Q system (Mil- 
lipore, Bedford, MA, USA). Concentrated hy- 
drofluoric acid and nitric acid were of 
analytical-reagent grade. Metal standard solutions 
for ICP measurements were prepared by diluting 
1000 ppm stock solutions obtained from Spex 
Industries, (Edison, N J, USA). Internal standard 
and buffer materials used for d.c. arc AES were 
silver chloride (Zeebac; reagent grade) and 
Specpure graphite powder (Bay Carbon; spectro- 
graphic grade), respectively. 

2.3. Sample preparation 

2. Experimental 

2.1. Instrumentation 

For ICP-AES, a JY 38 Plus ICP system (Jobin- 
Yvon, Longjumeau, France) was employed. Ar- 
gon was used to purge the optical path and the 
monochromator for wavelengths in the range 
180-195 nm. Since solutions containing hy- 
drofluoric acid were employed in the present 
study, a hydrofluoric acid-resistant sample intro- 
duction system was used. This system consists of a 
platinum-iridium concentric nebulizer (Jobin- 
Yvon; Cat. No. 20925080), a PTFE nozzle, a 

2.3.1. I C P - A E S  and A A S  
Tungsten and related samples were dissolved in 

a mixture of high-purity hydrofluoric and nitric 

Table 1 
Operating conditions for ICP-AES 

Sample delivery 1.5 ml rain- ~ using peristaltic pump 
Ar gas flows: 

Cooling 13 15 lmin-I 
Coating 0.2 0.4 1 min 
Nebulizing 0.3-0.5 1 min- 

Observation height 15 mm above upper coil 
Slit widths Entrance 20 /~m, exit 20 /~m 
Spectral range 170 800 nm 
Generator frequency 40.68 MHz 
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Table 2 
ICP-AES interference correction coefficients (Ko) for tungsten alloy analysis" 

49 

Analyte line K 0 
(nm) 

Co Nb Ta Ti W 

AI 396.152 0.004 1.247 0.719 0.528 0.018 
Co 238.892 0.005 0.083 0.005 0.222 
Cr 284.325 0.109 0.204 0.204 0.102 0.020 
Fe 238.204 0.076 0.038 0.260 0.003 0.027 
Nb 313.079 0.085 0.655 84.16 0.025 
Ni 231.604 0.520 0.005 7.652 0.158 0.107 
Ta 238.706 0.418 69.46 0.009 0.264 
Ti 323.451 0.002 0.074 0.185 0.005 
V 290.882 0.066 8.308 0.253 0.004 0.028 
W 207.911 0.005 0.006 0.008 0.005 

'~ Only the K,/values for major elements are listed. The analyte wavelengths with the lowest EK~ values are listed. 

acids, adding 3 ml of each acid slowly to 1 g of 
sample. The mixture was then heated in a 
microwave digestion system (CEM; Model 
MDS-81D) until dissolution was achieved. The 
system was operated at 90% power (576 W) for 
3 min, 0% for 3 min and 50% (320 W) for 3 
min in sequence. The resulting solution was 
diluted with deionized water to give a final 
volume of 100 ml. In order to determine minor 
components in samples using the matrix 
matching method, standard solutions were 
prepared using aqueous solutions containing the 
same percentage of major constituents as those 
in the real samples. 

2.3.2. D.c. arc A E S  

For d.c. arc AES, the sample was mixed with 
buffer (2 parts sample + 3 parts buffer) with a 
Wig-L-Bug shaker for 60 s. The composition of 
buffer used was 1 part silver chloride (Zeebac; 
reagent grade) and 2 parts Specpure graphite 
powder (Bay Carbon; spectrographic grade). The 
mixture of 75 mg was then loaded into graphite 
cups (Bay Carbon; Model S-12). Trace element 
analysis was carried out with a current of 10 A 
and an arcing period of 40 s. The signal at the 
244.793 nm line of Ag was used as an internal 
standard. 

3. Results and discussion 

3. I. Line selection 

Line selection was performed for the major and 
trace elements using a solution containing 10 g l-  
of each of the major components. Spectral inter- 
ferences of spectral lines of the elements to be 
determined were studied by scanning the spectra 
of the interfering elements using the profiling 
mode of the analysis program. For the simulta- 
neous determination of elements of interest in 
tungsten alloy, the most sensitive line for each 
element cannot always be used owing to the possi- 
ble interferences of spectral lines of major compo- 
nents. 

In order to evaluate quantitatively the amount 
of spectral interferences, the interference ocrrec- 
tion coefficients (K¢) for all of the lines of the 
elements were calculated. K 0 is defined by Eq. (1) 
and the values are listed in Table 2 [23-25]. 

spurious concentration observed 

for element i (ng ml- ~) 
K,j-  actual concentration of (1) 

interferent j (/t g ml - l) 

A K~ value of 0.01 means that a spurious concen- 
tration of 100 ppb was observed for the element i 
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Table 3 
Detection limits (ppm) for elemental analysis of tungsten alloy by ICP-AES 

Elements Wavelength (nm) K 0 method FAAS D.c. Arc AES 

A1 396.152 0.010 0.091 0.07 
Co 238.892 0.022 0.080 0.06 
Cr 284.325 0.010 0.055 0.05 
Fe 238.204 0.015 0.040 0.05 
Nb 313.079 0.025 0.52 
Ni 231.604 0.050 0.070 0.05 
Ta 238.706 0.480 0.53 
Ti 323.451 0.005 0.051 0.04 
V 290.882 0.013 0.09 
W 207.911 0.030 1.0 0.50 

in the matrix solution of 1.00% (w/v). Therefore, it 
is recommended to select the wavelength at which 
the sum of K o. values of the interferent elements are 
the lowest. The corrected concentrations using the 
K~j values were calculated from the equation 

C~ = < - E K~ Cj (2) 

where C~, Ci and Cj are the corrected, measured and 
matrix concentration, respectively. Thus the cor- 
rected concentrations should provide more reliable 

Table 4 
Analytical results for multi-element analysis by ICP-AES using Ko and matrix matching methods 

Sample Element Wavelength Certified Ku method a Matrix matching Concentration 
(nm) value method a unit 

Grade P Co 238.892 5.0+0.1 5.05_+0.10 5.06_+0.09 % 
Nb 313.079 <0.03 % 
Ta 238.706 2.0 _+ 0.1 1.90 _+ 0.10 1.89 + 0.15 % 
Ti 323.451 2.0 + 0.1 2.05 _+ 0.08 2.08 + 0.09 % 
W 207.911 85.0 + 0.8 85.40 _+ 0.61 85.45 + 0.50 % 
Fe 238.204 95 4- 10 90 + 10 ppm 
Ni 231.604 140 + 18 145 4- 20 ppm 
A1 396.152 < 0.01 ppm 
Cr 284.325 < 0.01 ppm 
V 290.882 < 0.02 ppm 

Grade T Co 238.892 10.0+0.5 1 0 . 2 0 _ + 0 . 1 5  10.15_+0.10 % 
Nb 313.079 2.00 _+ 0.1 1.95 _+ 0.10 1.94 +_ 0.09 % 
Ta 238.706 7.0 _+ 0.2 7.20 -+ 0.12 7.25 -+ 0.15 % 
Ti 323.451 8.00 _+ 0.2 7.93 -+ 0.13 7.90 + 0.12 % 
W 207.911 60.0 -+ 0.8 59.3 _+ 0.75 59.8 _+ 0.80 % 
Fe 238.204 115 _+ 15 120 _+ 13 ppm 
Ni 231.604 120 -+ 10 115 + 15 ppm 
AI 396.152 < 0.01 ppm 
Cr 284.325 < 0.02 ppm 
V 290.882 <0.02 ppm 

a Errors are standard deviations for five measurements. 
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data in the determination of trace elements in a found to agree with those obtained by the ma- 
tungsten matrix, trix matching method. 

3.2. Detection limit 

The detection limits for 10 elements are listed 
in Table 3. These detection limits are the con- 
centrations required to give a signal three times 
greater than the standard deviation of the back- 
ground fluctuation. The relative standard devia- 
tion of the background was determined for each 
selected analytical line for 10 replicates mea- 
sured with a 0.5 s integration time. The average 
value of the standard deviation was found to be 
about 1% for the matrix solution. This value 
does not significantly differ from that found for 
pure waer. On the other hand, the signal-to- 
background ratios were substantially decreased 
in the presence of matrix, which explains the 
difference between the detection limits measured 
in water and with matrix. In comparison with 
the detection limits in aqueous solution, the 
ICP-AES detection limits in the matrix solution 
were decreased by factors varying from 1 to 20. 
The values of the detection limits for the ele- 
ments determined by the present technique are 
also compared with those obtained by FAAS 
and d.c. arc AES in Table 3. The results indi- 
cate that the detection limits for all the elements 
except V, Ta and Ni determined by the pro- 
posed method are better than those obtained by 
the other techniques. 

3.3. Analysis of  tungsten alloys 

Determinations of major and trace elements 
in two types of tungsten alloys obtained from 
the Korea Tungsten Company were performed 
by the Ko correction method. The results are 
presented in Table 4. The certified values listed 
in Table 4 were obtained by collaborative trials. 
The concentrations of major elements obtained 
by the K,j correction method are in good agree- 
ment with the certified values and those ob- 
tained by the matrix matching technique. The 
analytical data for the trace elements were also 
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Abstract 

A simple, sensitive and fairly rapid method for the determination of noscapine is described, based on the 
measurement of the absorbance of the organic soluble ion-association complex formed between the noscapine 
monocation and a bulky counter anion. Methyl Orange, Bromothymol Blue and Bromocresol Green (BCG) were 
examined as counter ions. The effect of few solvents, the counter-ion concentration and pH on the extraction were 
also investigated. The most suitable system was based on BCG (pH 3.0) with chloroform as the extraction solvent. 
The use of the other counter ions, in conjuction with their respective solvents, was found to be less sensitive. The 
BCG system exhibits negligible or no interference when used for the determination of 38 ppm of noscapine in the 
presence of several drug excipients, thus lending itself as a possible procedure for the determination of this alkaloid 
in pharmaceutical preparations. 

Keywords: Bromoscresol Green; Drug formulations; Extraction; Ion association; Noscapine 

I. Introduction 

Noscapine (I) is an important  naturally oc- 
curring opium alkaloid, and is present in 
amounts of  6 -11% of the raw material depend- 
ing on season and locality [1,2]. Unlike mor- 
phine and codeine, it has no analgesic activity 
or abuse potential. Its major  pharmaceutical ac- 
tion is its anti-tussive activity, which has been 

* Corresponding author. Fax: 966-3-860 4277. 
~Permanent address: School of Chemical Sciences, Universiti 

Sains Malaysia, 11800 Penang, Malaysia. 

reported to be equivalent to that of  codeine [1]. 
Noscapine and its metabolites in plasma have 

been determined using high-performance liquid 
chromatography (HPLC) [3 7]. Frequently, the 
use of  a coupled-column arrangement was 
mandatory for the analytes to be separated first 
into two fractions on a polar precolumn [6,7]. 
Each fraction was next transferred to an ana- 
lytical column for the final separation. HPLC 
procedures for the determination of  noscapine 
in cough syrups [8] and capsules [9] have also 
been reported. In the former work, noscapine 
was oxidized by bromine generated on-line 
prior to detection. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02009-7 
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The British Pharmacopoeia (BP) procedures 
[10,11] for the determination of noscapine in 
pharmaceutical preparations include an absorp- 
tion method, which lacks specificity, and an 
acid-base titrimetric method in a non-aqueous 
medium with potentiometric end-point detec- 
tion. Neither method is suitable for the deter- 
mination of low levels of the alkaloid. 

Simpler alternative methods that use inexpen- 
sive instruments are clearly needed for the de- 
termination of this pharmaceutically important 
anti-tussive drug. The use of bulky dyes for the 
formation of ion-association complexes that 
form the basis of extractive spectrophotometric 
methods for the determination of drugs in 
pharmaceutical preparations has 

been reported [12,13]. A method for the deter- 
mination of anti-inflammatory agents using 
Methylene Violet was reported [12], and some 
phenotiazines were determined spectrophotmetri- 
cally by monitoring their ion-association com- 
plexes with Brilliant Blue and Orange-II [13]. In 
this work, the use of three bulky dyes as an- 
ionic counter ions for the formation of noscap- 
ine ion-association complexes whose absorbance 
can be monitored upon extraction was investi- 
gated. The systems were further optimized with 
respect to pH, choice of solvent, counter ion 
concentration and shaking time. Key analytical 
characteristics of the complexes were compared. 
Determinations of noscapine in the presence of 
common drug excipients were also performed. 

2. Experimental 

2. I. Apparatus 

2.2. Reagents and solutions 

All chemicals were of analytical-reagent grade, 
except noscapine hydrochloride, which was a gift 
from Dumex (Amsterdam, The Netherlands). 
Chloroform-stabilized ethanol and toluene were 
purchased from Fluka, methyl isobutyl ketone 
from Baker and dichloromethane from Winlab. 
These solvents were claimed to have purities of at 
least 99.9%. The counter ions were obtained from 
the following sources: Bromothylmol Blue (BTB) 
from Fisher Scientific, Methyl Orange (MO) from 
BDH and Bromocresol Green (BCG), sodium 
salt, from Allied Chemical. Demineralized, dis- 
tilled water was used throughout. 

2.2.1. Standard solutions 
The masses of reagents used to prepare 10 -2 M 

stock standard solutions in 50 ml volumetric 
flasks were BCG 0.3600 g, MO 0.1637 g and 
noscapine hydrochloride 0.2067 g. A BTB stock 
standard solution was prepared by dissolving 
0.3232 g of the reagent in 5 ml of ethanol and 
diluting to the mark with water. Working stan- 
dard solutions were prepared by dilution of the 
stock standard solutions as required. 

2.2.2. Noscapine tablet solutions 
A standard solution was prepared by crushing 

five tablets (Longatin; Dumex, Copenhagen, Den- 
mark) and dissolving an amount of the powder 
equivalent to 100 mg of noscapine in 50 ml of 
water. The mixture was warmed at 70°C in a 
water-bath for 10 min, agitated by an electrical 
shaker for 10 min and filtered through an ordi- 
nary filter-paper. After washing several times with 
hot water, the filtrate plus washings were cooled 
to room temperature and the final volume was 
made up to 100 ml. 

All absorbance measurements were made on 
a Perkin-Elmer Lambda 5 UV-visible spec- 
trophotometer with matched quartz cuvettes of 
1 cm path length, pH measurements of the 
aqueous phase were performed using a Corning 
combination glass electrode (Catalog No. 
476530) in conjunction with a Corning Model 
21 pH meter. 

2.2.3. Buffer solutions 
Buffer solutions were prepared in 200 ml volu- 

metric flasks, as follows: acetate buffer (pH 3.0), 
dissolve 0.80 g of anhydrous sodium acetate, add 
glacial acetic acid to adjust the pH to 3.0 and 
dilute to the mark; acetate buffer (pH 3.5), dis- 
solve 100.0 g of ammonium acetate, adjust the pH 
to 3.5 with 7 M hydrochloric acid and dilute to 
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Drug-dye complex 

the mark; phosphate buffer (pH 4.5), dissolve 
3.4025 g of potassium dihydrogenorthophos- 
phate, adjust the pH to 4.5 with 0.1 M HCI 
and dilute to the mark; and phosphate buffers 
(pH 5.5-8.0), mix 50 ml of 0.2 M potassium 
dihydrogen-orthophosphate solution, adjust to 
the required pH by addition of 0.2 M sodium 
hydroxide and dilute to the mark. 

2.3. General procedure for 
extraction-spectrophotometry 

Volumes of 1 ml each of counter ion and 

buffer solution were transferred into a series of 
125 ml separating funnels then, aliquots of 1.0 
mM alkaloid solution were added. The total 
volume of the aqueous phase was adjusted to 5 
ml by the addition of distilled water. Finally, 
10 ml of extraction solvent were added to each 
funnel and the contents were shaken vigorously 
for 60 s and then allowed to stand for a few 
minutes until the two phases had completely 
separated. The absorbance of the separated or- 
ganic layer was measured at the respective 2max 
against a reagent blank (see Table 2). At least 
duplicate measurements were made in all cases. 
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Table 1 
Physical properties of background extracts of counter ions in different extraction solvents 

Extraction Counter ion 
solvent 

MO BTB BCG 

Chloroform Colorless Intense yellow Slight yellow 
Toluene Colorless Slight yellow Colorless 
Methyl isobutyl ketone Slight yellow Intense yellow Intense yellow 
Dichloromethane Colorless Intense yellow Colorless 

3. Results and discussion 

3.1. Background absorption 

A preliminary investigation of the back- 
ground absorption of 1 ml of 10 -3 M counter 
ion solution (without noscapine) was conducted. 
The characteristics of the extracts are shown in 
Table 1 and reveals that the BTB system has a 
high background absorption, especially when 
chloroform, methyl isobutyl ketone or 
dichloromethane was used as the extracting sol- 
vent. For systems that are highly coloured, no 
further investigations were conducted. 

3.2. Choice of organic solvent 

Chloroform, methyl isobutyl ketone, toluene 
and dichloromethane were used as solvents in 
the extraction. The absorbances for 38 ppm of 
noscapine, corrected for the corresponding 
blanks, for the MO and BCG system are 
shown in Figs. 1 and 2, respectively. It is evi- 
dent that the most suitable solvent for the MO- 
based complex is dichloromethane, whereas for 
the BCG system dichloromethane and chloro- 
form seem to be promising solvents. For BTB, 
the only suitable solvent that merits further 
study was toluene. The respective solvents were 
in further studies. 

3.3. Effect of pH 

The pH of the aqueous phase is an extremely 
important factor for ion-pair extractions [13- 
15]. Here the influence of pH on the extraction 
was evaluated by measuring the absorbance of 

the complex when 38 ppm of noscapine was 
used, and that of the corresponding blanks over 
the pH range 3-8, by the addition of the ap- 
propriate buffers. In general, it was found that 
negligible or no extraction occurred at pH > 6 
for all systems. 

For the BTB system, it was found that the 
optimum pH was 4.0 when toluene was used as 
the solvent and the most suitable pH for the 
MO- and BCG-based complexes was 3.0. These 
pH values were adopted in further studies. 

0.8 

Ill 

0.6 

14l 
• ~ I , - -  - -  

400 SO0 600 
Wavelength. nm 

Fig. 1. Typical absorption of noscapine-MO complex n dif- 
ferent solvents: (1) dichloromethane; (2) chloroform; (3) 
methyl isobutyl ketone; and (4) toluene. Conditions: noscap- 
ine, 38 ppm; MO, 10 -3 M; pH, 3.0; reference, blanks in 
respective solvent. 
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Fig. 2. Tyt6ical absorption of noscapine-BCG complex in 
different solvents: (1) dichloromethane; (2) chloroform; (3) 
toluene; and (4) methyl isobutyl ketone. Conditions: noscap- 
ine, 38 ppm; BCG, 10 -3 M; pH, 3.0; reference, blanks in 
respective solvent. 

3.4. Counter-ion concentration 

The influence of the respective counter-ion con- 
centrations on the absorbance of the extracted ion 
pair was studied by fixing the alkaloid concentra- 
tion at 38 ppm and varying the counter-ion con- 
centration from 0.1 to 1.2 raM. The results are 
plotted in Fig. 3, which shows that the signal 
remains constant at counter-ion concentrations 
>0.80 mM for the BCG and BTB systems and 
> 1.0 mM for the MO system. A fixed concentra- 
tion of 1.0 mM counter-ion was subsequently 
used for all systems in order to minimize the 
blank absorbance; also, no further improvement 
in precision was observed for concentrations of 
counter ion higher than 1.0 mM. 

3.5. Effect of shaking time 

The extraction was studied by manual shaking 
and varying the shaking time from 30 to 300 s for 
the complexes based on 38 ppm of alkaloid. It 
was found that the absorbance remained constant 
over this time period for all complexes. A shaking 

time of 60 s was adopted for all extractions. It 
was further observed that the yellow extracts re- 
mained stable for at least 2 days. 

3.6. Calibration 

The most suitable extraction conditions were as 
follows: MO, extraction solvent dichloromethane, 
pH 3.0; BTB, extraction solvent toluene, pH 4.0; 
and BCG, extraction solvent chloroform or 
dichloromethane, pH 3.0. In all instances, a shak- 
ing time of 60 s and counter-ion concentration of 
1 mM were adopted. 

The calibration graphs were generated by using 
8-10 points, each point being repeated at least 
twice. The day-to-day variation in the calibration 
graph was found to be within acceptable limits, as 
well as the repetitive determination of standard 
solutions carried out over a period of several 

1.0- 

09 -  

0.8 

07 

< 06 

0 5 '  

OA" 

03"  i i i i i 

0 2  0 4  0 6  0 8  1 0  1 2  1 4  

Ct)unlt'r i~}n c(~ltt'elJli';Iti{)ll/ m~,[ 

Fig. 3. Effect of counter ion concentration: (1) BCG; (2) MO; 
(3) BTB. Conditions: noscapine, 38 ppm. For BTB: solvent, 
toluene; pH, 4.0. For BCG: solvent, chloroform, pH, 3.0. For 
MO: solvent, dichloromethane; pH, 3.0. Absorbance measured 
at the respective 2ma x. 
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Table 2 
Analytical characteristics of noscapine counter ion complex 

Counter ion Extraction solvent -~m~x (nm) Molar absorptivity Detection Dynamic Calibration equation 

(1 mol-~ cm ~) limit (ppm) linear range Slope Intercept Correlation 
(ppm) coefficient, r 

BTB Toluene 403 7800 
MO Dichloromethane 426 7300 
BCG Chloroform 413 9100 
BCG Dichloromethane 412 9300 

1.9 6 60 0.0192 0.1214 0.997 
2.0 6 70 0.0179 0.2571 0.998 
1.6 5-60 0.0222 0.0765 0.999 
1.5 4-60 0.0228 0.2217 0.999 

days, where a relative standard deviation (RSD) 
of not more than 1.0% was obtained. The linear- 
ity of the calibration graphs was studied under the 
above conditions for the respective counter ions. 
The analytical characteristics of the extraction are 
summarized in Table 2. The detection limit was 
calculated as described earlier [16] using the equa- 
tion 3s/S, where s is the standard deviation of the 
blank and S is the corresponding slope of the 
calibration graph. The upper and lower limits of 
the dynamic linear range of concentration were 
estimated from the calibration graph, noting when 
the points started to deviate from the straight line. 
The molar absorptivity of the ion-association sys- 
tems obtained are comparable to those based on 
phenothiazine derivatives [12] and anti-inflamma- 
tory drugs [12] described earlier. Table 2 reveals 
that the most sensitive counter ion is BCG. The 
use of chloroform or dichloromethane yields al- 
most comparable characteristics. However, chlo- 
roform was chosen as the extraction solvent 
owing to its lower volatility for application stud- 
ies. The BCG-based ion-association complex is 
not only the most sensitive but also exhibits the 
lowest detection limit and the widest dynamic 
linear concentration range (Table 2). 

The choice of counter ions was based on the 
guidelines suggested by Toei [17], where it is 
desirable for ion-association reagents to be univa- 
lent and bulky and for the charge to be dis- 
tributed over the whole ion. It was further 
suggested [17] tha the use of plane-type cationic 
or anionic ion-association reagents will yield sen- 
sitive spectrophotometric systems. The interaction 
of aromatic surfaces is also believed to play a 
significant role in ion association and is termed 

aromatic stacking. Although the forces that drive 
aromatic-aromatic interactions are not yet clear, 
it has been suggested that both dispersion forces 
and interactions between partial charges within 
adjacent rings are responsible for these attrac- 
tions; another component that is believed to add 
to these interactions was thought to arise from the 
hydrophobic nature of hydrocarbon aromatics 
[18]. The fact that the BCG and the BTB systems 
are more sensitive than the MO systems is proba- 
bly due to their bulkiness. The ability of BCG to 
form ion-association complexes with alkaloids has 
been reported earlier [19]. 

3. 7. Determination of noscapine in drug 
formulation 

Interferences from some common drug excipi- 
ents were examined and the results are given in 
Table 3. It was found that these compounds ex- 
hibit minimum interference, even when present at 
50 times the level of noscapine. Determination of 
38 ppm of noscapine in a mixture containing 380 
ppm each of ascorbic acid, citric acid, glucose, 
magnesium sulfate and starch are also satisfac- 
tory, with an RSD of 0.6% and a recovery of 
96%. The RSD of five determinations of 38 ppm 
noscapine standard solution was 0.50%. 

The method was successfully applied to the 
determination of the drug in proprietary Longatin 
tablets (Dumex), claimed to contain 25 mg 
noscapine, and a recovery of 00.9% was obtained 
with an RSD of not more than 0.8%, indicating 
that the method is suitable for the determination 
of noscapine in drug formulations without inter- 
ferences from excipients such as starch and glu- 
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Table 3 
Effect of foreign compounds on the determination of 38.0 ppm noscapme 
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Foreign compound Concentration (ppm) Noscapine recovered (%)~ 

Ascorbic acid 380 96 
1900 105 

Citric acid 380 101 
1900 102 

Glucose 380 98 
1900 103 

Magnesium sulfate 380 104 
1900 103 

Starch 380 104 
1900 105 

Mixture b 96 
RSD0.6%(n= 5) 

Mean, n = 2. 
b 380 ppm each of the compounds in the first column. 

cose. The same batches were analyzed by the BP 1° 
method and the results obtained were compared 
statistically utilizing Student's t-test. The present 
method showed almost the same degree of 
accuracy as the BP method, as was inferred from 
the value of t at the 95% confidence level (toxper, . . . .  
tal = 1.6 and tth . . . .  tical = 2.78, n = 5). Noscapine is 
a controlled drug in Saudi Arabia and the only 
proprietary drug obtained was Longatin. The pro- 
posed method has the advantage of being virtu- 
ally free from interferences (see Table 2) as well as 
having moderately low detection limits, and it 
may therefore be suitable for the determination of  
this drug in biological fluids. A few metabolites of  
noscapine have been identified in urine and rat 
liver microsomes [6], e.g. narcotoline and co- 
tarnine. Also, it has been reported that N- 
demethylated noscapine and N-demethylated 
narcotoline or cotarnine are other possible 
metabolites of  noscapine [6]. Both narcotoline and 
cotarnine preserve the isoquinoline part  of  the 
parent compound and are therefore able to form 
ionpairs with the BCG counter ion and could 
pose a major  interference to the determination of 
noscapine in biological fluids by this method. 
Related drugs such as codeine are of  the same 
nature as noscapine and are considered deter- 
minable by the same procedure and could be 
thoroughly studied in future work. 

4. Conclusion 

An extractive spectrophotometric procedure for 
the determination of noscapine was developed 
based on BCG with chloroform as the extraction 
solvent. The proposed procedure is fairly rapid, 
simple, sensitive and accurate and promises good 
prospects for the determination of noscapine in 
pharmaceutical preparations. Additionally, the 
method uses cheaper instrumentation than HPLC. 
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Abstract 

A specific spectrophotometric method was developed for the determination of p-aminophenol and acetaminophen. 
The method is based on the reaction of p-aminophenol at ambient temperature with sodium sulphide in presence of 
an oxidant to produce a methylene blue-like dye. Different oxidizing agents were tried, e.g. Ce(IV) and Fe(III). The 
colour developed within 10 min and remained stable for at least 3 h. The method was applied successfully to the 
determination of p-aminophenol in the presence of acetaminophen without prior separation. The method was also 
applied to the analysis of various commercially available acetaminophen dosage forms and excellent recoveries were 
obtained comparable to those obtained by official procedures. The reaction product was isolated and a possible 
reaction mechanism was suggested. 

Keywords: Acetaminophen; p-Aminophenol, Pharmaceutical analysis; Spectrophotometry 

Introduction 

Acetaminophen (N-acetyl-p-aminophenol or 
paracetamol) is an effective analgesic and an- 
tipyretic agent, p-Aminophenol is the hydrolytic 
product of acetaminophen and is reported to have 
significant nephrotoxicity and teratogenic effects 
and has been detected in acetaminophen as an 
impurity or synthetic intermediate [1]. 

Numerous methods have been reported for the 

* Corresponding author. 

determination of p-aminophenol and ac- 
etaminophen in pure form, pharmaceutical prepa- 
rations and biological fluids, including gravimetric 
[1], titrimetric [2-4], UV[5], derivative [6-8] and 
differential [9] spectroscopic methods. Spec- 
trophotometric [10-14], fluorimetric [15-17], 
chromatographic [18-23] and electrochemical 
procedures [24] have also been reported. Many of 
these procedures suffer from interferences from 
other active ingredients or additives especially 
those carrying phenolic or amine functional 
groups, and chromatographic separation is usu- 
ally required. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02013-9 
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Aromatic diamines have been used before for 
the determination of sulphide and sulphide-pro- 
ducing compounds in the presence of Fe(III) 
through the formation of methylene blue dye [25]. 
In this work, the applicability of the principle of 
this reaction for the determination of ac- 
etaminophen and p-aminophenol was investigated 
using sodium sulphide and Fe(III) or Ce(IV) as 
reagents. As a result of this investigation, a rapid, 
sensitive and selective spectrophotometric method 
for the determination of acetaminophen and p- 
aminophenol was developed. Advantages are that 
the reaction occurs at room temperature and us- 
ing distilled water as a solvent. 

2. Experimental 

2. I. Apparatus 

A Varian Model DMS100 UV-visible spec- 
tophotometer connected to a Varian Model DS 15 
data station and a Hewlet-Packard Model 
82905B printer was used. 

A Model 1500 Fourier transform IR spec- 
trophotometer, equipped with a data station, 
Model PPI printer-plotter and 1502 central pro- 
cessing unit was obtained from Perkin-Elmer. 

Elemental microanalyses were performed with 
Perkin-Elmer Model 2400, CHNO Elemental 
Analyser. 

2.2. Materials and reagents 

Pharmaceutical-grade acetaminophen (Riedel- 
de HaEn, Seelze-Hannover, Germany) and p- 
aminophenol (BDH, Poole, UK) were used as 
working standards without further treatment. 
Various commercially available dosage forms 
were purchased from the local market. All other 
chemicals and solvents were of analytical grade. 
Distilled water was used throughout. 

2.3. Reagent solutions 

Sodium sulphide was used as a 0.025% aqueous 
solution. 

Fe(III) solution was prepared as 0.5% ammo- 
nium iron (III) sulphate in 0.03 M sulphuric acid 
and Ce(IV) solution as 0.08% cerium(IV) sulphate 
in 0.03 M sulphuric acid. 

2.4. Preparation of standard solution 

p-Aminophenol: prepare accurately a 50 /~g 
ml-~ p-aminophenol aqueous solution. 

Intact acetaminophen: prepare accurately a 1 
mg ml-l  acetaminophen aqueous solution. 

Hydrolysed acetaminophen: transfer accurately 
0.1 g of acetaminophen into a 100 ml volumetric 
flask, add 20 ml of 5 M H2804, Heat in a boiling 
water-bath for 30 mins, cool and dilute to volume. 
Dilute quantitatively in order to obtain a concen- 
tration of 50/tg ml -~. 

2.5. Preparation of samples 

2.5.1. Tablets 
Weigh and finely powder 20 tablets. Transfer 

an accurately weighed amount of powder equiva- 
lent to 100 mg of acetaminophen into a 100 ml 
volumetric flask, add 20 ml of 5 M H2SO4, mix 
well and place in a boiling water-bath for 30 min, 
then cool and dilute to volume with distilled 
water. Filter through a Whatman 41 filter-paper. 
Discard the first portion of the filtrate. Use the 
clear solution as a stock solution. 

2.5.2. LiquM preparations (Syrups, suspension 
and drops) 

Measure accurately a volume of either syrup, 
suspension or drop samples equivalent to 100 mg 
of acetaminophen and transfer it to a 100 ml 
calibrated flask. Add 20 ml of 5 M H2SO4 and 
proceed as for tablets for suspensions and omit- 
ting the filtration step for syrups and drops. 

2.6. General assay procedure 

Transfer 10 ml of either p-aminophenol or hy- 
drolysed acetaminophen standard or sample solu- 
tion into a 50 ml volumetric flask. Add 5 ml of 
sodium sulphide reagent followed by 5 ml of 
Fe(III) or Ce(IV) solution. Stopper the flask and 



Table 1 
Microanalysis data 

Systematic 
names 

0 . 8 -  

Molecular Mol. C(%) H(%) N(%)  
formula wt. 

Calc. Found Calc. Found Calc. Found 

3,7-Bis(dihydroxy) 
phenothiazine 
picrate 

3,7-Bis(dihydroxy) 
phenothiazine 
perchlorate 

CLsHIoN409S 458.0 47.16 48,08 2.18 2.26 12.22 12.63 

CI2HsCINO6S 329.5 43.70 42,27 2.42 2.16 4.25 4.93 
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Fig. I. Absorption spectra for the reaction product of 10 pg ml-] p-aminophenol with (1) Fe(lIl) and (2) Ce(IV) and NazS reagents 
and (3) for the pure compound. 

shake for about 30 s, then allow it to stand for 
15 min in the case of Fe(III) and 10 min in the 
case of Ce(IV). Dilute to volume with distilled 
water, allow to stand for a further 10 min, then 
measure the absorbance at 550 nm against the 
corresponding reagent blank. 

2. 7. Preparation and identification of chromogen 

Prepare about 500 ml of the coloured product 

of p-aminophenol with sodium sulphide and 
Fe(III). To this solution add portionwise a satu- 
rated aqueous solution of picric or perchloric 
acid and stir the mixture vigorously. Keep the 
mixture in a refrigerator for 24 h. Filter the 
precipitate picrate salt and wash with water 
several times. Recrystallize from aqueous 
ethanol. Dry in vacuum desiccator over calcium 
chloride and subject to microanalysis and IR 
identification. 



2.8. Microanalysis data 0,40 - 

0 , 4 0  - 

The microanalysis data for the compounds 
studied are given in Table 1. 

3. Results and discussion 

3.1. Absorption spectra 

p-aminophenol was allowed to react with 
sodium sulphide in the presence of an oxidant to 
produce a bluish violet colour (2ma x ----550 rim). 
The absorption spectra of the reaction product 
using Fe(III) or Ce(IV) as oxidants are shown in 
Fig. 1. Colourless reagent blanks were obtained 
for both oxidants. N-Bromosuccinimide was tried 
as an oxidant but low absorption intensities were 
obtained. 

3.2. Effect of  sodium sulphide concentration 

The effect of changing the sulphide concentra- 
tion on the absorbances of solutions containing 
10 /~g ml-;  p-aminophenol was studied. From 
Fig. 2, it is evident that the absorbance increase 
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Fig. 2. Effect of variation of sodium sulphide concentration 
on the absorption intensitiy of the reaction products of 10 pg 
ml-~ paminophenol with (1) Fe(IIl) and (2) Ce(IV) and Na2S 
reagents. 
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Fig. 3. Effect of variation of sulphuric acid concentration on 
the absorption intensity of the reaction product of 10 pg ml-  
p-aminophenol with (1) Fe(lll) and (2) Ce(IV) and Na2S 
reagents. 

with increase in sulphide concentration reached a 
maximum on using 0.025% (w/v) sodium sulphide 
for both oxidants. Therefore, 0.025% (w/v) 
sodium sulphide was used in all subsequent work. 

3.3. Effect of  sulphuric acid concentration 

Various concentrations of sulphuric acid, rang- 
ing from 0.01 to 0.05 M, were tried to dissolve the 
oxidant. Fig. 3 indicates that 0.03 M is necessary 
for maximum colour intensity for both oxidants. 

3.4. Effect of  oxidant concentration 

In order to study the influence of oxidant con- 
centration, the reaction was carried out in a series 
of 50 ml calibrated flasks containing 10/zg m1-1 
p-aminophenol solution and 5 ml of 0.025% 
sodium sulphide solution. This was followed by 5 
ml of different oxidant concentrations ranging 
from 0.1 to 0.8% (w/v) in the case of Fe(III) or 
from 0.03 to 0.15% in the case of Ce(IV) solution. 
Figs. 4 and 5 indicate that the highest intensities 
and most reproducible results are obtained on 
using 5 ml of 0.5% Fe(III) or 5 ml of 0.08% 
Ce(IV) dissolved in 0.03 M sulphuric acid. 
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Fig. 4. Effect of variation of Fe(lll) concentration on the 
absorption intensity of the reaction product of 10 #g ml -~ 
p-aminophenol with Fe(llI) and Na2S reagents. 

3.5. Order of reagent addition 

The order of reagent addition was very impor- 
tant as the sulphide solution has to be added to 
the sample and finally the oxidant. Changing the 
order produced low results. 

0 . 2 8  
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Fig. 5. Effect of variation of Ce(IV) concentration on the 
absorption intensity of the reaction product of 10 /zg ml ] 
p-aminophenol with Ce(IV) and NazS reagents. 

Table 2 
Effect of dilution solvents on the absorption intensity for the 
interaction product of 10 pg ml -~ p-aminophenol with 
sodium sulphide and Fe(Ill) or cerium (IV) reagents 

Solvent Fe(Ill) Ce(IV) 

' A "  " A ~* A m a x  Z r n a x  

(nm) (nm) 

Distilled water 550.0 0.300 550.0 0.285 
Ethanol 550.0 0.323 551.3 0.245 
Methanol 548.0 0.286 546.0 0.239 
Dimethyl 553.3 0.257 553.9 0.265 

sulphoxide 
Propan-2-ol 549.3 0.295 550.0 0.267 
Acetone 548.6 0.287 548.3 0.290 
Dioxane 550.3. 0.294 548.6 0.305 

3.6. Effect o f  temperature and reaction time 

The reaction time was determined by following 
the colour development at room temperature and 
in a thermostatically controlled water-bath at dif- 
ferent temperatures. The flasks were removed af- 
ter different periods ranging from 5 to 50 rain. 
The absorbance was measured at 5 min intervals 
against a reagent blank treated similarly. It was 
observed that at higher temperatures, absorption 
was maximum after few seconds then decreased 
rapidly with increasing heating time, probably due 
to loss of H2S at higher temperatures. At room 
te'rperature the absorbance increased gradually 
and reached a maximum after 15 and 10 min 
using Fe(III) and Ce(IV) respectively. Hence these 
reaction times at room temperatures were chosen 
for colour development. 

3. 7. Effect o f  solvent variation 

Dilution of the coloured reaction product with 
different solvents showed no effect on 2ma x 
whereas the absorption intensity was influenced 
slightly (Table 2). However, distilled water was 
used as solvent throughout this study. 

3.8. Colour stability 

After dilution of the coloured solutions with 
distilled water, a gradual increase in absorption 
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Table 3 
Comparative summary of  some statistical data for p-aminophenol determined using sodium sulphide and Fe(lII) or cerium (IV) 
reagents 

Oxidant Concentration range Slope Intercept Correlation 
(#g m l - ' )  (r) coefficient 

Ammonium iron(Ill) sulphate 1 12 0.033 -0 .002 0.9998 
Cerium(IV) sulphate 2-18 0.034 - 0.001 0.9990 

Table 4 
Results of  determination of  acetaminophen in pharmaceutical preparations compared with the official BP method [5] 

Recovery + S.D.%" 
Drug propietary name 

Proposed method b 

A ~ B d 

Official BP method 

Adoltablets 100.8 ___ 0.7 100.0 _+ 0.6 100.3 + 0.5 
(500 mg) t = 1.88 t = 1.04 

F =  2.35 F =  1.55 

Revanin tablets 100.9 + 0.8 100.9 + 0.7 100.7 + 0.6(500 rag) 
t = 0.53 t = 0.65 
F =  1.55 F =  1.28 

Noflu tablets 101.9 + 0.9 10 + 1 101.6 + 0.7 
(400 mg) t = 0.77 t = 0.67 

F =  1.54 F =  2.94 

Distalgesic tablets 105.8 + 0.9 10 __+ 0.9 105.1 + 0.7 
( 32.5 mg) t = 1.85 t = 1.56 

F =  2.15 F =  2.20 

Dolomol syrup 101.1 __+ 0.8 101.4 + 0.9 101.9 + 0.4(120 rag/5 ml) 
t = 2.26 t = 1.27 
F =  3.31 F =  4.18 

Tempra drops 100.7 + 0.6 99.7 + 0.7 100.7 + 0.5 
(80 mg/0.8 ml) t = 2.17 t = 1.30 

F = 2.02 F = 2.35 

Calpol suspension 98.5 _+ 0.8 98.1 + 0.9 98.9 + 0.6(120 mg/5 ml) 
t = 1.06 t = 1.90 
F = 2.00 F = 2.52 

b F: Tabulated = 6.39 at the 95% confidence level. 
t: Tabulated = 2.78 at the 95% confidence level. 
"Average of  five determinations expressed as a percentage of  the label claim. 
c Recovery using Fe(IIl). 
d Recovery using Ce(IV). 

i n t e n s i t y  w a s  o b s e r v e d  t h r o u g h o u t  t h e  f i r s t  1 0 -  

m i n  a n d  i t  t h e n  r e m a i n e d  c o n s t a n t  f o r  m o r e  t h a n  

3 h.  T h e r e f o r e ,  a b s o r p t i o n  m e a s u r e m e n t s  w e r e  

c a r r i e d  o u t  10 m i n  a f t e r  d i l u t i o n  w i t h  d i s t i l l e d  

w a t e r .  

3.9. Quantif ication 

U n d e r  t h e  p r o p o s e d  e x p e r i m e n t a l  c o n d i t i o n s ,  a 

l i n e a r  r e s p o n s e  b e t w e e n  t h e  a b s o r b a n c e  a n d  c o n -  

c e n t r a t i o n  w a s  o b s e r v e d  o v e r  t h e  c o n c e n t r a t i o n  
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Fig. 6. IR spectra for (-)  perchlorate and (---) picrate salts of the dye resulting from the reaction ofp-aminophenol with Na2S and 
Fe(III) reagents. 

ranges given in Table 3. Correlation coefficients, 
intercepts and calibration data are listed in the 
table. 

3.10. Applications 

usually dispensed with paracetamol, such as 
acetylsalicylic acid, codeine, caffeine, chloropheni- 
ramine and ascorbic acid, did not interfere. As 
shown in Table 4, the results are in good agree- 
ment with those given by the offical BP method. 

3.10. I. Determination of  acetaminophen 
Under the proposed experimental conditions, no 

colour was observed with the intact acetaminophen 
solution. Only the hydrolysed acetaminophen solu- 
tion gave an intense colour. Hence the proposed 
method was applied to the determination of ac- 
etaminophen in pure form and in pharmaceutical 
formulations after its hydrolysis to p-aminophe- 
nol. Several commercially available ac- 
etaminophen formulations, including tablets, 
drops, syrups and suspension, were analysed for 
their content of acetaminophen without further 
treatment. The same samples were analysed using 
the official method [5]. The official BP procedure 
depends on UV measurements for paracetamol 
tablets whereas for solutions and suspensions a 
liquid chromatographic method is used. 

On applying the proposed procedures, good 
recoveries were obtained with tablets, capsules, 
solutions, syrups and suspensions without inter- 
ference from frequently encountered excipients 
and additives. Moreover, compounds which are 

3.10.2. Determination of p-aminophenol in the 
presence of acetaminophen 

p-Aminophenol, which is reported to have sig- 
nificant toxicity such as teratogenic effects and 
nephrotoxicity, has been detected in acetamino- 
phen as an impurity which can either be a syn- 
thetic intermediate or a degradation product [1]. 
The proposed method was applied to the determi- 
nation of p-aminophenol in pure form and in the 
presence of acetaminophen. The method allowed 
the determination of p-aminophenol in the pres- 
ence of acetaminophen without prior separation. 
The results obtained are accurate and precise. 
Average recoveries of 100.4 + 0.8 and 100 + 1 
were obtained using Fe(III) and Ce (IV) as oxi- 
dants, respectively. 

3.1 I. Investigation of reaction mechanism 

The reaction product could be isolated as pi- 
crate and perchlorate salts and subjected to mi- 
croanalysis, UV-Vis and IR identification tests. 
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Scheme. 1. Suggested mechanism for the reaction p-aminophenol with Na2S and Fe(III) to form a methylene blue-like dye. 

A 2rnax of 550 nm was obtained. On the other 
hand, the IR spectrum of both picrate and 
perchlorate salts of the isolated reaction product 
of p-aminophenol with sodium sulphide (Fig. 6) 
shows a significant difference from that of the 
pure compound in region of 3500-3100 cm -~. 
The disappearance of the doublet peaks that are 
characteristic of a primary amino group indi- 
cates that the nitrogen is the possible reaction 
site. In addition, analogous structures have been 
reported before for methylene blue [251 and 
methylene blue-like structure [26]. From the mi- 
croanalysis data and IR spectra, a mechanism 
for the reaction could be suggested (Scheme 1). 

4. Conclusion 

The proposed method offers several advan- 
tages over previously reported procedures. With 
the proposed method any UV-absorbing mate- 
rial, e.g. caffeine, pheniramine and acetylsalicylic 
acid, should not interfere when present in the 
quantities encountered in pharmaceutical prepa- 
rations. The proposed method could be used in 
the detection of p-aminophenol in the presence 
of acetaminophen. In addition, it could be used 
for determination of acetaminophen in biological 
fluids, which will be our target in the future. 
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Abstract 

Labile metal species in aquatic humic substances (HSs) were characterized by ion exchange on cellulose phosphate 
(CellPhos) by applying an optimized batch procedure. The HSs investigated were pre-extracted from humic-rich 
waters by ultrafiltration and a resin XAD 8 procedure. The HS-metal species studied were formed by complexation 
with Cd(II), Ni(lI), Cu(II), Mn(II) and Pb(II) as a function of time and the ratio ions to HSs. The kinetics and 
reaction order of this exchange process were studied. At the beginning (< 3 min), the labile metal fractions are 
separated relatively quickly. After 3 rain, the separation of the metal ions proceeds with uniform half-lives of about 
12-14 min, revealing rather slow first-order kinetics. The metal exchange between HSs and CellPhos exhibited the 
following order of metal lability with the studied HSs: Cu > Pb > Mn > Ni > Cd. The required metal determinations 
were carried out by atomic absorption spectrometry. 

Keywords: Aquatic humic substances; Cellulose phosphate; Heavy metal species; Ion exchange; Lability 

1. Introduction 

The main mass of  organic carbon distributed in 
natural aquatic environments and soils is concen- 
trated in humic substances (HSs). In general, HSs, 
final products of microbial degradation processes 
of plant remnants in soils and waters, are complex 
mixtures of organic macromolecules of varying 

* Corresponding author Fax: (+  55) 162-22-7932. 

molecular-weight distributions, substructures and 
functionalities [1]. They can be transported into 
natural waters by the leaching process or formed 
directly in aquatic environments by the decompo- 
sition of plants and aquatic organisms. Despite 
their great variety and heterogeneity, HSs mostly 
exhibit comparable functional groups of  phenolic 
and carboxylic types and are characterized by 
their exceptional complexation capabilities to- 
wards metal ions, as studied during the last 
decade [2-6]. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
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Due to their complexation properties HSs are 
important natural buffers in the environment, 
binding strongly both inorganic and organic pol- 
lutants. The thermodynamic and kinetic stability 
of the HS-pollutant species formed influences 
directly their transport, accumulation and 
bioavailability in the biosphere [7,8]. In aquatic 
systems, the concentrations of dissolved metal 
ions and HSs and their ratio can vary consider- 
ably and hence might influence the formation of 
HS-metal species as well as their distribution 
between liquid and solid phases (e.g. suspended 
matter, sediment). Therefore, investigations of ex- 
change processes between HSs and metal ion are 
of great interest when studying the hydrogeo- 
chemical turnover of metal in soil and natural 
waters [9], especially under the influence of acid 
rain caused by the increasing pollution of the 
atmosphere by man-made nitrogen and sulfur ox- 
ides [10]. 

From this point of view, analytical information 
on the lability of HS-metal species and their 
possible transformation into species of either 
higher or lower stability is of increasing relevance. 
For this purpose, a variety of methods have been 
proposed, such as electrochemical and chro- 
matography techniques, in order to study the 
complexing capacity of HSs, the HS-metal equi- 
librium and the dynamics of complexes [11,12]. 
The advantageous application of immobilized 
chelators for the differentiation of labile and inert 
metal species in HSs by ligand exchange has been 
described in other reports [13-15]. In the previous 
papers, both the kinetics and the degree of metal 
exchange have been used for the operational char- 
acterization of metal labilities in aquatic HSs. 
In the present study, the lability of metal frac- 
tions complexed with dissolved HS was charac- 
terized by ion exchange on cellulose phosphate 
(CellPhos), which has been shown recently to be a 
collector of high efficiency and with fast kinetics 
for traces of heavy metals dissolved in aqueous 
salt solutions [16]. Applying an optimized batch 
procedure based on the usage of CellPhos, a 
number of important parameters (such as pH, HS 
concentration, complexation time) which influence 
the lability of environmentally relevant metal ions 
(e.g., Cd, Ni, Mn, Cu and Pb) in HSs were 
evaluated [17]. 

2. Experimental 

2. I. Sampling o f  aquatic HSs 

Humic-rich water was sampled (100 1) from a 
reservation bog lake (Venner Moor (VM 4); 8 mg 
1 -~ dissolved oxygen content (DOC), pH 3.7) 
located in Mfinster, Germany and recently de- 
scribed elsewhere [18,19]. After filtration through 
a 0.45 /~m membrane, 50 1 of the sample was 
concentrated by ultrafiltration (UF) to 0.5 1 
(maintaining the original pH of 4.5) using a Mil- 
lipore Pellicon system in tangential flow mode 
(0.42 m 2 membrane area, nominal molecular 
weight cut-off 1000 Da, 30 ml min -1 penetration 
rate). The UF concentrate (VM 4-UF with 90% 
recovery of HSs) contained 3.5 mg ml -~ DOC, 
exhibiting a complexing capacity of 3.3 mmol 
Cu(II) g-~ DOC (referred to DOC of HS), which 
was determined by a Cu(II)-selective electrode. 

2.2. CellPhos and cellulose H Y P H A N  sorbents 

The cellulose sorbent CellPhos used in this 
study for the separation of labile metal fractions 
in HSs was functionalized according to Ref. [20]. 
It is comparable to the commercial Chelex P 
(Bio-Rad, USA). This collector has a surface area 
of 1.94_ 0.06 m 2 g-i  and 1.3 _+ 0.09 mol g - I  of 
immobilized phosphate groups. 

Cellulose HYPHAN (functional group: 1-(2-hy- 
droxyphenylazo)-2-naphthol, supplied by Riedel- 
de HaEn AG, Hannover, Germany) used for the 
removal of heavy metals from HS concentrates 
was applied according to recommendations given 
in Ref. [14]. 

2.3. Preparation of  standardized H S  solutions 

In order to remove the metals naturally con- 
tained in the HS concentrate (50 ml VM 4-UF) it 
was magnetically stirred for 72 h with 1 g of 
cellulose HYPHAN. The pH value was main- 
tained at 8.0. After filtering and adjusting the pH 
to 4-5  the purified HS solution was stored in 
polyethylene bottles for defined periods of time in 
a refrigerator at 4°C. 
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Stardardized HSs loaded with heavy metal ions 
under defined conditions were prepared in the 
following way. First, the HS concentrate was 
diluted to the desired HS concentration (e.g. 10 
mg ml-1 HS, 10 ml sample) by adding high-purity 
water (Milli-Q system, Millipore) and then spiked 
with a multimetal standard solution (e.g. 0.5 /~g 
m l i  Cd, 2 .0 / l gml  i Cu, 1.0/~gml -t  Mn, 2.0 
/lg ml ~ Ni, 2.0/lg ml -t Pb), adjusting the pH to 
the desired values with dilute solutions of NaOH 
and HC1. After defined periods of time (complex- 
ation time) these standardized HS samples were 
used in subsequent batch experiments. 

2.4. Batch procedure 

Distribution coefficients, Kd, of metal ions be- 
tween the chosen adsorbent (CellPhos) and dis- 
solved HS were evaluated by a batch procedure. 
10.0 ml of standardized HS, preloaded with metal 
ions for a complexation time of 24 h, and 80.0 mg 
of CellPhos were stirred for 24 h. The collector 
was filtered through a filter paper (2 cm diameter) 
previously precleaned with 1.0 M HC1 p.a. Then 
the resin, together with the filter paper, was eluted 
with 3.0 ml of 2.0 M HC1 suprapur. After cen- 
trifugation of the eluate the metals contained were 
determined by flame atomic absorption spec- 
trometry (AAS). 

2.5. Metal determinations by AAS 

Trace metals concentrated in the eluate were 
determined according to the operating instruc- 
tions of the manufacturer (Spectrometer Varian- 
Intralab-AA 1475). Synthetic metal standards 
having the same acid concentration (2.0 M HC1) 
as the experimental samples were used for calibra- 
tion. 

3. Results and discussion 

Efficient multielement preconcentration by an 
ion-exchange batch process requires collectors 
with high distribution coefficients, Kd, preferably 
> 104, as calculated by the following equation: 

Kd = Ccol/Cso~(ml g-i)  

where Cco~ is the concentration of metals in the 
collector (mg g- l )  and Cso I is the concentration of 
metals in solution (mg ml-1). When using the ion 
exchanger CellPhos as collector for the labile 
metal fraction in the HS solution, Kd values of 
102-103 (ml g-X) were obtained in the pH range 
3.0-11.0. As shown in Fig. 1, all metals exhibit 
curves with a maximum in neutral solutions and a 
small reduction in slightly acidic and alkaline 
solutions. Therefore, metal ions complexed by 
HSs are easily exchanged by the phosphate 
groups of the collector. At pH < 3 metal ions are 
increasingly remobilized from both HS molecules 
and phosphate groups of the collector. 

Chelating ion exchangers based on cellulose 
often exhibit high distribution coefficients of the 
order of 10 4 for metal ions such as Cu, Ni, Co, 
Pb, Mn and Zn in salt solutions [13,14,21]. More- 
over, the separation of the metal ions from 
aqueous solutions by cellulose collectors (but in 
the absence of HS) can be characterized by a 
relatively short half-life, t l /2,  in the range of 8-20 
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Fig. 1. Metal distribution coefficient Kd on CellPhos in the 
presence of  HSs as a function of  pH (1.0 mg ml - t  HS VM-4 
UF, 24 h equilibrium, 10 ml sample, 80.0 mg CellPhos). 
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s as recently shown in Ref. [14]. The equilibrium 
between collector and solution phase is estab- 
lished within a matter of minutes. In a recent 
paper [13] it was shown, however, that the separa- 
tion kinetics of metal ions complexed by HSs can 
be delayed by orders of magnitude. Both effects, 
the delayed kinetics and the reduced recovery 
rates of HS-bound metal fractions, have been 
utilized for the operation characterization of their 
lability. The following order was reported: Mn > 
Zn > Cu > Ni > Fe [14]. 

The collector HYPHAN applied for the evalua- 
tion of this lability order [14], however, suffered 
from the drawback of a relatively high working 
pH (8.0) necessary for quantitative metal separa- 
tion by a batch operation, in contrast to the 
CellPhos usage proposed in the present study. 
Similar labilities of aquatic HS-metal species 
could be shown as well by means of an analogous 
flow procedure based on a strongly chelating col- 
lector of EDTA-type [21]. 

The separation of metal ions complexed to HS 
(1.0 mg m1-1, VM 4-UF, 0.1 /xmol ml -~ sum of 
Cd, Cu, Mn, Ni and Pb) by means of CellPhos is 
shown in Fig. 2a as a function of the contact time. 
Accordingly, a contact time of > 60 min is re- 
quired to attain the exchange equilibria as shown 
in reaction (1) and to obtain a final recovery of 
65-75% metal by CellPhos, depending on the 
element. 

The kinetics and reaction order of this ion-ex- 
change process can be derived from Fig. 2b, 
which exhibits the separation of the exchange- 
labile Cu, Mn and Pb (concentration CL) loga- 
rithmically plotted as a function of the contact 
time. At the very beginning (3), merely 50% of the 
HS-bound Cu(II) and about 20% of the Mn and 
Pb are separated relatively quickly. After 3 min, 
the separation of the HS-bound metal ions pro- 
ceeds with uniform t l /2 values of about 12-14 
min, revealing rather slow first order kinetics 
compared to metal exchange by CellPhos from 
aqueous salt solutions (tl/2 in the range 10-25 s 
[17]). These first-order kinetics indicate that either 
slow dissociation of the HS-metal complexes may 
occur or else delayed transport of the macro- 
molecular HS-metal complexes within the narrow 
pore system of the cellulose collector may take 
place. 
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Fig. 2. (a) Batch separation of  HS-bound metal ions as a 
function of  the contact time (1.0 mg ml -~ HS VM-4 UF, 2.0 
pg m] ] of  each trace metal, pH 5.0, 24 h equilibrium, 80.0 
mg Ce]]Phos). (b) Separation of  exchange-]abile metal frac- 
tions (concentration CL) from HSs as a function of  the contact 
time (for conditions, see Fig. 2a). 
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In principle, the exchange of metal ions be- 
tween resins and labile macromolecular metal 
complexes such as H S - M  can be described by the 
following equilibrium: 

g E x  
H S - M  ~--2-"s.--- H S + M + E X  ,---~ M-Ex (1) 

s o l u t i o n  e x c h a n g e r  

where H S - M  indicates species formed between 
metal and HSs, Ex indicates ion exchanger, solid 
phase, and M-Ex  indicates species formed be- 
tween metal and collector. Thus, the concentra- 
tions of species H S - M  and M-Ex,  governed by 
the equilibrium constants Kns and KEx, are 
shifted towards H S - M  as the concentration of 
HSs increases. The influence of increasing HS 
concentration on the metal distribution on the 
collector CellPhos is shown in Fig. 3. An eightfold 
increase in the HS concentration (e.g 4.0 mg ml-1 
HS) lowers the metal distribution coefficients Kd 
by about a factor of five to about 10 2 ml g J. 
Consequently, in the case of very high HS concen- 
trations only a multistage flow procedure using 
CellPhos-filled columns can be used for quantita- 
tive separation of labile metals fractions in HSs. 

100 

80 

60 

8 
n, 40 

~t 

• Cd 

• Ni 

==- -Mn 

Cu 

- - = - -  Pb 

i I I I I 

50 100 150 200 

"Ageing" time, h 

20 

Fig. 4. Lability of  heavy metals in HSs as a function of 
"ageing" (batch procedure, 1 mg m l - l )  HS VM-4 UF com- 
plexed with 2.0 Ftg m l -  ~ of each trace metal, pH 5.0, 80.0 mg 
CellPhos). 
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Fig. 3. Metal distribution coefficients K a as a function of the 
HS concentration (HS VM-4 UF, 2.0 pg  ml -L of each trace 
metal, pH 5.0, 24 h equilibrium, 80.0 mg CellPhos). 

Another important parameter strongly influenc- 
ing the lability of metals bound in HSs is the time 
of complexation ("ageing") of the H S - M  species 
formed, as has recently been shown in a paper 
dealing with the exchange process between HS-  
metal species and chelating collectors [14]. A simi- 
lar transformation effect (as shown in Fig. 4) may 
be observed in the case of metal exchange between 
dissolved HSs and CellPhos. For instance, after a 
complexation period of 8 days the Cu(II) recovery 
is reduced form ~55% to ~20%. A similar de- 
crease in metal lability in HSs can be observed for 
several other metal ions. 

4. Conclusions 

The thermodynamic and kinetic stabilities of 
HS-metal species depends on a variety of envi- 
ronmental parameters, in particular the pH val- 
ues, the metal and HS concentrations and their 
ratio, the complexation capability of the HSs and 
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potential t ransformat ion processes which are still 
poorly  characterized. Thus, the stability o f  H S -  
metal species in aquatic environments  cannot  be 
described solely by conventional  thermodynamic  
stability functions measured for H S - m e t a l  com- 
plexes freshly formed "in vitro".  There is a special 
demand  for  analytical methods  applicable for the 
evaluation o f  the lability o f  H S - m e t a l  species and 
their changes due to potential ageing processes. 

Our  investigations using the collector CellPhos 
for the characterization o f  labile metal fractions in 
aquatic HSs are an additional confirmation o f  the 
utility o f  the ion-exchange method.  Both the ki- 
netics and the degree o f  separation can be used 
for the operat ional  evaluation o f  the metal lability 
in HSs as a function o f  different parameters  (e.g. 
pH, ratio o f  metal: HS, complexat ion time). In 
particular, the influence o f  the complexat ion time 
of  H S - m e t a l  species on their lability shows that  
the " reactivity" o f  such species depends not  only 
on their the rmodynamic  stability but also on typi- 
cal t ransformat ion processes. The operat ional  
character  o f  such ion-exchange procedures,  how- 
ever, only allows the description o f  a relative 
order  o f  metals labilities in dissolved HSs under  
standardized conditions. 
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Abstract 

A very sensitive analytical method is proposed for the determination of lithium based on the reaction of Li + ion 
wiht 1,4-dihydroxyanthraquinone (Quinizarin). In dimethylsulfoxide medium (90%) and in the presence of sodium 
hydroxide and sodium carbonate, a bluish-violet color ( 2 m a  x = 601 nm) develops and is stable over a period of 30 min 
to 2.5 h. The NaOH and Quinizarin concentrations were optimized simultaneously using the response surface 
methodology from sequential experimental Doehlert designs. Beer's law is obeyed in the concentration range 14-250 
ppb Li + in aqueous and serum matrices, and the errors (RSD) in the determination of 100 ppb Li ÷ are 4.0% and 
3.9°/,, respectively. The proposed procedure was satisfactorily applied to the determination of lithium in drugs and 
human serum (no deproteinization is required). 

Keywords: Doehlert experimental design; Lithium; Quinizarin; Visible-spectrophotometry 

1. Introduction 

Lithium, like other alkali metals, shows rela- 
tively poor  chemical coordination. However, its 
high charge density provides greater affinity to 
ligands with donor oxygen atoms than the rest of 
the alkali metals and therefore lithium forms sta- 
ble chelates in solution more easily [1,2]. There- 
fore, few organic reagents which form colored 
chelates with alkali metals are known. 

Several chromogenic organic reagents with two 
aromatic rings linked by an azo group ( - N = N - )  

* Corresponding author. Fax: (+ 34) 58-27-42-58. 

with ortho substituents - O H  in one ring and 
- C O O H ,  -PO(OH)2 or -AsO(OH)2 in the second 
ring have been used as complexing agents of Li ÷ 
(Thoron, Quinazolinazo, Nitroantranylazo, Phos- 
phonazo R, Arsenazo III) in photometric determi- 
nations [3]. Among these, Thoron (o-(2-hy- 
droxy- 3, 6- disulfo- 1 - naphthylazo) benzenearsonic 
acid) has been the most used. Proposed by 
Kuznetsov [4], it gives, together with Li ÷ ion, an 
orange color in a strong basic medium. The spec- 
trophotometric method using this reagent, devel- 
oped by Thomason [5], has been used for the 
determination of  lithium in high-purity beryllium 
and beryllium oxide [6], sea water [7], mollusc 
shells [8] and blood serum [9]. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PI1 S0039-9140(96)02018-8 
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Multidentate ligands derived from 3-fenilforma- 
zano (NH=N-C(Ph)= N-NH2) have also been 
suggested as spectrophotometric reagents for Li + 
[10-14]. 

Recently, with the development of macrocyclic 
ligands such as crown and aza-crown ethers, 
cryptands and spherands, new spectrophotometric 
methods for the determination of lithium in 
drugs, serum and urine samples have been pro- 
posed. These methods show good selectivity 
against other alkali metals but due to the low 
solubility of this type of ligand anhydrous media 
[15], extraction processes [16,17] or the use of a 
water-micellar medium is required for solubiliza- 
tion [18]. 

Quinizarin (l,4-dihydroxyanthraquinone) is a 
chromogenic and fluorogenic agent of metallic 
ions that shows high selectivity in its reactions 
since the O-donors are blocked by two strong 
intramolecular hydrogen bondings [19]; therefore, 
few spectrophotometric methods using this 
reagent are known. This reagent has been applied 
for the determination of Mg 2+ [20] and UO 2+ [21] 
and for the simultaneous determination of Lu 3+ 
and Pr 3+ [22] and Tm and Nd [23]. Other similar 
reagents have also been used occasionally such as 
Quinizarin-sulfonic acid (l,4-dihydroxy-anthra 
quinone-2-sulfonic acid) for Be 2+ [24] and A1 + 
[25]; Leucoquinizarin(1,4,9,10-tetrahydroxyan- 
thracene) for Mg 2+ [26] and Be 2+ [27], and naph- 
thazarin ( 5,8-dihydroxy- 1, 4-naphthoquinone ) for 
Th 4+ [28], and Th 4+ and UO~ + simultaneously 
[29]. 

Response surface methodology (RSM) [30] is a 
group of mathematical and statistical techniques 
used for analyzing and modeling a problem where 
a particular response is a function of several 
variables, and where the aim is to optimize this 
response. RSM obtains an appropriate estimate of 
the real functional relationship between the in- 
strumental response and the experimental factors 
under study. A quadratic function is the best 
solution as it is a simple model which can describe 
a great variety of surfaces [31], allows the predic- 
tion of the existence of curvature in the system 
and permits the computation of the maximum 
coordinates. In addition, this type of function can 
be simply obtained with a three-level experimental 
design. 

In this paper, a sensitive method for the spec- 
trophotometric determination of lithium in 
dimethylsulfoxide: water medium in the range 
14-250 ppb lithium is proposed. The method is 
suitable for the clinical assay of lithium. 

2. Experimental 

2.1. Instrument 

A Perkin-Elmer Lambda 5 UV-Vis spec- 
trophotometer with two matched 1 cm quartz 
cells, thermostatically controlled at 25.0 __+ 0.5°C 
with a water-bath circulator (Frigiterm S-382, J.P. 
Selecta), and a Coming 410 Flame Photometer 
were used. 

A Casio FX-850 P pocket micro-computer with 
scientific library was used to calculate P values os 
statistic tests. All the calculations for optimization 
were carried out using the STATGRAPHICS data 
analysis package [32]. 

2.2. Reagents and materials 

All materials, solvents and reagents were of 
analytical grade and were used without further 
purification. Doubly-distilled water was used 
throughout. 

2.2.1. Lithium solution 
A stock solution of Li + (500 ppm) was pre- 

pared by dissolving 1.24 g of lithium nitrate 
(Merck) in 250 ml of water. Working solutions 
were prepared by appropriate dilution of the 
stock solution. 

2.2.2. Quinizarin solution 
A 10 -3 M solution was prepared by dissolving 

60 mg of 1,4-dihydroxyanthaquinone (Merck) in 
250 ml of dimethylsulfoxide. 

2.2.3. Sodium hydroxide solution 
A 1 M stock solution was prepared by dissolv- 

ing 10 g of NaOH (Merck) in water. Working 
solutions were prepared daily by appropriate dilu- 
tion of the stock solution. 
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2.2.4. Sodium carbonate solution 
A 2.5 M stock solution was prepared by dis- 

solving 66.237 g of sodium carbonate (Merck) in 
250 ml of water. Working solutions were prepared 
by appropriate dilution. 

2.3. Drug and serum 

In order to verify the applicability of the pro- 
posed analytical method, the determination of 
lithium in the following real samples was vali- 
dated 

2.3.1. Otogbn (Rimafar Laboratory S.A., Madrid, 
Spain) 

Tablet containing lithium carbonate, potassium 
bromide, potassium iodide, thiamine and excipi- 
ent. Mean weight of tablet: 319 mg. 

2.3.2. Plenun (Lasa Laboratory, Barcelona, 
Spain) 

Tablet containing lithium carbonate and exicip- 
ient. Mean weight of tablet: 516 mg. 

30 min. The absorbance of the solution was mea- 
sured at 601 nm against a reagent blank prepared 
similarly. The calibration was made under identi- 
cal conditions. 

2.4. I. Otogen 
Exactly 319 mg, obtained from 10 tablets previ- 

ously powdered, was placed in a 100 ml glass 
beaker. 10 ml of 1 M hydrochloric acid was added 
and the solution was digested close to dryness. 
The residue was extracted with 10 ml of hot 
water, filtered, washed, transferred to a 100 ml 
volumetric flask and made up to volume with 
water. 40 /zl of this solution was used for the 
analysis of lithium as described in section 2.4. 

2.4.2. Plenur 
The same procedure was followed, starting with 

516 mg of the sample, transferring the final filtrate 
into a 250 ml volumetric flask and making up to 
volume with water. This solution was diluted 1:10 
with water taking 50/tl for the subsequent analy- 
sis as described in section 2.4. 

2.3.3. Glucosor-Litio (Soria Natural, S.A., Soira, 
Spain) 

Solution containing lithium gluconate, glucose 
and distilled water. 

2.3.4. Serum 
Blood serum from healthy individuals who had 

not been treated with lithium salts was centrifuged 
for 5 min at 4000 rev min-t  [33] and the superna- 
tant liquid was separated and kept frozen at 
-15°C until the analysis. Once thawed, analyis 
must be done within 7 days [34]. Serum samples 
required no deproteinization. 

2.4. General procedure for drugs 

Using a micropipet, the indicated amount of 
standard or sample preparation was added to a 
test tube, followed by 50/zl of 0.1 M NaOH, 40 
kll of 0.25 M Na2CO3 and water to make up to 1 
ml. 250 /tl of this solution was pipeted into an- 
other test tube, followed by 2.15 ml of dimethyl- 
sulfoxide and 100/tl of 10 -3  M Quinizarin. The 
tubes were kept at 25°C in a thermostatic bath for 

2.4.3. Glucosor-Litio 
1 ml of sample was pipeted into a 10 ml volu- 

metric flask and made up to volume with water. 
100 ~1 of this solution was used, as described in 
section 2.4. 

2.5. Procedure for serum 

Accurately pipeted amounts (40, 50 and 70/z l) 
of standard lithium solution (50 ppm) were added 
to 500 pl of centrifuged serum and these solutions 
were diluted with water to make up to 1 ml. 100 
pi portions of each of these spiked serum 
soltutions were pipeted into a test tube, followed 
by 100 pl of 0.1 M NaOH, 10 pl of 0.25 M 
Na2CO 3, 40/~1 of water, 2.15 ml of dimethylsul- 
foxide and 100 pl of 10 -3 M Quinizarin. The 
procedure was completed as described in section 
2.4. The calibration was made with lithium stan- 
dards of increasing concentration, containing 100 
p l of centrifuged pooled serum (obtained by mix- 
ing serum of 10 individuals) diluted 1:1 with 
water, and operating under the conditions de- 
scribed above. 
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3. Results and discussion 

All the abosorbance  measurements  for opti- 
mization, calibration and interference experiments 
were performed against a corresponding solvent 
blank prepared under  identical conditions. 
3.1. Effect of  dimethylsulfoxide: water ratio 

The maximum absorpt ion wavelengths and the 
absorbance difference between chelate and 
reagent are strongly dependent on the solvent. All 
the described spectrophotometr ic  methods require 
a polar, water-miscible solvent and so water, 
methanol,  ethanol, ethyline glycol, 2-propanol,  
acetone, acetonitrile, N,N-dimethylformamide,  
hexamethylphosphotr iamide,  dimethylsulfoxide, 
1,4-dioxan and pyridine were tested in order  to 
find the max imum absorbance difference. The re- 
sults o f  this experiment are shown in Table 1. 
Dimethylsulfoxide was selected because it showed 
the maximum difference and the maximum hip- 
sochromic displacement between the two spectra. 

Table 1 
Experimental values of wavelengths and absorbance for the 
system lithium-Quinizarin in different solvent/water mixtures 
(9/1, v/v) (Experimental conditions: [Li+]= 1.2 x 10 -4 M; 
[NaOH]= 5 x 10 -3 M; [Quinizarin] =4.8 x 10 5 M) 

Solvent 2b a ,~b c A2 c A dmax(Ad) e 

Water 550 550 0 0.023 
Methanol 552 548 4 0.040 
Ethanol 548 548 0 0.014 
Ethylene glycol 547 547 0 0.040 
2-Propanol 596 596 0 0.150 
Acetone 600 595 5 0.294 
Acetonitrile 595 590 5 0.186 
D M F  f 612 602 10 0,278 
H M P T  g 569 566 3 0,032 
DMS h 616 604 12 0.294 
1,4-Dioxan 604 596 8 0.286 
Pyridine 570 565 5 0.232 

Maximum wavelength of the blank (nm). 
b Maximum wavelenth of the chelate (nm). 
c Difference betweeen " and b (nm). 
d Maximum absorbance difference between chelate 
reagent. 

Wavelength corresponding to maximum of o (nm). 
r N,N-Dimethylformamide. 
g Hexamethylphosphotriamide. 
g Dimethylsulfoxide. 
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Fig. 1. Absorption spectra in 90% dimethylsulfoxide: (A) 
chelate; (B) ligand blank; (C) difference. ([Li +] = 1.2 x 10 -3 
M, [Quinizarin] = 4.8 x 10 -4 M, [NaOH] = 5 × 10 -3 M) 

As the propor t ion  o f  water was increased, the 
absorbance o f  the chelate, measured against a 
reagent blank, decreased. Thus a propor t ion  o f  
10% of  water was selected as this provided suffi- 
cient aqueous phase for the preparat ion o f  the 
samples. 

3.2. Absorption spectra 

Fig. 1 shows absorpt ion spectra o f  chelate and 
ligand blank against the solvent in 90% dimethyl- 
sulfoxide. Both curves show a maximum differ- 
ence at 601 nm. 

3.3. Effects of  the Quinizarin and sodium 
hydroxide concentrations 

Sodium hydroxide was selected (instead o f  
K a O H  or an organic base) in order to give an 
homogeneous  background  for  the serum analysis. 
Molecular  spectroscopic methods for the determi- 
nation o f  lithium show a great interfering effect 
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from the other ions in solution, of which Na + is 
the principal one in a serum matrix, so in order to 
prevent possible interference from Na +, N a O H  
was selected. 

The N a O H  and Quinizarin concentrations were 
optimized using the RSM from sequential experi- 
mental Doehlert designs [35] (Fig. 2), proposed by 
Bosque Sendra et al. [36,37], in order to obtain 
the maximum absorbance while simultaneously 
varying these two parameters for a constant 
lithium concentration of  1.2 x 10 -4 M. These de- 
signs have never been used in optimization of 
experimental variables in analytical methods by 
molecular absorption spectrophotometry in solu- 
tion. 

As the central point, the values - l o g [ N a O H ]  = 
2.0 and 10Sx [Quinizarin] = 2.0 M were chosen 
for the first experimental design. Table 2 (Design 
I) shows the proposed Doehlert design and the 
experimental results obtained for the chelate ab- 
sorbance measured against a reagent blank. Since 

QUINIZARIN].10 5, mol/ I  
6 ~ 

14 15 

11 ~ 13 

' 

8 

1 2 
i 
1 

0 [ - _ _ ~ . . . .  ~ 
0 1 2 3 4 5 

- log [NaOH] 

F i g .  2. R e p r e s e n t a t i o n  o f  t h e  D o e h l e r t  d e s i g n s  I, I I  a n d  111 

used for the simultaneous optimization of the Quinizarin and 
NaOH concentrations. Contour diagram of the response sur- 
face obtained from design III (the curves indicate 0.4, 0.5, 0.6 
and 0.64 units of absorbance). 

one of the factors is at five levels and the other at 
three levels, it is preferable to choose the variable 
with the stronger effect as the first factor. In this 
case, the five-level factors was chosen for 
- log [NaOH] .  The experimental data obtained 
fitted the function 

A --- 544.86 - 277.33 Y -  372.38X+ 115.15XY 

+ 33.13 Y 2 + 76.85X 2 

where A = a b s o r b a n c e ,  X = - l o g [ N a O H ]  and 
Y= 105 x [Quinizarin] (concentrations in moles per 
liter). The application of Lagrange's criterion 
(02A/0X 2 = 153.8, 02A/6 ii2 = 66.2,H(X, Y) = - 3089.5) 
indicated the presence of a saddle point. As no 

maximum was found, the absorbance maximum 
variation directions at points 5 and 7 (Fig. 2) were 
calculated, since this appeared to be the direction 
of increase in the response. The maximum varia- 
tion directions of  response found for each point 
were 29.77 ° and 31.2 ° . Because the two directions 
are almost parallel, a new experimental design is 
carried out in the referred direction (Fig. 2). 

The proposed Doehlert design II was centred 
on the point X =  3.0, Y=  3.0, and the new exper- 
imental results obtained are shown in Table 2 
(Design II). The equation which fits the new 
experimental values is 

A = - 1049.59 - 283.82Y+ 11.4076X+ 25.76XY 

+ 49.59 y2 _ 198.25X 2 

The application of Lagrange's criterion indicated 
the presence of a saddle point ( ~ A Z / ~ X 2 = -  

396.5, ~A2/~Y  2 = 99.2, H ( X ,  Y) = 39 991.9). The 
absorbance maximum variation directions at the 
(11) and (12) points were calculated (Fig. 2). The 
maximum variation directions of  responses found 
for each point were 44.47 ° and -68.91°.  The lines 
drawn from the points, with the calulated direc- 
tions, intersected at a coordinate point X =  3.15 
and Y= 4.47. 

Table 2 (Design III) shows the proposed Doeh- 
lert design III,  centred on X = 3.33 and Y = 4.00, 
and the experimental results obtained. The con- 
tour diagram of  the response surface is shown in 
Fig. 2. The new equation fitted to the experimen- 
tal values is 
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Table 2 
Experimental values used in the simultaneous optimization of Quinizarin and NaOH concentrations (mol 1 ~), from Doehlert 
designs I, II and III (lLi +] = 1.2 x 10 -3 M) 

Doehlert design Experiment 105 × [Quinizarin] -log[NaOH] Absorbance 

(I) 1 1.0 1.67 0.075 
2 1.0 2.33 0.129 
3 2.0 1.33 0.80 
4 2.0 2.00 01.46 
5 2.0 2.67 0.281 
6 3.0 1.67 0.170 
7 3.0 2.33 0.376 

(II) 8 2.0 3.33 0.423 
9 3.0 3.00 0.415 

10 3.0 3.67 0.276 
11 4.0 2.67 0.446 
12 4.0 3.33 0.622 

(Ill) 13 4.0 4.00 0.179 
14 5.0 3.00 0.490 
15 5.0 3.67 0.031 

A = - 13 029.40 + 2669.22 Y +  5318.84X 

- 238 .81XY-  239.41 y2 _ 696.71X 2 

The application of  Lagrange's criterion indicated 
the presence of a maximum (OAZ/OX 2 =  -- 

1393.4, OAZ/&Y z = -478.8,  H(X,  Y) = 610 172.6), 
which is the required optimum and corresponded 
to 4.0 × 10 -5 M Quinizarin and 7.4 × 10 -4  M 

NaOH. 
The pK1 and pK2 values of  Quinizarin in water 

are 9.35 and 11.78 respectively [38] while in 9:1 
dimethylsulfoxide:water they should be slightly 
higher due to the lower value of  the dielectric 
constant (46.5) of  this proton-donor solvent with 
respect to that of  water (78.3) [39]. The optimum 
working value of  apparent pH found (,~I0.9) 
shows that only the first acid disociation occurs 
and the corresponding mono-anion is the reactive 
species. 

3.4. Effect o f  concentrations o f  salts 

The effect of increasing concentrations (10  - 4 -  

0.1 M) of  different salts (Na2CO3, NaCI, KC1) on 
the abosorbance of  the chelate, measured at 601 
nm against a reagent blank, was studied. A maxi- 

mum absorbance was obtained for a 10 -3 M 
concentration of  NazCO 3. 

3.5. Effect of  temperature 

When the solution was thermostated between 
10 and 50°C the absorbance of the chelate showed 
a linear decrease (temperature c o e f f i c i e n t = -  
8.1 × 10 -3 absorbance units °C-1), while the ab- 
sorbance of the reagent blank appeared to be 
constant. A working temperature of  25°C was 
chosen. 

3.6. Other variables 

The effect of the order of  addition was studied, 
and found to be insignificant. Measurements were 
stable 30 min to 2.5 h after the preparation. 

2.5. Calibration curve (Beer's law) 

Experiments indicated that the Beer's law was 
obeyed for lithium concentrations up to 250 ppb, 
while higher concentrations yielded a non-linear 
response. New factorial designs (22 ) were per- 
formed in order to check the optimized NaOH 
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Table 3 
Statistics and performance characteristics of the analytical methods from the calibration data set in aqueous and serum matrices 

Parameter Matrix 

Water Serum 

Statistics 
Residual standard deviation (a.u.) a 3.909 2.883 
Intercept (a.u.) - 2.51 × 10 -3 1.55 × 10 -3 
Slope (a.u. per ppb Li) 0.63 × l0 -~ 0.36 x l0 3 
% Lack-of-fit P value 39.9 62.4 

Performance b 
Linearity (%) 98.3 98.3 
Analytical sensitivity (ppb Li) 6.2 8.0 
Detection limit (ppb Li) 13.2 13.3 
Determination limit (ppb Li) 44.1 44.3 
Precision (relative standard deviation, %): 

50 ppb Li 9.0 7.4 
100 ppb Li 4.0 3.9 
150 ppb Li 2.6 2.6 
200 ppb Li 2.0 2.0 
250 ppb Li 1.8 1.8 

a a.u.: absorbance units. 
b Calculated as indicated in Ref. [41]. 

and Quinizarin concentrations given above for a 
lithium concentration of 250 ppb. The result in- 
dicated that both values were suitable for cali- 
bration. 

The calibration linearity was tested by "lack- 
of-fit" statistical F-test [40]. Three replicates for 
the aqueous matrix and five for serum of 0, 50, 
100, 150, 200 and 250 ppb lithium standard solu- 
tion were taken in order to set up the calibra- 
tions. 

3.8. Analtyical performance characteristics 

The main statistical and performance charac- 
teristics, calculated from the calibration data set 
[41], are shown in Table 3. The IUPAC detection 
limits [42], calculated from 10 replicates of the 
reagent blank, were 17.6 ppb and 14.5 ppb for 
aqueous medium and serum respectively. 

The ruggedness [43] of the new analytical 
method for the determination of  100 ppb Li ÷, 
for variations of  _+10% in procedure tempera- 
ture and concentrations of  Quinizarin, NaOH 

and Na2CO 3 and for a variation of _+5% in 
the proportion of water, was studied using a 
2 7-4 saturated factorial design with two dum- 
mies. The method was rugged for every variable 
and no interactions between tested variables were 
found. 

3.9. Effect of diverse ions 

The effect of  various ions on the determination 
of 50 ppb Li ÷ in aqueous medium was studied, 
setting the tolerance limit at an error of + tSR 
[44] over the predicted value for the absorbance 
of the chelate measured against a reagent blank 
(t = one-tail Student t value for n-2 degrees of 
freedom and an ct value of 0.05; SR, standard 
deviation of the analytical response, predicted for 
the tested analyte concentration, obtained from 
the calibration data set). The tolerance limits of 
various ions are shown in Table 4. Note that the 
tolerance limits of some ions are low. Thus, in 
the case of a complex matrix, and as blood 
serum, a new calibration is required. 
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Table 4 
Tolerance concentrations of  several ions in the determination 
of  50 ppb Li ÷ 

Anion a Tolerance Cation b Tolerance 
(ppb) (ppb) 

C1 - > 50 000 K + 500 
I I 0 000 Mg 2 + 50 
5042 5000 Zn 2+ 5 
Br , NO 3 1000 Fe 3+ 2.5 
SiO32- 500 Cu 2+, Ca 2+, Pb 2+ 1 

F - ,  PO43 - 100 
C2042-  10 

All the test solutions were prepared from the sodium salts. 
(The tolerance concentration of Na + ion, calculated from the 
tolerance concentration of  the C I -  ion, is > 32 000 ppb.) 
b All the test solutions were prepared from the corresponding 
nitrates. 

3.10. Application of  the proposed method to real 
samples 

3.10. I. Drugs 
The basic method, as described, was applied for 

the determination of lithium in various pharma- 
ceutical preparations, using flame photometry as 
the reference method. Results in Table 5 show the 
values found from both methods and the P value 
of the corresponding Welch t-test [45]. 

3.10.2. Blood serum 
An accurate volume of standard was added to 

three different samples of  serum, so that the final 

Table 6 
Recovery of added Li + in different serum samples 

Serum Added (ppm) Found (ppm) % Recovery 

1 4.00 3.24 81.0 
4.00 3.24 81.0 
4.00 2.69 67.3 
4.00 3.93 98.3 
4.00 3.79 94.8 

2 5.00 5.32 106.3 
5.00 5.45 109.1 
5.00 5.59 111.8 
5.00 5.18 103.5 
5.00 5.45 109.1 

3 7.00 8.21 117.4 
7.00 7.52 107.5 
7.00 6.70 95.7 
7.00 7.52 107.4 
7.00 7.38 105.4 

concentration of  Li + was of the order of the 
therapeutic levels (approximately 4 -8  ppm). 
Table 6 shows the recovery of  the added lithium. 
The pooled recovery was 96.7%. 

A t-test, which compares the mean value 
against a reference value, was carried out in order 
to check if this value was significantly different 
from 100%. The statistic used, t =  ( 9 ] -  100)x/-n / 
s,j~ (9], pooled recovery; s~, recovery standard 
deviation), was obtained from the statistic for the 
comparison of the means of paired samples [46]. 
The following data were obtained: 9~ = 99.4; s,~ = 

Table 5 
Determination of  lithium in various drugs using flame photometry as the reference method and the proposed spectrophotometric 

method 

Drug Flame photometry Proposed method % P value b 

C -~- Sc a / / b  C -}- Sc a n a 

Otog6n 18.0 _+ 0.1 9 
(mg Li2CO 3 per tablet) 

Plenur 335 + 4 9 
(mg Li2CO 3 per tablet) 

Glucosor-Litio 3.28 _ 0.02 3 
(mg Li gluconate per ml) 

18 .4+0.3  9 1.1 

340 + 7 8 8.7 

3.2___ 0.1 3 31.1 

Mean and standard deviation of  n determinations. 
b p value for Welch's t-test. 
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15.783; t = 1.605; d.o.f. = 14, P value = 93.1. The 
high P value shows that the difference between 
the pooled recovery and 100 is solely due to 
random error, and therefore the method does not 
show systematic error. 

References 

[1] N.S. Poonia and A.V. Bajaj, Chem. Rev., 79 (1979) 389. 
[2] U. Olsher, R.M. lzatt, J.S. Bradshaw and N.K. Dalley, 

Chem. Rev., 91 (1991) 137. 
[3] Z. Marczenko, Separation and Spectrophotometric Deter- 

minations of Elements, Ellis Horwood, Chichester, UK, 
1986, p. 124. 

[4] V.I. Kunetsov, Zh. Anal. Khim., 3 (1953) 295. 
[5] P.F. Thomason, Anal. Chem., 28 (1956) 1527. 
[6] R.F. Apple and J.C. White, Talanta, 13 (1966) 43. 
[7] K. Uesugi and T. Murakami, Analyst, 15 (1966) 482. 
[8] D.A. Rom~in, An. Quin., 84 (1988) 236. 
[9] J.K. Trautman, V.P.Y. Gadzekpo and G.D. Christian, 

Talanta, 30 (1983) 587. 
[10] S.L. Zelichenok, V.M. Ostrovskaya, L.O. Agzibekova 

and V.M. Dziomko, Zh. Anal. Chem., 30 (1975) 2311. 
[11] R.V. Sitnijova, A.N. Krilova, S.L. Zelichenok, V.M. 

Dziomko, V.M. Ostrovskaya, T.E. Zhukova and E.I. 
Tolmacheva, Zh. Anal. Khim., 37 (1988) 611. 

[12] A.S. Atiyat, Y.A. Ibrahim and G.D. Christian, Mi- 
crochem. J., 37 (1988) 114. 

[13] M.S. Kravchenco, V.M. Ostrovskaya and M.Sh. Fu- 
marova, Vysokochist. Veshchestva, 6 (1990) 152. 

[14] R.H. Engebrecht, M. Delton and J. Schaeffer, Clin. 
Chem., 36 (1990) 1044. 

[15] K. Nakashima, S. Nakatsuji, S. Akiyama, T. Kaneda and 
S. Mishumi, Chem. Lett., (1982) 1781. 

[16] Y.P. Wu and G.A. Pacey, Anal. Chim. Acta, 162 (1984) 
285. 

[17] K. Sasaki and G. Pacey, Anal. Chim. Acta, 172 (1985) 
141. 

[18] E. Chapoteau, B.P. Czech, W. Zazulac and A. Kumar, 
Clin. Chem., 38 (1992) 1654. 

[19] M.R. Reta, R. Cottana, J.D. Anunciata and J.J. Silver, 
Spectochim. Acta, 49 (1993) 903. 

[20] T. Pal and N.R. Jana, Talanta, 41 (1994) 1291. 
[21] N.K. Agnihotri, V.K. Singh and H.B. Singh, Analyst, 120 

(1995) 1809. 
[22] F. Garcia S~inchez, M. Hern~,ndez L6pez and J.C. M~ir- 

quez G6mez, Talanta, 34 (1987) 693. 
[23] F. Garcia S~inchez, M. Hernfi, ndez, J.C. M~irquez, A.L. 

Ramos, C. Cruces and C. Carnero, Inorg. Chim. Acta, 
140 (1987) 249. 

[24] M.W. Cucci, W.F. Newman and B.J. Mulryan, Anal. 
Chem., 21 (1949) 1358. 

[25] E.G. Owens and J.H. Yoe, Anal. Chem., 31 (1959) 384. 
[26] M.A. Bello L6pez, M. Castej6n Moch6n, J.L. Gomez 

Ariza and A. Guiraum P6rez, Analyst, 111 (1986) 429. 
[27] M.A. Bello L6pez, M. Castej6n Moch6n, J.L. G6mez 

Ariza and A. Guiraum Perez, Analyst, 111 (1986) 1293. 
[28] T. Moeller and M. Tecotzky, Anal. Chem., 27 (1955) 

1056. 
[29] N.K. Agnihotri, V.K. Singh and H.B. Singh, Talanta, 40 

(1993) 1851. 
[30] G.E.P. Box, W.G. Hunter and J.S. Hunter, Statistics for 

Experimenters. An Introduction to Design, Data Analysis 
and Model Building, John Wiley/Revert6, Barcelona, 
1989, p. 525 (Spanish translation). 

[31] J. Lawson, J. Erjavec and J.M. Madrigal, Estrategias 
Experimentales para el Mejoramiento de la Calidad en la 
lndustria, Grupo Editorial Iberoamerica, M6xico, 1932, 
p. 181. 

[32] STATGRAPHICS 6.0, Statistical Graphics Corporation, 
Rockville, MD, 1993. 

[33] E. Buurret, I. Mpynier, L. Bardet and M. Fussellier, 
Anal. Chim. Acta, 172 (1985) 157. 

[34] P. Rostran, Clin. Chem., 36 (1990) 582. 
[35] D.H. Doehlert, Appl. Stat. 19 (1970) 231. 
[36] J.M. Bosque Sendra, M. Nechar, L. Cuadros Rodriguez 

and M.F. Molina Molina, Anal. Proc., 32 (1995) 375. 
[37] M. Nechar, M.F. Molina Molina, L. Cuadros Rodriguez 

and J.M. Bosque Sendra, Anal. Chem. Acta, 316 (1995) 
185. 

[38] J. Barbosa, E. Bosch and R. Carrera, Talanta, 32 (1985) 
1077. 

[39] A. Navas Dias, Talanta, 38 (1991) 571. 
[40] Analytical Methods Committee, Analyst, 119 (1994) 2363. 
[41] L. Cuadros Rodriguez, A.M. Garcia Campafia, C. 

Jimenez Linares and M. Roman Ceba, Anal. Lett., 26 
(1993) 1243. 

[42] IUPAC Analytical Chemistry Division, Pure Appl. 
Chem., 55 (1983) 553. 

[43] M. Mulholland, Trends Anal. Chem., 7 (1988) 383. 
[44] A.M. Garcia Campafia, L. Cuadros Rodriguez, C. 

Jim6nez Linares, F. Al~s Barrero and M. Roman Ceba, 
Anal. Lett., 28 (1995) 369. 

[45] A. Martin Andr6s and J.D. Luna del Castillo, Bioestadis- 
tica para les Ciencias de la Salud, 3rd edn., Norma, 
Madrid, 1990, p. 243. 

[46] J.C. Miller and J.N. Miller, Statistics for Analytical 
Chemistry, 2nd edn., Ellis Horwood, Chichester, UK, 
1988, p. 58. 



Talanta 
E L S E V I E R  Talanta 44 (1997) 85 96 ,, 

Complexing influence of cobalt and nickel ions on the 
electrochemical reduction of pterin and related compounds at a 

mercury drop 

Urszula Kucharska 
Institute of" General Food Chemistry, Technical University of Lodz, Ste/anowskiego 4/10, 90-924 Lodz, Poland 

Received 22 November 1995; revised 20 May 1996; accepted 17 June 1996 

Abstract 

The effect of Co 2÷ and Ni 2+ ions on the electrochemical reduction of pterin and its derivatives, pteroic and 
pteroylmonoglutamic acids, has been studied. The measurements were carried out in aqueous solutions at fixed pH 
(7.5 + 0.2), temperature (298 + 0.2 K) and ionic strength (p = 1.00; NaC104) using polarographic techniques. By 
employing cyclic voltammetry and differential pulse polarography displacements were determined of the half-wave 
potentials E~/2 of ligands of the reducible organic compounds at a dropping mercury electrode. The recorded 
polarograms and inherent potential differences were then utilized to calculate conditional stability constants of the 
complexes. The Casassas-Eek method was employed for the interpretation of the potential differences of the free and 
complexed ligands. The log fll values of the stability constants revealed moderate stability of the complexes. The 
donor atoms of the ligands in the coordination compounds have also been identified. 

Keywords: Complexes; Cobalt; Nickel; Pterin derivatives; Stability constants 

1. Introduction 

The polarographic behaviour of pterin (Pte) as 
a function of pH has been studied by Komenda 
and co-workers [1,2]. Similar studies have also 
been reported by Kretzschmar and Jaenicke [3] 
with pteroylmonoglutamic acid, which is also 
known by the trivial names folic acid or vitamin 
B9(Bc). Earlier studies [4-9] revealed the forma- 
tion of  coordination compounds between folic 
acid and metal ions. The present work has fo- 

cused on transformations taking place in aqueous 
solutions during electrochemical reduction of Pte 
and pteroic (PteAc) and pteroylmonoglutamic 
(PteGlu) acids (Scheme 1) in the presence Co 2+ 
and Ni 2+ ions.During these investigations, carried 
out with model solutions at fixed pH, temperature 
and ionic strength, variations of  the half-wave 
potentials of  reduction of  the ligands (R1, R2, R3; 
Scheme l) with varying concentrations of either 
metal (M) or ligand (L) were expected. The varia- 
tion of the half-wave potential of an organic 

003%9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02019-X 
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compound in the presence of a metal ion may be 
due to a chemical reaction (e.g. complexation) 
occurring in the solution. The magnitude of the 
half-wave potential of the free and complexed 
ligand has a direct bearing on the form being 
complexed. A chemical reaction occuring in solu- 
tion results in a variation in the concentrations of 
the oxidized and reduced forms of the depolarizer, 
thus shifting the equilibrium potential according 
to the Nernst equation. When the oxidized form is 
involved in the reaction, its concentration drops 
and the equilibrium potential is displaced towards 
negative values, whereas involvement of the re- 
duced form shifts the potential towards positive 
values [10]. 

Previous electrochemical studies of the com- 
plexes were restricted by certain limitations, such 
as the reversibility of the electrode reaction of the 
metal ion and the formation of a single complex 
in solution at large ligand excess [11-13]. The 
restrictions of the De Ford-Hume method have 
been highlighted by some authors [14,15] in 
particular in relation to the accuracy required for 
measuring the half-wave potential. A comprehen- 
sive analysis of errors in the determination of the 
stability constants from polarographic measure- 
ments has been presented by Klatt and Rouseff 
[14]. They also accounted for the conditions for 
detection of consecutive complexes occurring in 
solutions analyzed by polarography. Slopes of the 
current-voltage curves at large ligand excess have 
already been analyzed by many authors [16-19]. 

Rt--H 

OH 

H2N~ "~'N ~ ~.N~. - 

R 2- CH 2- NH- C6H,{-COOH 
9 tO 

r~H,~OOH 
,% 

R.f CH2- NH- C6H4-C0 - NH - EH-COOH 

R I -  PTERIN (pie) 

R 2 - -  PTEROlC ACID (Ptewac) 

R 3 ~  FOLIC ACID (Pteatu) 

Scheme 1. Chemical formulae of Pte, PteAc and PteGlu. 
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Fig. 1. Variations of the half-wave potential of the ligand, 
E~/2, with pH for solutions of Pte (3), PteAc (1) and PteGlu (2) 
and (4) in Britton-Robinson buffer solutions at 298 K. 

Casassas and Eek [20], as well as Naideker [21], 
have modified the De Ford-Hume method and 
adapted it to systems containing electroreducible 
organic compounds as complexons. Using an ex- 
cess of the metal ion has been suggested for these 
systems, in order to create conditions for competi- 
tion for each ligand molecule. These conditions 
enabled full identification of complexes with the 
lowest stability constant, i.e. of the M:L=  1:1 
type. Also, the consecutive complexes could be 
analyzed in this way. In some cases, however, the 
stability constants of these species were deter- 
mined with large errors. The errors were analyzed 
by Casassas and co-workers [22-24] in many 
systems. The main feature of the Casassas-Eek 
method is the inclusion and analysis of the hydro- 
gen ion concentration which plays a crucial role in 
the reduction processes of organic compounds. In 
the De Ford-Hume method, only the reduction 
of hydrated metal ions has been studied over 
certain concentration and potential ranges. Fur- 
thermore, De Ford and Hume [13] assumed that 
the ligand is an electrochemically inert species, 
making the method inapplicable in some in- 
stances. 

Complexation reactions of the 3d" metal ions 
by folic acid were previously studied using poten- 
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tiometric and spectrophotometric methods [9,25]. 
Relevant stability constants have now been ver- 
ified by the polarographic method, although the 
primary objective of  this study was investigation 
of  the influence of the Co 2+ and Ni 2÷ ions in the 
electrochemical reduction of folic acid. Further- 
more, it was also interesting to examine the inter- 
action of some fragments of pteroylmonoglutamic 
acid with the ions. Results of the previous papers 
[9,25] suggested unambiguously that the Casas- 
sas-Eek method should be applied in as much as 
the solutions metal its restictions, The ligands are 
reversibly reducible at the dropping mercury ele- 
ctrode (DME) at potentials more positive than 
those of  uncomplexed ions. The reduction of a 
ligand at the mercury electrode can be described 
by the following general equation: 

-E~ 
(v) 

-08k 

-082 

-0.Sq 

I i i i I 

- 9.0 -85 -8.0 -75 -7.0 I n ~  

Fig. 3. Variations of the half-wave potential, Et/:, of 5 x 10 s 
M aqueous solutions of PteGlu in the presence of (1) NF + 
and (2) Co 2+ ions with the natural logarithm of the metal ion 
concentration, pH 7.5; T= 298 K; l~ = 1.0 (NaCIQ). 

L + n H  + + z e  ~ H . L  (l) 

and the redox potential of the electrode is given 
by 

R T  ( C ° ) H n L ( F ° ) H n L  
E = Eo - - ~  In (2) 

(CL)(C~)n(I)L)(FH) n 

where Eo is the standard potential of the L - H ,  L 
couple, c is the concentration, v is the activity 
coefficient of the oxidized (CL, VL, L) and reduced 
(CHnL, VH,L, HnL) forms, Ca is the hydrated ion 
concentration, and v,  is its activity coefficient. 
The complexation process can thus be given by 

L + p M  "+ ~ L(Mn+)p (3) 

I (~.10";  ;: 

- 1 0  .;,,~ 

//!i 
q 

;w' 1~ 

."' 7 2 -06 "i ;'.. ...":~ :1J i . 
i • " . . . . . . . .  . . . "  : 3 

0 4 ~ 

O0 . EII2IV ) 
.,. t . .. , .  ..'t 
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Fig. 2. Cyclic vol tammograms of the ligands: (1) 1.03 × 10 -5  
M folic acid; (2) 1.04 × 10 -5  M PteAc; (3) 1.04 × l0 -5  M Pte 
in the system D M E - S C E - P t  electrode. Potential scan rate 20 
m V s - l ;  pH 7.5; T = 2 9 8  K. 

where p = 1, 1/2, 1/3 . . . . .  1/N. Bearing in mind 
all the considerations described in Refs [20,21] we 
can obtain Eq. (4), which links the half-wave 
potential differences of  the free and complexed 
ligand, (E1/2>c, with the calculated stability con- 
stants: 

zF 1 IL Fo[M] = exp ~ AEI/2 q- In Icx---p 

P 

= FL E (]~pCM1/PVLMp) 
1 

(4) 

At a large excess of the metal ion, favouring the 
formation of a 1:1 complex, only one type of 
complex predominates in the solution at 298 K 
and Eq. (4) can be simplified to yield: 

AE,, 2 = 0.059/z(1 + fl, [M"+]) (5) 
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Fig. 4. Experimental DPP curves of the ligands: (a) Pte (c = 1 × 10 -5 M); (b) PteAc (c = 1.5 x 10 5 M); (c) PteGlu (c= 5 x 10 -5 
M) in the presence of Ni 2+ ions (1) in the absence of metal ions; (2) 5 x 10-4; (3) 8 × 10-4; (4) 1.0 × 10 3; (5) 5.0 x 10-3; (6) 
8.0 x 10 -3 M Ni(C104)2 solution without ligand. Potential scan rate 20 mV s ~; pH 7.5; T= 298 K; p = 1.0 (NaCIO4). 

Biernat and Korita [26] introduced a correction 
adequate for entirely irreversible processes by 
which Eq. (4) assumes the shape 

otzF] IL 
Fo[M] = exp ~-~  AE,/2 + In Iexp 

P 

= F L 2  (flpCMI/PVLM p ) 
I 

(6) 

where c~ is the so-called t;ansfer coefficient of  the 
electrode reaction which accounts for the devia- 
tion from the reversibility of  the process. 

plexometrically [28] and spectrophotometrically 
[29,30]. The ionic strength of  the solutions was 
maintained by aqueous NaC104 solutions pre- 
pared from analytical-grade NaC104.H20 crystals 
(Reachim). The pH was adjusted by standardized 
HC104 (p.a., VEB Jenapharm) and N a O H  (p.a., 
POCh, Gliwice, Poland) solutions [31]. The pH- 
meters were calibrated against standard solutions 
(Radelkis) and Br i t ton-Robinson  buffers were 
used for adjusting the pH over the range 2.0-11.0 
[32]. 

2.2. Equipment 

2. Exper imenta l  

2. I. Chemicals 

Water used for the preparation of solutions was 
demineralized by ion exchange and then distilled 
over K M n O  4. Pte, PteGlu and PteAc solutions 
from 1 x 10 3 to 1 x 10 6 M were prepared from 
analytical-grade reagents (Sigma). The solutions 
were freshly prepared and protected from light. 
During measurements the samples were kept in 
light-protected cells. Stock solutions of  Co(CIO4) 2 
and Ni(C104)2 were prepared by the procedure of  
Ulmgren and Wahlberg [27]. The metal concen- 
trations in the solutions were determined corn- 

The pH measurements were run on an auto- 
matic titrimeter OP-506 (Radelkis) equipped with 
a combination electrode (OP-0808P) and an auto- 
matic MEKB 6.25075 flask-burette. The tempera- 
ture was held constant by means of  a U-10 
thermostat. Absorption spectra were taken on 
Specord U V - V i s  and Specol-20 (Carl Zeiss, Jena, 
Germany) spectrophotometers. The differential 
pulse polarograms were recorded on a PA-4 (Lab. 
Praha) precision polarographic analyzer fitted 
with a static mercury drop electrode (SMDE) and 
a XY 4106 recorder. A D M E  served as the 
cathode and a platinum plate (surface area 1.5 
cm 2) was the counter electrode. A saturated 
calomel electrode (SCE) served as a reference 
electrode and was mounted close to the working 



U. Kucharska et al. / Talanta 44 (1997) 85-96 89 

electrode over a Luggin capillary filled with a 
N H 4 N O  3 solution. All polarographic measure- 
ments were carried out in a 25 ml light-protected 
glass vessel equipped with a double jacket en- 
abling the access of argon and mounting of the 
electrode system. 

2.3. Procedure 

Before running each series of polarographic 
measurements, the performance of the measuring 
system was thoroughly checked by taking polaro- 
grams with a 5.0 × 10 -4 M CdC12 solution in 0.1 
M KC1. The half-wave potential of this system 
was - 0.640( + 0.002) V. Analyzed solutions were 
prepared in 25 ml flasks and 10 ml aliquots were 
transferred from them to the polarographic cell. 
The solutions were purged with oxygen-free argon 
for 15 min and then a polarogram was recorded. 
Throughout the measurement process the rate of 
potential variation of 20 mV s-1, the amplitude of 
50 mV and the drop lifetime of 2 s were held 
constant. In the series of measurements aimed at 
recording potential variations of the reduction of 
the ligands (R~, R2, R3) as a function of pH, 
Britton-Robinson buffers of pH 2.5-11.0 were 
used. The measurements were run in Pte, PteAc 
and PteGlu solutions of concentrations ranging 
from 1 x 10 -v M-10 x 10 4 M. In another series 
of measurements, variations in the positions of 
polarographic waves of the reduced ligands due to 
complexation were measured. In these solutions 
the ligand concentration was held constant and 
the metal ion concentration was raised from a 
10-fold to a 20-fold excess at constant pH (7.5 _+ 
0.2), temperature (298 _+ 0.2 K) and ionic strength 
(p= 1.00, NaC104). Differential pulse polaro- 
grams were recorded repeatedly in these solutions. 

3. Results and discussion 

The differential pulse polarograms of 5 x 10 5 
M Pte, PteAc and PteGlu solutions at various 
pHs exhibited three peaks due to free folic acid 
(PteGlu). A similar pattern was observed in sys- 
tems containing Pte and PteAc without the metal 
ions [1-3]. In the presence of metal ions the peak 

at El /2  = - - 0 . 8 0 8  V at pH 7.5 is shifted due to 
reduction at the N(5) and N(8) nitrogen atoms of 
the rigid Pte framework. The remaining peaks are 
unaffected. The EW2 = --0.808 V peak is due to a 
reversible two-electron transformation accompa- 
nied by the transfer of two electrons onto the 
pyrazine ring [33]. A plot of the potential vs. pH 
is shown in Fig 1. Using the cyclic voltammetry 
technique it was possible to prove the reversibility 
of electroreduction processes at the DME based 
on the separation of the cathodic (E~/2)c and 
anodic (Et/2), peaks. Support for this statement is 
provided by the separation of the cathodic and 
anodic peaks as illustrated in Fig. 2. These results 
show that E l ,  2 satisfies quite well the relation 
(E l / 2 )  a - -  ( E l / 2 )  c = 0.059/n V. The two remaining 
conditions for the reversibility of the process, 
namely /pc =Ipa and E1/2 = 1/2 (Epc- Epa), have 
also been roughly satisfied [33]. The reversibility 
of the system has previously been reported by 
Dryhurst [33] and by Dillard and Hanck [35] by 
calculation of the half-wave potential on the basis 
of differential pulse polarography (DPP). Further, 
it was shown that the limiting current d.c. polar- 
ography increased linearly with the square root of 
the height of mercury, thus revealing the process 
to be diffusion-controlled. Inspection of potential 
variations of the PteGlu peaks in the presence of 
Co 2+ and Ni 2+ reveals that a chemical reaction 
proceeds in these systems. A plot of the metal 
concentration vs. peak potential is a rising curve 
(Fig. 3). It can thus be concluded that complexa- 
tion takes place in these solutions under the 
adopted experimental conditions. Variations in 
the peak potential of the reduction of PteGlu due 
to this process displace the equilibrium potential 
towards negative values, revealing complexation 
of the oxidized form of PteGlu by the metal ions. 
The complexation of PteAc and Pte by the ions 
takes a different course as illustrated by the polar- 
ograms shown in Fig. 4. With Pte, the peak for 
the reduction of this molecule is displaced to- 
wards both positive and negative values, indicat- 
ing complexation of both the oxidized and 
reduced forms. In the Co 2+ and N i  2+ concentra- 
tion range from 8 × 10 4 - 3 . 5  × l0 3 M, peaks of 
higher currents at more positive potentials and 
those of lower currents at more negative poten- 
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tials than the peak of  Pte itself are recorded. 
Further, an increase in the peak currents at more 
negative potentials is noted upon raising the metal 
ion concentration. At the same time, the peak 
currents decreases at more positive potentials than 
the peak of Pte reduction. These results show that 
the contribution of  complexed oxidized Pte spe- 
cies increases with increasing Ni 2+ and Co 2+ ion 
concentrations. A similar picture is seen with 
PteAc, although the contribution of the reduced 
forms to the complexatin process is much smaller 
than that of the reduced forms of  Pte at equal 
metal ion concentrations. This is supported by the 
peak heights of PteAc at more negative potentials 
(strong currents) and by the PteAc peaks at more 
positive potentials (weak currents) than the reduc- 
tion peak of the free ligand. The differences can 
be attributed to the presence and the structure of 
the RN substituent at C(6) in the Pte molecule. 

The presence of  R2 or R3 at C(6) facilitates the 
complexation of the Co 2+ and Ni 2+ ions. At the 
same time, the unsubstituted Pte molecule under- 
goes more readily reduction at the DME and 
more readily binds the Co 2+ and Ni 2+ ions than 
do its reduced forms (PteAc and PteGlu). This is 
evidenced by missing peaks at more positive po- 
tentials in systems containing PteGlu and by a 
smaller number of peaks of weak currents at more 
positive potentials in the PteAc systems as com- 
pared with those containing Pte (Fig. 4). Based on 
the potential variations of the peak obtained by 
DPP, stability constants of the complexes were 
calculated by the Casassas-Eek method [20]. The 
values of peak currents and potential differences 
related to the free and complexed ligands were 
substituted into Eq. (4). The obtained Fo values 
were plotted against metal concentration, [M] 
(Fig. 5). From this relation, both the form and 
composition of  the complexes were calculated. 

The results of potarographic investigation of  
the systems comprising Pte, PteAc and the Co 2+ 
and Ni 2+ ions are summarized in Tables 1 and 2. 
The variations of the polarographic peak currents 
of Pte, PteAc and PteGlu vs. natural logarithms 
of the Ni 2+ ion concentration are shown in Fig. 6 
and plots of the potential variations of  the com- 
plexed PteAc and Pte vs. natural logarithms of the 
Ni 2+ ion concentration are presented in Fig. 7. 

Fi/01 

9 3 

2 

I I I I 

-70 -65 -6.0 -55 In(HI 

Fig. 5. Graphical presentation of the calculated Fo values as a 
function of the natural logarithm of the Ni 2+ ion concentra- 
tion: (1) Pte; (2) PteAc; (3) PteGlu. 

The data of Tables 1 and 2 indicate that the 
complexation reaction practically ceases to pro- 
ceed over the higher concentration range because 
there is no displacement of  ligand reduction peaks 
upon raising the metal ion concentration. In po- 

~I{AI 

.10-7 
- Pie Olu 

Ac I 

Fig. 6. Variations of peak currents for Pte, PteAc and PteGlu 
as a function of the decimal logarithm of the Ni 2+ ion 
concentration, pH 7.5; T= 298 K; ~ = 1.0 (NaC104). 
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Fig. 7. Variations of the half-wave potential, E .2, for Pte and 
PteAc as a function of the natural logarithm of the Ni 2 + ion 
concentration pH 7.5; T= 298 K; /~ = 1.0 (NaCIO4). 

larograms recorded at higher C o  2+ ion concentra- 
tions, a new peak appears at E m = -  1.080 V, 
while in Ni 2+ solutions the peak appears at  El~ 2 
= - i . 1 0 0  V (Fig. 4). According to the instruc- 
tions of Galus [36] the peaks can be assigned to 
hydrated ions, [Ni(H20)p] 2+ and [Co(H20)p] 2+, 
occurring in excess of ions in the solutions. Gen- 
erally, electrochemical reduction of the hydrated 
ions can be described by the following equation: 

[Ni(H20)p] 2+ + 2e- --. Ni°(Hg) + p H 2 0  (7) 

This particular case of electrochemical reduction 
is attributed to variations in the water activity in 
solution [36]. The calculated stability constants of 
the complexes are summarized in Table 3 together 
with those determined by other methods under 
the same conditions [9,25,37]. 

The properties of the Co 2+ and Ni 2+ complexes 
with Pte, PteAc and PteGlu were investigated in 
order to identify the complexed species under 
identical experimental conditions. Another pur- 
pose was to identify the coordination sites of the 
ligand molecules. It can be hypothesized that 
when the same donor atoms are involved in the 
coordination of the metal ions, the stability con- 
stants determined under identical conditions 
should be comparable. 

Bearing in mind the results reported by Pull- 
man and Pullman [38], dealing with the reactivity 

of particular atoms in the folic acid molecule and 
related compounds (Pte, PteAc), an assumption 
has been made that the N(5) and N(10) atoms are 
the most readily coordinated. According to Pull- 
man and Pullman just these atoms exhibit the 
highest free valency, which is a measure of the 
atomic polarizability under the influence of metal 
ions. Consequently, these centres carry the largest 
partial charges and the activation energy required 
for electrophilic or radical addition is relatively 
low. Indeed, the determined stability constants of 
the Co 2+ and Ni 2+ complexes with Pte, PteAc 
and PteGlu are very close to one another (Table 
3). Small differences between these stability con- 
stants can be attributed to the presence of various 
subtituents at the C(6) atom of the Pte frame- 
work. The theoretically predicted reactivities of 
the atoms in the ligand molecules and coordina- 
tion sites at N(5) and N(10), on the basis of the 
literature evidence, seem to be confirmed by the 
results of the present study. The good agreement 
between the stability constants suggests that the 
lone pair of electrons of the atoms acts as an 
electron donor in the coordination bonds. Some- 
what higher values of log fll for the folate com- 
plexes, as compared to those for the pteroate and 
pterate complexes, show that the chain length of 
the substituent RN and the presence of the gluta- 
mate residue in this molecule stabilize the com- 
pound. 

A computer-assisted (POTECOM program) in- 
spection of various ionic and neutral forms re- 
veals complexation through the deprotonated 
form [9,25]. The established composition of the 
folate complexes (M:L = l:l) also reveals the pos- 
sibility of coordination through the oxygen atom 
of the C:, carbonyl group of glutamic acid. The 
preferred geometry of the Co 2+ and Ni 2+ com- 
plexes is an octahedral or square-planar one 
where the central atom is surrounded by six or 
four donor atoms respectively [39]. The Co 2+ and 
Ni 2+ complexes obtained from the deprotonated 
anion of the trinuclear ligand, PteGlu (H2L-), are 
likely to have octahedral or pseudo-tetrahedral 
symmetry about the central ion respectively [40]. 

It should also be assumed that the PteAc and 
Pte molecules from octahedral species with the 
Co(II) and Ni(II) ions. The coordination bond is 
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Table 3 
Stability constants of the Co(II) and Ni(ll) complexes with PteGlu, PteAc and Pte determined by three independent methods under 
identical conditions; pH 7.5 (_+0.2), T= 298 K, /~ = 1.00 (NaCIO4) 

Ligand Metal log fl~ values determined by Ref. 
ion 

Potentiometry Spectrophotometry Polarography 

PteGlu Co(I I) 4.60 ( + 0.06) 5.20 ( -+ 0.10) 4.88 ( _+ 0.03) [9], [25 p.w.]," 
Ni(II) 4.1 (+0.1) 4.80 (_+0.06) 4.26 (_+0.03) [9], [25p.w.], 
Cu(II) 6.53 (_+0.05) 6.75 (_+0.08) 6.64 (+0.04) [9], [37p.w.], 
Zn(II) 5.30 (_+0.08) 5.93 (+0.07) 5.91 (_+0.02) [9], [25p.w.]. 

PteAc Co(ll) Missing 4.22 (_+0.05) 4.23 (_+0.04) [25],p.w. 
Ni(II) Missing 4.05 ( + 0.04) 4.10 ( _+ 0.03) [25],p.w. 

Pte Co(II) Missing 4.23 (-t-0.03) 4.25 (_+0.06) [25],p.w. 
Ni(II) Missing 4.10 ( -+ 0.04) 4.13 ( _+ 0.04) [25],p.w. 

ap.w. = present work. 

likely to have a certain contribution to the ionic 
bond due to the difference in electronegativites of 
the cation and the donor atom of the ligand. Since 
the N(5) atom is incorporated in the ring with 
conjugate double bonds, its lone pair of electrons 
participates in delocalization of n electrons of the 
pyrazine ring of the Pte framework. Owing to this 
displacement, the nitrogen atom loses part of its 
electrons, thus lowering the effective charge. 
Houghton's [41] concept of the a-donor strength of 
a ligand is a quantitative measure of the capacity 
of various ligands to impart covalent character to 
the a-bond formed in a complex. The a-donor 
strength depicts the tendency of a ligand to lower 
the positive charge on the central atom by increas- 
ing the electron density on this atom. A change in 
the nature and sequence of substituents RN or an 
increase in the length of the glutamate chain (the 
tendency observed with PteGlu in natural systems 
[42,43]) can affect the a-donor strength of the 
ligands. The chemical nature of these substituents 
leads to a change in electron density on the coor- 
dinating nitrogen and oxygen atoms of the ligand 
through the influence of the mesomeric and induc- 
tive effects. 

An octahedral structure of the Ni(II) and Co(II) 
complexes with organic compounds containing the 
ethylenediamine moiety has been established by 
magnetic susceptibility measurements [39,41]. The 
oxygen-Ni(II) (or -Co(II)) bonds in these com- 
plexes have been found to be ionic, whereas for the 

nitrogen-Ni(II)(or -Co(II)) bonds a partial posi- 
tive charge on the nitrogen atom was detected. By 
analogy, it can be assumed that the ligands studied 
here can coordinate the Co 2÷ and Ni 2+ ions 
through the N(5) atom of the rigid Pte framework 
and through the oxygen atom at C(4). With PteAc 
and PteGlu, the R2 and R 3 substituents respectively 
at C(6) introduce a highly reactive N(10) atom. 
Consequently, the neighbouring atoms N(5), C(6), 
C(9) and N(10) in PteAc and PteGlu jointly form 
an ethylenediamine framework. The capacity for 
the formation of coordination bonds with the Co 2 ÷ 
and Ni 2÷ ions by this framework has already been 
widely discussed in the literature [33,39-41]. Also 
in this case such complexation appears to be highly 
probable. The presence of glutamate in PteGlu 
enables the participation of the oxygen atom of the 
C~ carbonyl group in bonding to the central ion. 
Less probable, however, is coordination through 
the carboxyl group at C~, owing to the large 
distance from the assumed coordination centre. 
Obviously, the presence of the water molecules in 
the coordination sphere of the complex cannot be 
ruled out. 

It seems quite likely that the nature and distribu- 
tion of functional groups in the molecules of the 
Co(II) and Ni(II) complexes of Pte, PteAc and 
PteGlu markedly affect their physical and chemical 
properties [37,44-47]. The electronic spectra of the 
PteGlu complexes with these ions reported earlier 
[9,25] seem to be supported by the results of the 
present study. The bands at 280 and 300 
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nm for Ni(II) and Co(II) respectively also indi- 
cate the complexation within the Pte framework. 
The observed bathochromic shifts of these max- 
ima are probably due to the effect accompanying 
bond formation of weakening of the ligand field 
strength [48] due to the change of conformation 
and the formation of a chelate. The electronic 
spectrum of folic acid exhibits three bands (at 
255, 282 and 365 nm) in the UV region. The 255 
and 365 nm bands are assigned to electron tran- 
sitions in the Pte fragment of the molecule, 
whereas the 282 nm band is assigned to a transi- 
tion in the p-aminobenzoate fragment [49-51]. 
In the spectra of folic acid solutions containing 
Co 2÷ and Ni 2÷ ions the 255 nm band is missing 
and the 365 mn band is displaced [9,25]. Further, 
a distinct increase in the intensity of the 280 nm 
band is noted on raising the Ni 2+ ion concentra- 
tion (the 300 nm band also increases on intensity 
with the addition of Co 2+ ions). This finding 
supports the assumption of the ion binding to 
the rigid Pte framework. It seems highly proba- 
ble that the nondisplaceable 282 nm band or the 
slightly shifted 280 nm band in systems with the 
Ni 2+ ions (300 nm with Co 2+) is responsible for 
the variations in steric accommodation of the 
p-aminobenzoic acid residue. These variations 
are probably due to the formation of new bonds 
with the metal ions. The electronic spectra of the 
Co 2+ and Ni 2+ complexes of PteGlu, PteAc and 
Pte display some other bands assignable to 
metal-ligand electron transitions and to those 
within the molecule of the coordinated ligand 
[9,25,37]. 

The results of this work are complementary 
with the earlier ones and both sets of results 
strengthen the suggestion made as to the mode 
of binding of the metal ions with the ligands. 

Bearing in mind the total effort devoted to the 
study of the complexing effect of the Co 2+ and 
Ni 2+ ions on the electrochemical reduction of 
the ligands should be emphasized. The first dis- 
tinctsign of the influence is the variation of the 
reduction potential of the pterins on variation of 
the Co 2+ and Ni 2+ concentrations in solution. 
Further, distinct differences have been noted in 
the variations of the peak currents of reduction 
of the ligands as the metal ion concentrations 

were varied. Thus, complexation has a distinct 
influence on the rate of formation of the reduced 
forms of the compounds. 

This study enables the identification of those 
forms of Pte, PteAc and PteGlu which complex 
the Co 2÷ and Ni 2÷ ions in aqueous solutions. 
Good agreement should also be emphasized be- 
tween the stability constants determined by three 
independent methods [9,25,37]. 

The results of this study reveal the important 
role played by the Co 2÷ and Ni 2÷ ions in forma- 
tion of unique conformations of the ligands 
which are likely to control their bioactivity in 
living organisms. 
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Abstract 

Mixed-ligand chelate extraction of trivalent lanthanides such as Nd(III), Eu(III) and Lu(III) into benzene with 
mixtures of 4,4,4-trifluoro-l-phenyl-l,3-butanedione (HBFA) and bis-2-ethylhexyl sulphoxide (B2EHSO) or 
triphenylphosphine oxide (TPhPO) from thiocyanate solutions was investigated. The results demonsrate that these 
metal ions are extracted as Ln(BFA)3 with HBFA alone and in the presence of a neutral oxo-donor, B2EHSO or 
TPhPO(S), as Ln(BFA)3-S and Ln(BFA);2S. The equilibrium constants of the above species increase monotonically 
with decreasing ionic radii of these metals ions. The addition of a neutral donor to the metal chelate system not only 
enhances the extraction efficiency but also improves the selectivity among these trivalent lanthanides. Hence this 
mixed-ligand system may be useful for the extraction and separation of individual lanthanides and also for the 
separation of lanthanides as a group from other metal ions. 

Keywords: Mixed-ligand chelate extraction; Trivalent lanthanides 

I. Introduction 

Mixed-ligand chelate extraction of trivalent lan- 
thanides by mixtures of a chelating agent and a 
neutral oxo-donor has been studied extensively by 
several workers and the relevant data are covered 
in reviews on synergistic extraction [1,2]. Several 
models have been proposed to explain the syner- 
gism observed in these systems. However, the role 

* Corresponding author. Fax: (91) 471-490186; 
e-mail: rrlt@sirnetm.ernet,in. 

of each of the factors involved in such models is 
not fully understood. To clarify the roles of dehy- 
dration and of expansion of metal ion coordina- 
tion number, calorimetric studies were conducted 
on the reaction between thenoyltrifluoroacetone 
(HTTA) complexes of UO2 2+, Th 4+ and Nd 3+ 
cations with tributyl phosphate (TBP) and trim- 
octylphosphine oxide (TOPO) neutral adducts [3]. 
These studies were conducted in organic solvents 
and it was confirmed that the major role of the 
neutral adduct is to increase the organophilicity of 
the complex when the adduct displaces some or 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02024- 3 



98 M.L.P. Reddy et al. / Talanta 44 (1997) 97-103 

all of the hydration of the binary fl-diketonate 
complexes. 

Many studies have been carried out on the 
synergistic extraction of trivalent lanthanides us- 
ing a mixture of HTTA and a neutral 
organophosphorus reagent such as TBP or TOPO 
or n-octyl(phenyl)-N,N-diisobutylcarbamoylmeth- 
ylphosphine oxide (CMPO) [4-6]. Compared with 
these, the systematic study of synergistic extrac- 
tion systems involving 4,4,4-trifluoro-l-phenyl- 
1,3-butanedione (HBFA) and a neutral oxodonor 
is sparse [7]. Shigematsu et al. [7] studied the 
extraction of selected lanthanides with mixtures of 
HBFA and TBP or TOPO. HBFA has been 
found to extract metal ions from more acidic 
solutions than HTTA (pK, = 6.25) owing to its 
lower pKa value (6.03). However, no studies rele- 
vant to the extraction of trivalent lanthanides 
with HBFA in the presence of bis-2-ethylhexyl 
sulphoxide (B2EHSO) as a neutral donor have 
been reported. B2EHSO, a sterically hindered 
branched-chain extractant, has recently been ex- 
plored in our laboratory as a synergist in the 
extraction of trivalent lanthanides and actinides 
with various fl-diketones such as HTTA and 4- 
acylpyrazolones [8-10]. A very high synergistic 
enhancement of the order of 103 has been ob- 
served in the above mixed-ligand systems. Fur- 
ther, a few systems have also shown improved 
selectivites either among the trivalent lanthanides 
or between the trivalent lanthanides and actinides. 
This prompted us to initiate a systematic study 
on the extraction of trivalent lanthanides using 
B2EHSO as a synergist in the presence of HBFA 
as a chelating agent, with a view to elucidating the 
nature of the complexes extracted into the organic 
phase and also to investigate the selectivity of this 
mixed-ligand system. For comparison, studies 
were also carried out with HBFA in the presence 
of triphenylphosphine oxide as a neutral oxo- 
donor. 

2. Experimental 

HBFA and TPhPO were purchased from 
Aldrich Chemical (USA). B2EHSO was obtained 
from Fairfield Chemical (USA) and purified by 

the method reported in the literature [11]. Tracer 
solutions of 147Nd, Js2"I54Eu and I77Lu were sup- 
plied by the Board of Radiation and Isotope 
Technology (BR1T), (India). All other chemicals 
were of reagent grade. 

The solvent extraction procedure and the exper- 
imental details were as described previously [8,9]. 
All the computer programs were written in FOR- 
TRAN 77 and executed on a 32 bit mini-com- 
puter (HCL Horizon III). 

3. Results and discussion 

3. I. Theoretical 

Lanthanide ions in the aqueous phase adopt a 
variety of complex forms in the presence of thio- 
cyanate ions, but under the present experimental 
conditions it is sufficient to consider only the first 
two complexes as defined by 

Ln 3+ + i S C N -  /~' Ln(SCN)i ° ~+ (1) 

where Ln = Nd(III) or Eu(III) or Lu(III) and 
i =  1 and 2. Then the total concentration of 
Ln(III) in the aqueous phase [Lnt] is given by 

[Lnt] = [Ln 3+] (1 + flt[SCN-] + fl2[SCN ]2) (2) 

The values of the stability constants fit and f12 
were obtained from the literature [12] (ill, Nd = 
6.47; f12, Nd = 1.30; ill, Eu = 5.05; flz, Eu = 1.35; 
ill, Lu = 2.82). 

The extaction of a trivalent lanthanide ion, 
Ln 3+, with a chelating extractant, HA, can be 
expressed as follows: 

Ln~q 3+ + 3HAorg ~ ~ LnA3org + 3Haq + (3) 

where k¢~ is the extraction constant. The distribu- 
tion ratio of the metal, Do, can be written as 

[LnA3] 
D o -  Ln 3 + + E[LnA. 3 --  n ]  ._~ E[Ln(SCN) 3 - t] 

(P~A~3Ke×(1 [A ]3 '] 
= \K~-~HAJ +Zfl , [SCN_],+Za.[A_]n / (4) 

where PHA and KnA are the partition and acid 
dissociation constant of HA, respectively, G, is the 
stability constant of MA., 3-" in the aqueous 
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phase and A -  is the chelating anion in the 
aqueous phase, In the lower concentration region 
of A; 7,[A-]" is negligibly small; hence D0(1 + 
flj [SCN] + fl2[SCN}2) depends on the third power 
of [A-]. 

The mechanism of extraction of trivalent lan- 
thanide, Ln 3+, with a chelating agent in the pres- 
ence of neutral oxo-donor (S) may be expressed as 
follows: 

Ln~q 3+ + 3HAo~g + m S o ~ g  u ~'~' ..... ' LnA3 ' mSorg 

+ 3H +~q (5) 

where m = 0, 1 and 2. The the distribution ratio, 
D can be written as 

[HA]3 ( 
D =  [H+]  3 g e x +  m= ~ 1 Ksy .. . .  [S] m 

, ) 
x 1 + u,,[A-]" +/?,[SCN]' (6) 

As is well known, chelating agents are weak acids 
and the neutral donors are bases; the chelating 
agent and the neutral oxo-donor will interact in 
the organic phase, leading to reduced concentra- 
tions of the free chelating agent and neutral 
donor. This reaction can be written as 

KI 
HAorg + Sorg ~ - - - ~  HA'Song (7) 

The constants K=y ..... and K~ are deduced by non- 
linear regression analysis using the following pro- 
cedure. 
(1) Assume values of Ksy .. . .  and Kv 
(2) The equilibrium concentration of the species 
occuring in Eq. (6) were determined with the 
knowledge of the initial concentrations [HA] and 
[S], PHA, KHA and the assumed values of K~ by 
solving a quadratic equation and a linear equa- 
tion. 
(3) The values of the assumed equilibrium con- 
stants which lead to the minimum root mean 
square fractional error, y, where 

~lj~lIDCalci--Dcxptil2 
Y= . . 
for all the experimental data were taken to be 
equilibrium constants for the system under con- 
sideration. 

The adduct formation reaction in the organic 
phase and the stability constants, tim, are given by 

/~,,, 
LnA3o~g + mSorg ~ LnA3"mSo~g (8) 

tim = Ksy ..... /Kex 

where m = 1 or 2. 

3.2. Extraction of trivalent lanthanides with 
HBFA alone 

The extraction of Nd(III), Eu(III) and Lu(III) 
from 0.1 tool din-3 ammonium thiocyanate solu- 
tion of pH 3.0 with HBFA (0.1-0.6 mol dm -3) in 
benzene was studied. The plots of log{D(1 + 
/71[SCN] + fl2[SCN]2)} against the logarithim of 
the equilibrium concentration of the BFA- anion 
in the aqueous phase are shown in Fig. 1. The 
equilibrium concentration of BFA- in the 
aqueous phase was calculated from its partition 
and dissociation constants, using the equation 

C.A 
[BFA-] - 

(PHA + 1)[H+]/KHA + l 

where CHA denotes the initial concentration of 
HBFA. The literature values of pKHA = 6.03 and 
log P~a = 2.61 were used [13]. The slope of the 
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Fig. 1, Effect of HBFA concentration on the extraction of 
Nd(llI), Eu(IIl) and Lu(IlI). Aqueous phase 0. I mol dm 3 
thiocyanate pH 3 [Ln] 3+ = 1.0 x 10 -6, 



100 M.L.P. Reddy et al. / Talanta 44 (1997) 97-103 

Table 1 
Two-phase equilibrium constants of trivalent Nd, Eu and Lu-HBFA-neu t r a l  oxo-donor benzene systems 

Complex Log (equilibrium constant) 

Nd(IIl) Eu(lll) Lu(llI) 

Ln(BFA) 3 - 8.09 + 0.01 - 7.33 ___ 0.01 -6 .97  + 0.02 
Ln(BFA)3.B2EHSO - 5.62 + 0.01 - 3.21 + 00.01 - 2.65 4- 0.02 
Ln(BFA)3.2B2HSO -3 .30  __+ 0.01 - 1.15 + 0.01 
Ln(BFA)3.TPhPO - - 1.71 + 0.01 - 1.02 + 0.01 
Ln(BFA)3.2TPhPO -0 .53  + 0.01 1.98 + 0.02 
HBFA.B2EhSO 1.07 ___ 0.01 1.07. + 0.01 1.07 __+ 0.01 
HBFA.TPhPO 1.27 + 0.02 1.27 + 0.02 1.27 + 0.02 

plot (Fig. 1) is 3 + 0.02, indicating the extraction 
of simple metal chelates, Ln(BFA)3, for all the 
metal ions studied here. This was further confi- 
rmed by analysing the data in Fig. 1 using Eq. (4). 
The best fit between the experimental and calcu- 
lated D values was obtained only when the forma- 
tion of simple metal chelate species, Ln(BFA)3, 
was assumed. The extraction constants (KavA) for 
the above species were determined by non-linear 
regression analysis and are shown in Table 1. It is 
clear that the KBFA value increases with decreas- 
ing ionic radius of the In 3+ ion. A similar type of 
behaviour has also been observed for the KTTA 
values for the extraction of trivalent lanthanides 
with HTTA from thiocyanate solutions [9]. 

3.3. Extraction with a mixture o f  HBFA and 
B2EHSO or TPhPO 

The extraction of Nd(III), Eu(III) and Lu(III) 
from 0.1 mol dm -3 ammonium thiocyanate solu- 
tion (pH 3.0) with mixtures of HBFA (0.1-0.5 
mol dm -3) + B2EHSO (0.0002-0.07 mol dm -3) 
in benzene was studied and the results are shown 
in Figs. 2 and 3. It was found that these metal 
ions are not extracted in practice by B2EHSO 
alone into xylene from thiocyanate solutions. 
However, with mixtures of HBFA + B2EHSO, 
about 5-20-fold enhancement in the extraction of 
Nd(III) and 20-200-fold enhancement in the ex- 
traction of Eu(III) and Lu(III) were observed. 

It can be seen from Fig. 2 of the plot of log 
{D[H + ]3(1 + fl, [SEN-] + fl2[SCN-]2)/1 + [B2E- 
HSO] (Ksyn, l /Kav  a + Ksyn,2/KBFA) [B2EHSO])}vs. 
log [HBFA] at constant B2EHSO that only three 

HBFA moieties are attached to the synergistic 
species for all the metal ions studied here. The 
plots of log{D[H+]3(1 + fl~[SCN-] + fl2[SCN- 
]z)/([HBFA]3-Kava)} vs. log [B2EHSO] at con- 
stant HBFA concentration yields a slope 
of 1 +__0.01 in the case of Lu(III) and non-inte- 
gral values in the case of Nd(III) and Eu(III), 

u 3  
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Fig. 2. Effect of HBFA concentration on the extraction of 
Nd(III), Eu(IlI) and Lu(IlI) at fixed B2EHSO concentration. 
Aqueous phase, 0.1 mol dm -3 thiocyanate (pH 3); Ln 3 + = 
1 × 10 -6 mol dm -3. 
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Fig. 3. Effect of B2EHSO concentration on the extraction of 
trivalent Nd(llI), Eu(III) and Lu(lll) at fixed HBFA concen- 
tration. Aqueous phase, 0.1 mol dm -3 thiocyanate (pH 3); 
[ L n  3 + ]  = 1 x 10 - 6  m o l  d m  - 3 .  

indicating the extraction of the species 
Ln(BFA)3"mB2EHSO, where m = l  or 2 for 
Nd(III) and Eu(III) and m = 1 for Lu(III). This 
was further confirmed by analysing the equi- 
librium data presented in Figs. 2 and 3 using Eq. 
(6). The best fit between the experimental and 
calculated D values was obtained only when the 
formation of the species Nd(BFA)3.B2EHSO / 
2B2EHSO, Eu(BFA)3.B2EHSO/2B2EHSO and 
Lu(BFA)3"B2EHSO was assumed. The synergistic 
extraction constants for the above species and 
interaction constant (K0 were deduced by non- 
linear regression analysis and are given in Table 1. 

The extraction of Nd(III), Eu(III) and Lu(III) 
from 0.1 mol d m  -3  ammonium thiocyanate solu- 
tion (pH 3.0) with HBFA (0.1-0.6 mol d m  -3 )  in 
the presence of TPhPO (0.0001-0.007 mol dm -3) 
in benzene was also investigated and the results 
are shown in Figs 4 and 5. It was found that the 
extraction of these metal ions is negligible with 
TPhPO alone under the present experimental con- 
ditions. However, with mixtures of H B F A +  
TPhPO about 5-80-fold enhancement in the 
extraction of Nd(III) and 10-140-fold synergis- 
tic enhancement in the extraction of Eu(III) 
and Lu(III) were observed. The plots (Fig. 4) 

of log {D[H +]3(I + fl~[SCN-] + fl2[SCN-]2)/(1 + 
[FPhPOI( Ksy,.,/ KBF A) + ( Ksyn,2/ KBF A) [TPhPO])} at 
constant concentration of TPhPO are linear with 
slopes of 3 _+ 0.02 for all the metal ions, indicating 
that three molecules of HBFA are involved in the 
respective extractable complexes. It can be seen 
from Fig. 5 that the slope of the plot log{(D[H + 
]3(1 + fl,  [SCN]  + f l z [ S C N ] Z ) / [ H B F A ]  3 - -  KBFA}VS. 

log [TPhPO]) is equal to 2 _+ 0.02 for Nd(III) and 
1.0 + 0.02 for Lu(III) and is a non-integral value 
(1.3 + 0.02) for Eu(III), indicating the extraction 
of the species Nd(BFA)3-2TPhPO, Eu(- 
BFA)3.TPhPO/2TPhPO and Lu(BFA)3"TPhPO. 
This was further confirmed by analysing the data 
using Eq. (6). The synergistic extraction constants 
and interaction constants were obtained by non- 
linear regression analysis and are given in Table 1. 

It can be clearly seen from Table 1 that the 
synergistic extraction constants for both systems 
studied here with increase with decreasing ionic 
radii of these trivalent metal ions. Further, the 
values of Ksyn, l, Ksyn. 2 and K1 for the TPhPO 
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Fig. 4. Effect of HBFA concentration on the extraction of 
Nd(llI), Eu(III) and Lu(IlI) at fixed TPhPO concentration. 
Aqueous phase, 0.1 mol dm -3 thiocyanate (pH 3); [Ln 3+] = 
I × 10 -6 mol dm -3. 
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Fig. 5. Effect of TPhPO concentration on the extraction of 
Nd(lll), Eu(lll) and Lu(lll) at fixed HBFA concentration. 
Aqueous phase, 0.1 mol dm -3 thiocyanate (pH 3); [Ln 3+] = 
1 x 10 -6 mol dm -3. 

system are higher than those for B2EHSO system, 
which is in the order of  basicity of  these neutral 
oxo-donors. 

The stability constants (13~ and 132) for the organic 
phase synergistic reaction of the trivalent lan- 
t h a n i d e - H B F A  chelate with neutral oxo-donors 
were calculated according to Eq. (8) and are given 
in Table 2. These stability constants for both 
systems increase with decreasing ionic radii of  the 
trivalent lanthanides. Comparing the log 131 and 132 
values of  E u - H B F A - S  (where S = B 2 E H S O ,  
TBP, TPhPO and TOPO) of various oxo-donors 
given in Table 3, it can be concluded that the 
stability of  these adducts follow the order 
B2EHSO < TBP < TPhPO < TOPO, which is also 

Table 2 
Equilibrium constants for the organic phase synergistic reac- 
tions of trivalent Nd, Eu and Lu HBFA chelates with 
B2EHSO or TPhPO in benzene 

Ln(lll) Mixture Log fll Log f12 

Nd HBFA + B2EHSO 2.47 ___ 0.01 4.79 + 0.01 
Eu 4.124-0.02 6.19_+0.02 
Lu 4.32 __+ 0.01 - 

Nd HBFA + TPhPO - 7.56 + 0.01 
Eu 5.62 ___ 0.02 9.31 + 0.01 
Lu 5.95 __+ 0.01 

Table 3 
Log fll and log/?2 values for the formation of Eu(BFA)3'S and 
Eu(BFA)~.2S adducts 

S Log fll Log f12 Ref. 

B2EHSO 4.12 6.19 This work 
TBP 4.60 7.80 [7] 
TPhPO 5.62 9.31 This work 
TOPO 6.93 11.86 [7] 

the order of  basicity of  these neutral oxo-donors 
[8,141. 

It can be concluded from the above study that 
in the extraction of Nd(III)  with HBFA in the 
presence of  B2EHSO or TPhPO, the predominant 
species extracted into the organic phase is 
Nd(BFA)3.2B2EHSO or Nd(BFA)3.2TPhPO. In 
the cases of  Eu ( l l l ) ,  two types of  species, Eu(- 
BFA)3"B2EHSO/2B2EHSO or Eu(BFA)3'TPhPO/ 
2TPhPO, are extracted into the organic phase. 
However, in the case of  Lu(III),  the only species 
extracted into the organic phase is 
Lu(BFA)3.B2EHSO or Lu(BFA)3'TPhPO. This is 
possibly because of the smaller ionic radius of  Lu 
compared with Nd and Eu, causing steric hindrance 
during the attachment of  the second molecule of  the 
neutral oxo-donor. 

Table 4 gives the separation factors between these 
trivalent lanthanides, defined as the ratio of  the 
respective distribution ratios with HBFA (0.3 mol 
dm-3),  (0.3 mol dm -3 HBFA + 0.005 mol dm -3 
B2EHSO) and (0.3 mol dm 3 HBFA + 0.0001 mol 
dm-3)  TPhPO systems. It is interesting to note that 
the addition of  B2EHSO or TPhPO to the metal 
chelate system significantly improves separation 
factors between these trivalent metal ions. 

Table 4 
Separation factors for Nd(IIl), Eu(lll) and Lu(llI) with 
HBFA and HBFA + B2EHSO or TPhPO systems 

Extractant Separation factor 

Eu/Nd Lu/Eu 

HBFA (0.3 mol dm -3) 6.2 
HBFA (0.3 mol dm -3) + 52.8 
B2EHSO (0.005 mol dm -3) 
HBFA (0.3 mol dm-3)+ 48.9 
TPhPO/ (0.0001 mol dm 3) 

2.8 
3.8 

5.0 
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4. Conclusion 

The extract ion equil ibria of tr ivalent lan- 

thanides with H B F A  and also with mixtures of 
H B F A  + B2EHSO or TPhPO has been investi- 

gated. The mechanism of extraction can be ex- 

plained by a simple chemically based model 

presented in this paper. The results demonst ra ted  

that not  only enhanced extraction but  also better 
selectivities can be achieved with these mixed-lig- 

and systems. Hence such a system would be of 

practical values in the extraction and  separat ion 
of individual  lanthanides  and also for their sepa- 

ra t ion as a group from other metal ions. 

References 

[1] J.N Mathur, Solvent Extr. Ion Exch., 1 (1983) 349. 
[2] G. Duyckaerts and J.F. Desreux, Int. Solvent Extr. Conf., 

Toronto, 1977, p 73. 

[3] M.S. Caceci, G.R. Choppin and Q. Liu, Solvent Extr. Ion 
Exch., 3 (1985) 605. 

[4] D.J. Pruett, M.C. Clark and D.D. Ensor, Sep. Sci Tech- 
nol., 25 (1990) 1777. 

[5] T.V. Healy, J. Inorg. Nucl. Chem., 19 (1961) 314. 
[6] T. Sekine and D. Dyrssen, J. Inorg. Nucl. Chem., 29 

(1967) 1475. 
[7] T. Shigematsu, M. Tabushi, M. Matsui and T. Honjyuo, 

Bull. Chem. Soc. Jpn., 40 (1967) 2807. 
[8] P.B. Santhi, M.L.P. Reddy, T.R. Ramamohan and A.D. 

Damodaran, Talanta, 41 (1994) 9. 
[9] P.B. Santhi, M.L.P. Reddy, T.R. Ramamohan and A.D. 

Damodaran, Radiochim. Acta, 64 (1994) 205. 
[10] P.B. Santhi, M.L.P. Reddy, T.R. Ramamohan, A.D. 

Damodaran, J.N. Mathur, M.S. Murali and R.H. Iyer, 
Solvent Extr. Ion Exch., 12 (1994) 633. 

[11] B.A. Moyer, C.E. Caley and C.F. Baes, Solvent Extr. Ion 
Exch., 6 (1988) 785. 

[12] R.M. Smith and A.E. Martell, Critical Stability Con- 
stants, Vol. 4, Inorganic Complexes, Plenum Press New 
York, 1976. 

[13] T. Sekine, T. Saitou and H. Iga, Bull. Chem. Soc. Jpn., 56 
(1983) 700. 

[14] R. Shanker and K.S. Venkateswarlu, J. Inorg. Nucl. 
Chem., 32 (1970) 229. 



E L S E V I E R  Talanta 44 (1997) 105-109 

Talanta 

Simultaneous determination of Amaranth and Sunset Yellow by 
ratio derivative voltammetry 

Yongnian Ni*, Jieling Bai 
Department of Chemistry, Nanchang University, Nanchang 330047, China 

Received 28 December 1995; revised 18 June 1996; accepted 26 June 1996 

Abstract 

A ratio derivative voltammetric method for resolving overlapping voltammograms without a pre-separation is 
described. The method is based on the use of the first derivative of ratios of the voltammograms of binary mixtures. 
The voltammogram of the mixture is obtained and the amplitudes of the current at appropriate potentials are divided 
by the corresponding amplitudes in the voltammogram of a standard solution of one of the components, and the first 
derivative of the ratio voltammogram is obtained. The concentration of the other component is then determined from 
a calibration graph. The method has been successfully applied for resolving binary mixtures of Amaranth and Sunset 
Yellow, which have overlapped adsorptive voltammograms in pH 6.0 McIlvane buffers. 

Keywords: Amaranth; Dyes; Ratio derivative voltammetry; Sunset yellow 

1. Introduction 

The electrochemical behaviour of a variety of 
azo compounds has been investigated over the 
years, and the mechanism of  the polarographic 
reduction of azo compounds has been known for 
some time [1,2]. Fogg and co-workers [3-12] stud- 
ied a series of applications of the use of polarog- 
raphy and voltammetry in the determination of 
these colouring matters. The addition of tetra- 
phenylphosphonium chloride (TPPC) was found 
to be advantageous in some instances in improv- 
ing the selectivity as the reduction potentials of  

* Corresponding author. 

some colouring matters, such as Tartrazine, were 
shifted to more negative potentials, and proce- 
dures were given for the determination of Tar- 
trazine-Sunset Yellow, Tar t razine-Green S, 
Amaranth-Green S and Chocolate Brown-Tar -  
t razine-Green S in soft drinks by differential- 
pulse polarography (DPP) without prior 
separation of  the colouring matters from the sam- 
ples [3-5]. Dominguez et al. [13] reported a polar- 
ographic method for the determination of Sunset 
Yellow and Tartrazine in the presence of 
polyvinyl-pyrrolidone. With this method, it was 
possible to determine Sunset Yellow in the pres- 
ence of up to 10 times as much Tartrazine at pH 
10.0. However, the determination of Tartrazine in 
the presence of Sunset Yellow was only possible 
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when the Sunset Yellow interferent/Tartrazine ra- 
tio was less than 1, and also a different medium of 
pH 1.6 should be used. 

In this paper, a mathematical method which is 
based on the use of the first derivative of the ratio 
voltammogram, for the voltammetric analysis of 
binary mixtures of colouring matters with over- 
lapping voltammetric waves is proposed. 

2. Theory 

tudes for B are then divided, potential by poten- 
tial, by the corresponding amplitudes of unit 
concentration for A. The "ratio voltammograms" 
thus obtained are then differentiated with respect 
to potential and the derivative values for a given 
potential are plotted against CB to give a calibra- 
tion graph. Application of the method to a sample 
containing both A and B, and use of the calibra- 
tion graph, will then give the value of Ca in the 
mixture. Component A can be determined by an 
analogous procedure if it is also overlapped by B. 

Salinas et al. [14] developed a new spectropho- 
tometric method, named the "ratio derivative 
spectrum" for resolving binary mixtures. This 
method has been widely used to solve spectropho- 
tometric problems [15-20]. In this paper, this 
method is extended to resolve voltammetric prob- 
lems. 

For a binary mixture containing components A 
and B, the voltammogram of the mixture can be 
defined by the equation 

[i = aA,iCA q- aB,iCi3 + Iio ( l )  

where I~ is the voltammetric curent of the mixture 
at potential Ei, CA and CB are the concentrations 
of A and B, aA,i and aa,i are the proportional 
coefficients of A and B at potential Ei and I~0 is 
the residual current at E~, which can be simply 
denoted as Iio = ko + kEi (ko and k are constants 
here) in a limited potential region. 

If Eq. (1) is divided by the proportional coeffi- 
cient of one of the components (e.g. aA.i), the 
following equation can be obtained: 

li/aA,i = CA + CB(aB,i/aA,i) q- (ko + kEi)/aA.i (2) 

By using the first-derivative approach, the follow- 
ing equation can be written: 

d(Ii /aA.i) /dE = Cad(aa.i /aA,i)/dE + k/aA. i (3) 

where k/aA. i is a constant. Eq. (3) indicates that 
the amplitude of the "ratio derivative voltam- 
mogram" of the mixture at any given potential is 
dependent only on the value of CB and is indepen- 
dent on the value of CA in the mixtures. 

A calibration graph is obtained by recording 
and storing the voltammograms of solutions of 
pure B at different concentrations. The ampli- 

3. Experimental 

3.1. Apparatus 

The voltammograms were obtained with a BAS 
100A electroanalyser equipped with an electrolytic 
cell stand (PARC 303A, EG&G). A three-elec- 
trode cell containing a mecury drop electrode (the 
function of a hanging mercury drop electrode 
(HMDE) was used in this work) as the working 
electrode, an Ag-AgCI (3 M KCI) electrode as 
the reference electrode and a Platinum wire as the 
counter electrode was used. The pH of the solu- 
tion was measured with a pH meter (Orion 
SA720). All experiments were performed at 20 °C. 

3.2. Reagents 

Stock solutions of 10/zg ml-1 of Amaranth and 
Sunset Yellow were prepared by dissolving the 
crystalline dyes in deionized water. McIlvane 
buffers (pH 6.0; I = 0 . 5 m o l  1-1) were prepared 
from potassium phosphate, citric acid and potas- 
sium chloride [21]. All reagents were of analytical- 
reagent grade. 

3.3. Procedure 

A suitable amount of Amaranth or Sunset Yel- 
low or their binary mixtures, together with 5.0 ml 
of buffer solution, was placed in a cell and made 
up to 10.0 ml with deionized water. The solution 
was purged with purified nitrogen for 300 s and 
then electrolysed for 240 s at an HMDE with an 
accumulative potential of - 100 mV. After a 10 s 
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quiet time, the potential was scanned from -100 
to - l l 0 0 m V  versus the Ag-AgC1 reference 
electrode at a scan rate of 100mVs-L The 
voltammograms were recorded by using a DMP- 
40 plotter (Houston Instruments) and stored in 
an IBM 386 computer with an interval of 2 mV. 
Fig. 1 shows the voltammetric waves of Ama- 
ranth and Sunset Yellow. 

For the determination of Amaranth, the 
stored voltammograms of the mixtures were di- 
vided by a standard voltammogram (divisor) of 
Sunset Yellow. The ratio voltammograms thus 
obtained were smoothed through the use of 
seven experimental points and the first deriva- 
tives were calculated with AE = 4 mV [22]. The 
concentration of the Amaranth was proportional 
to the amplitude of the minimum at -465 mV 
(see Fig. 3). 

Generally, both components with seriously 
overlapped voltammograms in binary mixture 
can be evaluated by the proposed ratio deriva- 
tive voltammetric method. In this work, how- 
ever, Sunset Yellow can be determined directly 
at its peak potential, -500 mV, because there is 
no influence from Amaranth at this potential 
(see Fig. 1). 
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Fig. 1. Voltammetric waves of Amaranth  (0.15 p g ml-1)  and 
Sunset Yellow (0.15 pg ml - t ) .  
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Fig. 2. Ratio voltammograms for different concentrations of 
Amaranth  (0.03/~g ml -~ Sunset Yellow as divisor): (1) 0.03; 
(2) 0.06; (3) 0.09; (4) 0.12; (5) 0.15; (6) 0.18 pg ml-~. 

4. Results and discussion 

4.1. Selection of the standard solution for divisor 

In this work, if the voltammogram of compo- 
nent A with known concentration CA ° is used to 
replace the proportional coefficient (i.e. the 
voltammogram of unit concentration) as divisor. 
Eq. (3) will then become 

d(I i /aA, iCA°) /dE 

= (CB/CA°)d(aB, i /aA, i ) /dE+ k/(aA, iCA °) (4)  

This is valid for the determination of B. Hence 
in pratical experiments, a solution with suitable 
concentration was chosen as a standard factor 
(divisor). In this work, 0.03 pg mg -1 Sunset Yel- 
low was used as a standard factor for the deter- 
mination of Amaranth. The term k/(aA.iCA °) 
represents the effect of the residual current, and 
in most cases it can be eliminated. 

4.2. Determination of  Amaranth and Sunset 
Yellow in synthetic mixtures 

Figs 2 and 3 are the ratio voltammograms and 
their ratio derivative voltammograms of Ama- 
ranth with different concentrations (the voltam- 
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Fig. 3. First derivatives of ratio voltammograms for different 
concentrations of Amaranth (0.03/~g ml -~ Sunset Yellow as 
divisor); (1) 0.03; (2) 0.06; (3) 0.09; (4) 0.12; (5) 0.15; (6) 
0.18/tg m l -  L 

Table 2 
Determination of Amaranth and Sunset Yellow in drinks 

Samples Found (/tgml 1)a 

Amaranth Sunset 
Yellow 

Orange juice l . l  (0.1) 32.4 (0.8) 
Fruit juice 4.1 (0.4) 8.9 (0.5) 
Merida orangeade 2.1 (0.4) 49.9 (1.5) 

aValues in parentheses are standard deviations (n = 3). 

In this work, ten synthetic mixtures of  Ama- 
ranth and Sunset Yellow were analysed by the 
proposed method. The results are given in Table 
1. 

4.3. Determination of Armaranth and Sunset 
Yellow in drink 

mogram of  0.03 /tg ml - t  Sunset Yellow as divi- 
sor). The amplitudes of the derivative voltam- 
mogram at the peak potential, - 4 6 5  mV, were 
selected as the measurement potential. The cali- 
bration graph for Amaranth is represented by 
D, = - 9 . 5 3  × 10 -4  - 0.379 C (r = 0.9985). 

The calibration graph at - 5 0 0  mV for the de- 
termination of Sunset Yellow can easily be ob- 
tained as I =  18.4 + 3.88 × 103 C (r = 0.9997). 

The proposed method was also applied to the 
determination of these two colouring matters in 
several soft drinks produced in China. The sam- 
ples were dissolved in a certain volume of  deion- 
ized water, gently warmed to dissolve completely 
and filtered. Measurements were carried out di- 
rectly as described above using an HMDE. The 
results are given in Table 2 and are in agreement 
with the manufacturer's specifications. 

Table 1 
Resolution of Amaranth and Sunset Yellow mixtures by the proposed method 

Sample Added (/tg ml - i) Found (,u g ml - i ) 
No. 

Amaranth Sunset Amaranth Sunset 
Yellow Yellow 

Recovery (%) 

Amaranth Sunset 
Yellow 

1 0.030 0.160 0.025 0.171 83.3 106.9 
2 0.030 0.100 0,024 0.110 80.0 110.0 
3 0.030 0.040 0,032 0.040 106.7 100.0 
4 0.160 0,160 0.138 0.140 86.3 87.5 
5 0.160 0.100 0.150 0.096 93.8 96.0 
6 0.160 0.040 0.169 0.042 105.6 105.0 
7 0.100 0.160 0.084 0.147 84.0 91.9 
8 0.100 0.100 0.097 0,108 97.0 108.0 
9 0.100 0.040 0.101 0.043 101.0 107.5 

10 0.080 0.080 0.074 0,076 92.5 95.0 
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5. Conclusion 

The results show that the proposed method is 
effective for resolving binary mixtures and suitable 
for the simultaneous voltammetric determination 
of Amaranth and Sunset Yellow in the concentra- 
tion range 0.03-0.16/tg ml- 1, which is much more 
sensitive than spectrophotometric approaches [19]. 
This work indicates that some voltammetric prob- 
lems can benefit from the mathematical methods 
often used in spectrophotometry. 
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Abstract 

The results of a series of interlaboratory tests using low ionic strength buffer solutions are reported. The test data 
and other background information are presented as the basis for more realistic quality control materials for pH 
determination in low ionic strength waters. The effect of atmospheric carbon dioxide on the pH of low ionic strength 
reference samples is discussed. Several control samples are recommended for routine use. 

Keywords: pH determination; Quality control; Waters 

I. Introduction 

In an earlier paper [1], we identified four desir- 
able characteristics for an analytical quality con- 
trol (AQC) sample for pH determination in low 
ionic strength waters: (a) it should be of known 
pH value, to allow systematic error to be assessed; 
(b) it should have a similar susceptibility to the 
main sources of measurement error as real sam- 
pies; (c) it should be adequately stable to allow its 
use in an extended series of batches of  analysis; 
and (d) it should be a similar pH (and ionic 
strength; see (b)) to unknown samples. Subse- 
quently, Peck and Metcalf [2] identified the need 

* Corresponding author. FAX: 01491-579094. 

to make separate checks on sample handling and 
on the measurement stage of analysis. In their 
view, this necessitated two types of control sam- 
ple. The first would be adequately stable (not 
susceptible to change by exchange of carbon diox- 
ide (CO2)), of well characterized pH and appro- 
priate ionic strength. This sample would be used 
to validate the measurement process. The second 
sample would be subject to the sources of  poten- 
tial sample instability, as a check on sample han- 
dling. In a well argued paper, they went on to use 
computer modelling of chemical equilibria to 
compare calculated pH values with the results of  
careful measurement and interlaboratory tests. 
They recommended two solutions/test samples 
which would be used as more realistic AQC solu- 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
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tions (than high ionic strength buffers) for the 
determination of the pH value of environmental 
samples. 

The most common practice for the day to day 
determination of pH, in environmental and water 
laboratories, is to use a buffer solution as an 
AQC sample. Such solutions are of relatively high 
ionic strength in comparison with the natural 
waters that are examined routinely. The use of a 
high ionic strength buffer solution satisfies few 
(none apart from (a)) of the key quality control 
criteria above. 

This paper is intended to extend the process of 
defining a range of more relevant (i.e. than high 
ionic strength buffers) control samples for pH 
determination. The two solutions recommended 
by Peck and Metcalf [2] are of very low ionic 
strength (ca. 10 4 M). These are appropriate to 
monitoring of very soft upland waters, those 
which are most susceptible to acidification. The 
samples discussed here are more applicable to 
determinations of pH in a wider range of surface 
and potable waters (ionic strength ca. 10 3 M). 
The aim of this paper is to present the results of a 
series of interlaboratory tests for pH determina- 
tion in water samples. The test samples used and 
the measured values for pH are presented as an 
illustration of the types of solution which might 
be employed as more realistic, routine quality 
control test samples. The group of laboratories 
carried out a rigorous programme of internal 
performance testing. This helps to provide con- 
sensus estimates of pH which can be regarded as 
reliable reference values for future use. The role of 
atmospheric CO2 in determining the reference pH 
value of low ionic strength check samples is also 
discussed. 

2. Interlaboratory tests 

SADWSS (the Scottish Association of Direc- 
tors of Water and Sewerage Services) coordinates 
AQC activity between Scottish Regional Council 
laboratories in order to achieve and to demon- 
strate adequate standards of accuracy in chemical 
analysis. Principal areas of activity for the SAD- 
WSS AQC Group are drinking water quality 

monitoring and the control of effluents discharged 
to rivers and estuaries. Laboratories of the De- 
partment of the Environment (Northern Ireland) 
Water Executive are also involved in the AQC 
programme. WRc has acted on behalf of SAD- 
WSS to design within- and between-laboratory 
AQC test programmes and to conduct and inter- 
pret a series of within-laboratory and interlabora- 
tory tests for a wide range of determinands. This 
work has been carried out over a period of 6 
years, beginning in 1990. 

The accuracy of chemical analysis can often fall 
short of that required for its intended purpose. A 
stepwise approach to testing different components 
of the analytical system has been devised [3] and 
applied in water analysis in the UK for a number 
of years. Applications have included the determi- 
nation of pH [4,5]. This approach was used by the 
laboratories involved in SADWSS programme. 

For pH determination, the work programme 
involved: (a) adoption of a best practice approach 
to pH determination as recommended by Coving- 
ton et al. [6]; (b) within-laboratory tests of preci- 
sion; and (c) confirmation that adequate accuracy 
has been achieved by means of an interlaboratory 
test. The within-laboratory tests can be summa- 
rized as follows. In each of 11 batches of analysis, 
each laboratory made duplicate determinations on 
the solutions, including a NIST postassium hy- 
drogenphthalate (0.05 M) buffer, a 1 x 10 4 M 
solution of hydrochloric acid, a 1 x 10 .5 M solu- 
tion of hydrochloric acid and two samples of 
drinking water. The results of these tests were 
subjected to an analysis of variance and the over- 
all (total) standard deviation [7] of results was 
estimated for each laboratory-sample combina- 
tion. The maximum acceptable value for total 
standard deviation was set at 0.05 pH units. Lab- 
oratories which failed to achieved this standard of 
precision took action to improve and repeated the 
tests as a demonstration of satisfactory control 
over random error. 

3. Experimental 

Each test involved the distribution of 1 1 por- 
tions of five test solutions. Samples were prepared 
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in 50 1 portions which were homogenized and 
distributed by overnight carrier in fully filled low- 
density polyethylene bottles. Participants were ad- 
vised that pH determinations should be carried 
out within 3 days of sample receipt. Test samples 
were chosen to be of pH value relevant to partici- 
pants' routine work. Interest centred on the pH 
region of 5-6 for the control of aluminium floccu- 
lation in water treatment processes and of higher 
pH values, in the range 7 9, for potable waters 
supplied to the water distribution system. Partici- 
pants were asked to carry out four pH determina- 
tions on each sample, in two separate batches of 
analysis. The pH values of the samples were deter- 
mined at WRc before distribution and 3 and 6 
days afterwards. Samples were found not to 
change by more than 0.05 pH units (except hydro- 
gencarbonate buffers, see below). The target for 
comparability of pH measurement was that labo- 
ratories' mean results should not differ from the 
reference value by more than 0.1 pH unit. Refer- 
ence values were established by the coordinating 
laboratory (WRc) by measurement using two pH 
systems, each incorporating free flowing junctions 
(Orion "Ross" pH electrode and separate refer- 
ence calomel (or "Ross" reference) electrodes). 

An essential confirmatory check on the refer- 
ence pH values and on sample stability for the 
interlaboratory tests was provided by comparison 
between the consensus mean pH (after rejection of 
data from laboratories which showed a consistent 
bias of greater than 0.1 pH units for several 
solutions in a given test) and the WRc value. 
Since the laboratories operated a rigorous pro- 
gramme of within-laboratory quality control, the 
incidence of rejection was low, not more than two 
rejections per test. 

4. Results 

Data from the interlaboratory tests reported 
here were obtained over a period of 4 years. Table 
1 shows the results of the series of interlaboratory 
test for pH determination. Each test involved 
analysis of five solutions. Of these, several were 
intended as candidates for routine quality control 
samples. The compositions of these solutions and 

the relevant results are shown, together with the 
consensus mean values and WRc reference values. 
In each case the range of participants' results is 
shown, The number of laboratories taking part in 
each test (and hence contributing to the consensus 
value) was 11 at the start of the series of tests 
(1990). The results of these laboratories have been 
reported in Table 1 for the whole series of tests. 

5. Discussion 

The 'true pH value' is the key to be addressed 
for all check samples/buffers, pH values may be 
assigned in a number of ways. Primary reference 
values and pH scales are set for standard buffers 
with respect to a number of conventions (see, for 
example, Ref. [8]). The observed pH of most 
measurements is relative to the pH of these pri- 
mary buffer values. The question here, in relation 
to the routine quality control (QC) check solu- 
tions used in these interlaboratory tests, is one of 
deciding on an accepted value for routine QC use, 
rather than assigning a primary reference value. 
The values given in Table 1 are those observed in 
a series of interlaboratory tests. We propose that 
these values can act as a guide to the reference 
value, against which bias can be evaluated, for 
routine control purposes. 

For the dilute acid samples and the succinate 
buffers, the difference between the WRc values 
and the consensus mean values is 0.04 units pH or 
less. Nevertheless, the laboratory mean value is 
often negatively biased with respect to the WRc 
value. A principal source of error for pH determi- 
nation in lower ionic strength sample is negative 
bias caused by liquid junction potential effects. 
This probably accounts for much of the observed 
bias. The tendency towards negative bias is clearer 
(although not necessarily larger) in the case of the 
phosphate buffers, particularly for the lower ionic 
strength samples. The largest difference is -0.04 
pH units, for the lowest ionic strength samples (a 
test carried out at the start of the series of tests 
(12/90) was excluded; after this test, many labora- 
tories took steps to minimize liquid junction er- 
rors by ensuring a more freely flowing junction, 
either by applying pressure to the reference cell or 
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by using a newer electrode (with a less blocked 
junction)). Given this and acknowledging that it is 
not possible to justify either value as completely 
unbiased, we propose that analysts using the solu- 
tions as control samples should expect to obtain 
long-term mean pH values which are in the range 
limited by the WRc value and the laboratory 
mean. Measured mean pH values less than the 
lower limit of this range might be considered as 
evidence of negative bias (i.e. sources such as 
calibration or liquid junction errors should be 
investigated). Values higher than the upper limit 
of the range might be taken to be evidence of 
positive bias (perhaps arising from calibration 
errors or lack of electrode equilibration). The 
results for hydrogencarbonate buffers (see Ref. 
[2]) are not reliable for reasons discussed below. 

The results of these tests can be compared with 
those from the interlaboratory tests carried out by 
Koch and Marinenko [9]. They obtained a very 
small between-laboratory range of results (less 
than 0.1 pH unit) for a dilute acid standard 
solution. This study illustrates a wider range of 
0.1-0.36 pH unit for similar samples. The rela- 
tively high precision demonstrated by Koch and 
Marinenko related to closely defined procedures 
used in relatively specialist laboratories whose 
main interest was surface water acidification. The 
wider range shown relates to routine measure- 
ments in water utility laboratories. The standard 
of accuracy achieved in this study met the require- 
ments defined for drinking water quality monitor- 
ing by the UK Water Supply Regulations 
(Department of the Environment, 1990) in most 
cases. 

5.1. Effect of  C02 on pH for low ionic strength 
buffers 

The measured pH values in Table 1 are com- 
pared with two values calculated using the 
MINTEQ chemical equilibrium model [10]. The 
first is arrived at on the assumption that atmo- 
spheric CO 2 does not interact with the sample; the 
second assumes equilibration with a partial pres- 
sure of 315 ppm with respect to the volume of 
CO2. The former assumption is the one usually 
made for standard buffers. This is consistent with 

the practical approach of establishing the pH of 
these solutions in the absence of CO2 and the fact 
the effect of exposure to atmospheric CO: has 
relatively little effect on the pH of solutions of 
high buffer capacity (and high ionic strength). 
However, as the molarity of buffer solutions is 
decreased, it becomes increasingly difficult to jus- 
tify the assumption the CO2 has no effect under 
normal measurement conditions. We have to ask 
the question, "how much does CO2 change the 
pH of a buffer of ionic strength nearer to that of 
real samples?" Samples of pH < 6 are unlikely to 
be affected by CO2. For the solutions of higher 
pH, it cannot be immediately assumed that the 
sample in question achieves full equilibration with 
the atmosphere. 

Covington et al. [11] have undertaken primary 
reference pH determination for a diluted version 
of the standard NIST phosphate buffer. They 
chose a 10-fold dilution. Their value was based on 
use of a platinum-hydrogen electrode system with 
exclusion of atmospheric CO2 (the normal con- 
vention for reference buffers). Peck and Metcalf 
[2] established an empirical value for a 200-fold 
dilution of the same standard NIST buffer; this 
was backed up by model calculations (assuming 
equilibration with atmospheric CO2). Our results 
for a 50-fold dilution of the same standard buffer 
and other samples are given in Table 1, 

The results suggest that caution is required in 
using equilibrium computer modelling to calculate 
the reference pH value for low ionic strength 
buffers, which may be sensitive to atmospheric 
CO:. In such models, it is sensible, at first sight, 
to include the influence of a normal partial pres- 
sure of CO:. It is also tempting to assume that the 
modelled value is the pH when the buffer is in 
equilibrium with a normal laboratory atmosphere. 
However, this is not the case. The modelled value 
is a true equilibrium value. True equilibrium may 
only be achieved after a considerable time and 
may involve the exchange (absorption or loss) of 
a substantial quantity of CO2, more than might 
be available in practice. The data in Table 1 
suggest that full equilibrium may not be achieved 
under the normal conditions of measurement, ei- 
ther for the buffer samples or for real waters. 
Even for samples such as the 50-fold dilution of 
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Table 2 
Recommended AQC samples 
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Buffer composition Ionic strength Nominal  pH value 
(M) 

5 × 10 -4  M KH2PO 4 4- 5 × 10 -4  M Na2HPO4 
0.01 M borax 
0.6 × 10 -3  M Na i l  succinate + 1.8 × 10 -3  M Na 2 succinate 
2.5 × 10 -5  M HCI 

2 × 10 -3 7.14 (7.11-7.15) 
3 × l0 2 9.23 (9.22-9.25) 
6 x 10 -3  5.58 (5.57-5.59) 
2.5 x 10 -5  4.61 (4.60-4.62) 

the NIST phosphate buffer, which are not very 
sensitive to CO z, it appears that the modelled 
value which does not take account of atmo- 
spheric CO2 is a closer estimate of the consensus/ 
reference value than a fully equilibrated value. 

In the case of the hydrogencarbonate sample, 
the stability of the sample is so poor that neither 
the "no CO2" nor the "full CO2" value is appro- 
priate. These samples are probably only suitable 
to be used as check samples if special precau- 
tions are taken to ensure adequate equilibration. 
The modelled equilibrium values for hydrogen- 
carbonate buffers involve a substanial loss of 
CO2. This appears not to reach completion un- 
der normal laboratory measurement conditions. 

6. Conclusions and recommendations 

The determination of pH is often regarded as 
"trivial", something which may be entrusted to 
non-analysts or even to poorly trained personnel. 
pH remains the most fundamental measure of 
water quality, one which controls the fate and 
behaviour of a wide range of key quality 
parameters. Accurate pH determination is far 
from straightforward; the production of useful 
pH data requires an awareness of potential 
sources of error and validation by the applica- 
tion and documentation of soundly based AQC 
procedures. 

The determination of pH in natural waters can 
be subject to at least three critical sources of 
error which are not addressed by checks using 
buffer samples: ionic strength-based, liquid junc- 
tion potential errors, bias due to lack of glass 

electrode equilibration and CO2 exchange effects. 
Although the principles of analytical quality con- 
trol are now appreciated and at least partially 
implemented in the majority of water laborato- 
ries, routine AQC practice can still fail to 
provide a reliable check on accuracy. There is a 
need for more relevant control analyses, mea- 
surements which are subject to the same poten- 
tial sources of error as those which can affect 
routine analyses. The use of more sophisticated 
control materials is an important step in the de- 
velopment of improved approaches to routine 
AQC for the determination of pH and a wide 
range of other determinands. 

The samples summarised in Table 2 are recom- 
mended as routine AQC samples, which might 
be used for pH determination in natural waters. 

The use of such QC buffers provides a more 
realistic assessment of measurement error for pH. 
The effect of poor sample handling remains a 
challenge; reliable techniques for the evaluation 
of the effect of CO2 exchange still need to be 
developed. 
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Abstract 

A widely-used method for the spectrophotometric determination of procyanidins in wines has been adapted to wine 
vinegar samples. Reagent concentrations have been established and the analytical method tested for possible matrix 
effects. The recovery of catechin was approximately 98% and the limit of reliable measurement was 0.48 mg 1- t. The 
within-day and between-day precisions were evaluated and according to the two-tailed F-test the precisions were 
statistically equivalent. Application to wine vinegars obtained by traditional and quick acetification methods showed 
differences in concentration between the two groups. 

Keywords: Procyanidins; Spectrophotometry; Wine vinegars 

1. Introduction 

Phenols encompass heterogeneous groups natu- 
rally occurring in plant products. Their occur- 
rence in grapes and wines [1] has been 
exhaustively reviewed. Among the wine and vine- 
gar constituents, flavanoids represent an impor- 
tant kind of  phenol [2]. Grape anthocyanins are 
particularly interesting as they are responsible for 
wine colour development. During the maturation 

*Corresponding author. Fax: ( + 34) 5 -45571. 

of wines, anthocyanins slowly undergo numerous 
chemical processes involving colourless flavanoids 
that were originally present in the grape to pro- 
duce procyanidins, whose presence in wines is an 
indicator of the extent of contact of  musts (unfer- 
mented grape juices) with grape seeds and, to a 
lesser extent, with grape skins. Accordingly, ana- 
lytical procedures for determination of  pro- 
cyanidins in wines and vinegars were developed. 
Today, HPLC methods are well suited for these 
purposes as well as for pattern recognition [3-8], 
but they are also expensive and time-consuming. 
Here we are interested in procedures for the rapid 
estimation of the global procyanidin content using 
simple instrumentation. 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
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Procyanidins containing the phloroglucinol 
group can be spectrophotometrically quantitated 
by reaction with vanillin (or other similar alde- 
hydes) to yield a quinoid product whose colour 
can vary from a pale to a deep pink. The product 
has an absorption maximum at 500 nm. This pro- 
cedure was proposed in 1959 by Swain and Hillis 
[9] for the "catechins assay in wines" and has 
remained, practically unchanged. However, when 
the method is applied to vinegars, excessively 
scattered results are obtained [10]. The aim of the 
present paper is a deeper study of the variables 
that influence the reaction development and their 
corresponding optimization for wine vinegars, as 
well as the improvement of the procedure in terms 
of sensitivity and reliability. 

2. Experimental 

2.1. Reagents 

D-catechin (Fluka), vanillin, concentrated hy- 
drochloric acid, methanol and ethanol (Merck) 
were used as received. Glass-distilled water was 
used throughout. Vanillin solutions can be kept 
for longer than 4 months if stored in an amber 
bottle in a refrigerator. D-catechin stock solution 
and alcoholic hydrochloric acid solutions should 
be prepared daily. 

2.2. Apparatus 

Absorbance measurements were carried out us- 
ing a Milton Roy Spectronic 3000 photodiode 
array spectrophotometer fitted with matched silica 
cuvettes of 10 mm pathlength. 

2.3. Samples 

3. Results and discussion 

3.1. Study of influenc&g var&bles 

In order to attain optimal conditions for reac- 
tion development, a preliminary study of the in- 
fluence of the variables or factors substantially 
involved in the chemical process was done. The 
starting point was the reaction scheme of Broad- 
hurst and Jones [11], who established the opti- 
mum addition order. Thus, we have taken from 
these authors the following procedure. To a 25 ml 
volumetric flask containing 2.5ml of catechin so- 
lution (or a sample containing catechin), add 
7.5 ml of vanillin reagent and then, add hy- 
drochloric acid solution to the mark. Mix well 
and allow to stand for about 25 min. Measure the 
absorbance at 500 nm. Note that protection from 
direct light is needed. The solvent used for prepar- 
ing the vanillin reagent (alcohol) is the same 
solvent used for the hydrochloric acid solution. 
Accordingly, we have chosen to vary the follow- 
ing factors: the nature of the alcoholic solvent, the 
concentration of hydrochloric acid and the 
vanillin concentration. The catechin probe was a 
solution of 100 mg 1 -~. The original reagents used 
were 8 M HC1 in ethanol and 1% vanillin in 
ethanol. 

3. I.I. Effect of the nature of alcohol 
Methanol and ethanol were used as solvents in 

order to compare their influence on the measured 
absorbance. The effect of substituting ethanol for 
methanol (all other conditions were fixed with the 
original reagents and a catechin concentration of 
100 mg 1- ~), is in all cases, an enhancement of the 
absorbance. This indicates that methanol is the 
better choice for the development of the reaction. 
This effect can be explained according to the high 
polarity of methanol which may cause a hyper- 
chromic effect on the n -z*  transition responsible 
for the colour intensity. 

20 commercial wine vinegars were studied: 10 
of them were obtained from quick acetification 
processes and the other 10 were obtained by the 
dynamic solera system (slow acetification of 
sherry vinegars). 

3.1.2. Effect of  the concentration of hydrochloric 
acid 

Different methanolic hydrochloric acid solu- 
tions ranging from 2 to 10 M in HCI were pre- 
pared by taking the required volume of 
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concentrated hydrochloric acid in a volumetric 
flask and then adding methanol to the mark. The 
development of the reaction was monitored at 
fixed concentrations of 1% vanillin in methanol 
and 100 mg 1 -~ catechin. As can be observed in 
Fig. 1, the measured absorbance increases with 
the concentration of hydrochloric acid. However, 
for HC1 concentrations greater than 7.2M, 
vanillin-containing blanks seem to undergo some 
condensation process leading to green-yellowish 
products. So, in order to avoid this undesirable 
behavior of the blanks, a fixed concentration of 
7.2 M HC1 was selected for further experiments. 
The corresponding absorbance vs. hydrochloric 
acid concentration plot for blanks is also pre- 
sented in Fig. 1. 

3.1.3. Effect of the vanillin concentration 
The reaction was performed using several 

vanillin solutions whose concentrations ranged 
from 1% to 16% in methanol. The fixed condi- 
tions were 100 mg 1- t catechin and 7.2 M HCI in 
methanol. The more the vanillin concetration in- 
creases, the more the reaction displays its sensitiv- 
ity. Saturation was attained at about 12% of 
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Fig. 1. Effect of  the concentration of hydrocloric acid on the 
colour development of  the vanillin reaction for a catechin 
probe and for a blank as indicated in the text. 

vanillin. Accordingly, the analytical optimized 
procedure for catechin determination is as fol- 
lows. To a 25 ml volumetric flask add 2.5 ml of 
vinegar sample containing not more than 
100mgl t catechin, 7.5ml of 12% vanillin 
reagent and 7.2 M HC1 in methanol to the mark. 
Mix well and measure the absorbance at 500 nm 
after 25 min. Readings are stable for at least 
10 min. 

3.2. Evaluation of the analytical procedure 

3.2.1. Accuracy: Constant and proportional bias 
For preventing possible matrix effects of vine- 

gar samples, the Method of Standard Additions 
(MOSA) was applied in conjunction with the 
conventional external calibration (EC) [12] using 
catechin aqueous standards. Assuming the non- 
existence of direct matrix effects, the determina- 
tion of the Total Youden Blank (TYB) is a prior 
step in the application of MOSA. Cardone [13] 
had pinpointed the difference between the typical 
analytical blank and the TYB, namely that the 
analytical blank cannot be subtracted from the 
analytical signal, because it comes from a treated 
solution of free-matrix sample analyte. The You- 
den plot [14] consists of plotting the analytical 
signal against increasing amounts of test portion 
(TP). The value obtained from extrapolation to 
TP = 0 is the TYB, directly involved in the occur- 
rence of constant bias in calibration. Accordingly, 
in order to remove possible constant bias in our 
case, a Youden plot was performed for all vinegar 
samples by taking different sample volumes of 
vinegar (six points) and then measuring the ab- 
sorbance after the application of the proposed 
analytical assay. For all vinegars TYBs are within 
the range 0.0098-0.0091. According to the Stu- 
dent t-test (at a 5% confidence level), these inter- 
cepts have no statistical significance [15] and 
consequently there is no constant bias in all the 
studied vinegar samples. 

MOSA and EC were then carried out for the 
study of possible proportional bias in calibration. 
MOSA slopes for all vinegar samples were aver- 
aged to the value b~osA = 0.044 _+ 0.002, whereas 
the EC slope was taken as bEc = 0.045 +_ 0.003. 
The difference between these slopes is statistically 
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Table 1 
Total procyanidines, expressed as 
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catechin (mgl ~) of different vinegar samples 

Vinegars from 
quick acetification 
methods 
(sample number) 

Catechin Vinegars from sherry 
concentration (sample number) 
(mgl i). 

Catechin 
concentration 
(mg l -l) 

1 154.0 1 10.5 
2 217.0 2 4.1 
3 92.2 3 6.1 
4 61.8 4 20.6 
5 59.9 5 9.8 
6 217.3 6 18.1 
7 364.2 7 32.7 
8 106.0 8 14.1 
9 408.2 9 13.6 

10 414.4 10 14.2 

"Data are means of triplicate determinations. 

non-significant and, therefore, the neglection of 
proportional bias is acceptable. This ensures that 
conventional EC may be used for the quantiza- 
tion of  catechin in vinegars. The recoveries calcu- 
lated from the quotient bMOsA/bEc w e r e  about 
98%, indicating the suitability and reliability of  
the assay. Accordingly, the linear dynamic range 
for the EC straight line was 0 -10  mg 1- ~ catechin. 
By taking the sensitivity as the slope of the EC 
curve, the proposed procedure is somewhat more 
sensitive than the conventional one according to 
the optimization performed as described above. 
The limit of reliable measurements (LRM) is cal- 
culated from EC data following the method pro- 
posed by the AOAC [16]. The averaged value 
from the LRMs obtained from 11 between-days 
calibration graphs is 0.48 mgl  ~ catechin. For  
validation purposes, a further assesment for accu- 
racy was performed with spiked vinegar samples 
by calculating the recovery as the mean value of  
the recoveries found at each fortification level. In 
all cases recoveries were close to 100% and, ac- 
cordingly, the method is suitably validated. 

3.2.2. Precision 
For the study of precision, target samples of  

40 mg 1- ~ catechin were analyzed according to the 
proposed procedure. The within-day precision or 
repeatability expressed as the percent RSD is 
2.7% (10 replicates). The between-days precision 

or reproducibility is 5.6% (six randomized deter- 
minations over 1 month using the same materials, 
appartatus and stock reagent solutions). The two- 
tailed F-test indicated that within the frame of  
our experiments both precision measurements are 
statistically equivalent. 

3.2.3. Application to vinegar samples 
The proposed procedure was applied to the 

determination of total procyanidins expressed as 
catechin in 20 vinegar samples as indicated above. 
Vinegars containing more than 100 mgl  -~ pro- 
cyanidins were suitably diluted with water. Re- 
sults obtained from EC graphs (mean of triplicate 
determinations) are presented in Table 1. As can 
be observed, the procyanidin contents of quick 
acetification vinegars range from 414.4- 
59.9mgl  ~ whereas procyanidin concentrations 
of sherry vinegars are 4.1-32.7 mg 1 ~, noticeably 
lower. This is statistically proved using the non- 
parametric Tuckey quick test [17]. From these 
results, the total procyanidin content can be con- 
sidered as a good descriptor for pattern recogni- 
tion of  different wine vinegars. Moreover, the 
determination of total procyanidins in wine vine- 
gars may be of interest in order to elucidate the 
quality of  the substrate employed for the acetifica- 
tion. If the substrate wine is of overpressure basis 
(where the musts are processed at high pressure) 
the procyanidin content may presumably be 
higher than with a quality wine substrate. 
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In o rde r  to  compa re  the results  ob ta ined  f rom 

the p r o p o s e d  p rocedure  with those ob ta ined  f rom 
the " t r a d i t i o n a l "  m e t h o d  o f  Swain and Hill is  [9], 
this la t te r  was appl ied  to  the same vinegar  sam- 
ples presented  in Table  1. However ,  in all cases, 
the catechin conten t  canno t  be rel iably ca lcula ted  
because  o f  the d rama t i c  fad ing  o f  the absorbance  
measurement ,  which leads to da t a  so s t rongly  
d ispersed as to make  compar i son  impossible.  This  
behav iour  is in agreement  with the results re- 
po r t ed  by Gil  and  G 6 m e z - C o r d o v 6 s  [10] and indi-  
cates tha t  the Swain and Hillis me thod  for 
de t e rmina t ion  o f  p rocyan id ins  in wines canno t  be 
app l ied  to vinegars  wi thout  adap ta t ion .  

4. Conclusions 

The t r ad i t iona l  m e t h o d  for  spec t ropho tomet r i c  
de te rmina t ion  o f  to ta l  p rocyan id ins  by  react ion 
with vani l l in  has been opt imized.  EC graphs  
suffice for  rel iable de te rmina t ions  o f  catechins  in 
v inegar  samples.  Quick  acet i f icat ion vinegars  ex- 
hibi t  greater  p rocyan id in  contents  than  sherry 
vinegars.  
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Abstract 

Reactive Violet 5 and its hydrolysis product, which is produced as a side product in the dyeing process, can be 
determined in an admixture at sub-ppb levels by cathodic stripping voltammetry because the potentials of their azo 
reduction peaks are separated sufficiently. For both dyes, at intermediate pH values the azo peak is preceded by a 
complexed -copper reduction peak at a less negative potential, which aids the identification of the dyes. The use of 
pH 6 EDTA buffer removes the complexed-copper peak, as does the use of an acidic buffer (pH < 3). This unusual 
use of EDTA as a pH buffer facilitates the determination of mixtures of the dye and its hydrolysis product. 

Keywords: EDTA; Hydrolysis product; Reactive Violet 5; Stripping voltammetry 

I. Introduction 

There is a need for methods of determining 
dyes, and particularly reactive dyes which form a 
major part of the dye market, at concentration 
levels below those which can be determined by 
visible and UV spectroscopy. In the case of the 
most efficient reactive dyes about 80% of the dye 
becomes covalently bonded to cotton [1]. Much of 
the rest of the dye becomes hydrolysed and has to 
be washed out of the fabric. This residual dye has 
to be removed from the effluent before discharge. 

* Corresponding author. 

Visible observation of the effluent is used to indi- 
cate satisfactory removal of the colour. However, 
it would be useful to be able to determine the 
exact concentration of dye, below that which can 
be observed visibly, in the discharge. Such low- 
concentration determinations would be useful in 
developing methods of removing dyes from 
effluent, e.g. in assessing the effectiveness of zeo- 
lites for this purpose. Further, for health reasons 
there is a need to monitor any unhydrolysed 
reactive dyes that are discharged as their half-lives 
in near neutral solution are long and they will 
react with proteins, etc. in the ecosystem. Finally, 
in the development of new reactive dyes there is a 
need for methods capable of monitoring the dyes 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
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and their products in dyeing and dyeing simula- 
tion (e.g. by reaction with methanol) reactions. 

In addition to visible observation, HPLC with 
UV-Visible detection is used to monitor reactive 
dyes and their reaction products, but there are 
difficulties in distinguishing (i.e. in obtaining suffi- 
ciently different retention times) between the dyes 
and their products and, in some situations, the 
detection limit is not adequate [2,3]. Electrolytes 
in effluent are a further problem in applying 
HPLC [31. 

In previous publications from this laboratory 
the ability to determine reactive dyes down to 
sub-ppb levels by cathodic stripping voltammetry 
(CSV) has been demonstrated [4-7]. Chro- 
mophores, such as azo and anthraquinone groups, 
are reducible at the hanging mercury drop elec- 
trode (HMDE), although the differential pulse 
signal of the anthraquinone group has been 
shown to be absent in the case of very fast 
reduction processes owing to the nature of the 
differential pulse technique [4]. The chloro- and 
dichloro-triazine groups are also reducible. The 
hydrolysis and methanolysis reactions of Procion 
Blue MX-R and Cibacron Blue 3GA were fol- 
lowed by differential pulse CSV by observing the 
loss of the chlorotriazine peak or the appearance 
of the anthraquinone peak: the latter peak is 
present in the case of the hydrolysed dyes [4]. The 
differential pulse CSV peaks of these reactive dyes 
are also present for solutions of the dyes in borate 
buffer, owing to the complexation of the 
aminoanthraquinone group by boron, which ap- 
parently slows the rate of reduction [4]. The hy- 
drolysis of several azo reactive dyes having the 
same basic structure but different potential leav- 
ing groups has been followed by observing the 
loss of the peak due to the leaving group [7]. 

In this present study the CSV of Reactive 
Violet 5 (i) 

/ ~ k  OH OH NHCOCH 3 

(0 

and its hydrolysis product are reported. This is 

the first report of the CSV of a copper-complexed 
reactive dye and further illustrates the dual use of 
EDTA as a pH buffer and as a complexant. 

2. Experimental 

2.1. Apparatus and reagents 

CSV was carried out with a Metrohm 646/647 
VA Processor, using a multi-mode electrode in the 
HMDE mode. The three-electrode system was 
completed by means of a glassy carbon auxiliary 
electrode and an Ag/AgC1 (3 M KC1) reference 
electrode. All potentials are quoted relative to this 
reference electrode. Differential pulse voltammetry 
was carried out with a pulse amplitude of 50 mV, 
a scan rate of 10 mV s -~ and a pulse interval of 
I s .  

A sample of Reactive Violet 5 was kindly pro- 
vided by Zeneca Specialities. Standard solutions 
were made by dissolving weighed amounts of the 
dye in water before making up to volume. 

Britton-Robinson buffer, 0.02 M in acetic, o- 
phosphoric and boric acids, was adjusted to the 
required pH with dilute sodium hydroxide solu- 
tion. The pH 6 EDTA buffer was 0.04 M in 
EDTA. 

The general procedure used to obtain cathodic 
stripping voltammograms was as follows. A 20 ml 
aliquot of buffer solution was placed in a voltam- 
metric cell and the required volumes of dye and 
copper(ll) solutions were added using a mi- 
cropipette. The stirrer was switched on and the 
solution was purged with nitrogen gas for 5 min. 
After forming a new HMDE, accumulation was 
effected for the required time at the appropriate 
potential whilst stirring the solution. A medium 
drop size (~  0.40 mm 2) was used. At the end of the 
accumulation time the stirrer was switched off, and 
after 10 s had elapsed to allow the solution to 
become quiescent, the negative-going potential 
scan was initiated. When further volumes of dye or 
copper(ll) solution were added to the cell, the 
solution was deoxygenated with nitrogen gas for 1 
min before carrying out further voltammetry. 

Standard solutions of hydrolysed Reactive 
Violet 5 were prepared by dissolving weighed 
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Fig. 1. Cathodic stripping voltammograms of Reactive Violet 5 in various buffers: (a) Britton-Robinson buffer pH 3; (b) 
Britton Robinson buffer pH 6; (c) EDTA buffer pH 6. Reactive Violet 5 concentration: (a,b) A,0; B,I; C,3; D,5 x 10 7 M; (c) A,0; 
B,2; C,5 x 10  - 7  M. 

am oun t s  o f  React ive  Violet  5 in 5 ml o f  0.1 M 
sod ium hydrox ide  solut ion,  hea t ing  for  4 h, cool-  
ing, neutra l is ing with 0.1 M hydroch lor ic  acid 
solut ion,  and  di lut ing with water  to the required 
volume.  

3. Results 

Typical  ca thodic  s t r ipping  v o l t a m m o g r a m s  o f  
React ive  Violet  5 at  the 1 × 10 -7 5 :x: 10-7 level 
in B r i t t o n - R o b i n s o n  and E D T A  buffers  are 
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Fig. 2. Cathodic stripping voltammograms of hydrolysed Reactive Violet 5 in various buffers: (a) Britton-Robinson buffer pH 3; 
(b) Britton-Robinson buffer pH 6. Hydrolysed Reactive Violet 5 concentration: A,0; B,I; C,3; D,5 x 10 -7 M. 

shown in Fig. 1. In pH 3 Britton-Robinson 
buffer (Fig. la) the azo peak is clearly seen at 
-0.17 V without the complexed-copper peak, 
but in pH 6 Britton Robinson buffer (Fig. l b) 
the complexed-copper peak is clearly seen at 
-0.29 V and is incompletely resolved from the 
azo peak at -0.36 V. In pH 6 EDTA buffer 
(Fig. lc) the complexed-copper peak is absent. 
With accumulation at 0 V the slope of a large 
peak at a less negative potential due to reduc- 
tion of the mercury EDTA complex is apparent, 
but the azo peak is completely resolved from 
this at -0.36 V. 

In the case of hydrolysed Reactive Violet 5 
the azo peak appears at -0.23 V in pH 3 Brit- 
ton-Robinson buffer and the complexed-copper 
peak is also present at -0.17 V (Fig. 2a), in 
contrast to the situation with the reactive dye. 
The complexed-copper peak at -0.31 V is better 
resolved from the azo peak at -0.45 V in pH 6 
Britton-Robinson buffer (Fig. 2b). As with the 
reactive dye the complexed-copper peak is ab- 
sent in pH 6 EDTA buffer (not shown). 

In pH 6 EDTA buffer the azo peaks of Reac- 
tive Violet 5 and its hydrolysis product are re- 
solved. Typical cathodic stripping voltamm- 

ograms showing this are given in Fig. 3: here 
accumulation is effected at -0.20 V which 
avoids the appearance of the mercury EDTA 
peak. Preliminary experiments have been carried 
out showing that the hydrolysis of Reactive Vio- 
let 5 down to concentrations of about 1 × 10 -9  

M can be followed very conveniently in this 
buffer. 

4. Discussion 

EDTA, a tetrabasic acid with pKa values of 
2.0, 2.67, 6.16 and 10.26, is used extensively as a 
complexing agent. Indeed it is the best known 
complexant in general use. Its complexing prop- 
erties seem to have overshadowed its acid-base 
characteristics, except as a means of making its 
reactions with metals more selective as indicated 
in numerous texts on classical analytical chem- 
istry. Its use solely as a pH buffer seems to have 
been largely neglected, although its use as a com- 
plexing agent in other pH buffers over a wide 
range of pH values is clearly well established. In 
previous publications concerned with the deter- 
mination of sulfonamides we have shown that 
interferences in CSV due to copper(II), and in 
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Fig. 3. Cathodic stripping voltammograms showing that Re- 
active Violet 5 and hydrolysed Reactive Violet 5 can be 
determined in an admixture in EDTA buffer pH 6. A, buffer 
only; B, Reactive Violet 5 concentration= 3 × 10 7 M; C, 
hydrolysed Reactive Violet 5 concentration = 3 × 1 0  - 7  M. 

particular due to unwanted  accumulat ion o f  
copper(l)  salts leading to the appearance o f  un- 
wanted copper  (I) reduction peaks, can be 
avoided by the use o f  E D T A  buffers [8,9]. 

In the present case of  Reactive Violet 5 the 
appearance o f  the complexed-copper  peak 
serves to help identify the dye, but the use of  
the E D T A  pH buffer makes its determination 
easier. Indeed, because the azo peaks o f  Reac- 

tive Violet 5 and its hydrolysis product  are 
sufficiently well separated, the use o f  the E D T A  
pH buffer allows the hydrolysis o f  the reactive 
dye to be moni tored effectively. 

Fur ther  work is in progress to study the 
CSV of  reactive dyes with various reactive 
groups, and on the use o f  CSV in dye pollu- 
tion studies. 
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Abstract 

A flow-injection system with an immobilized enzyme reactor is proposed for the determination of L-phenylalanine. 
Phenylalanine dehydrogenase from Rhodoccus sp. M4 was immobilized on tresylated poly (vinyl alcohol) beads (13 
/~m) and packed into a stainless-steel column (5 cm × 4 mm i.d.). Serum sample was deproteinized with tungstic acid 
and filtered through an ultrafiltration membrane. The sample solution (30 /~l) was injected into the carrier stream 
(water). The NADH formed was detected at 465 nm (excitation at 340 nrn). The calibration graph was linear for 
0.9-600/~m L-phenylalanine; the detection limit was 0.3/zm. The sample throughout was 25 h-1 without carryover. 
The half-life period of the immobilized enzyme was 23 days. 

Keywords: Flow-injection analysis; Fluorescence detection; Immobilized enzyme reactor; L-phenylalanine; Serum 

I. Introduction 

The measurement of  L-phenylalanine (Phe) is of  
clinical importance in the diagnosis and therapy 
of  phenylketonuria. Enzymatic methods have 
been developed for the selective determination of 
Phe based on the conversion of  Phe in to 
phenylpyruvate with concomitant reduction of 
nicotineamide adenine dinucleotide (NAD +) to 
reduced nicotineamide adenine dinucleotide 

* Corresponding author. Fax: (81)552-208568. 

(NADH)  with phenylalanine dehydrogenase (EC 
1.4.1.-., PheDH) [1-8]. PheDH has been immo- 
bilized on a nylon coil and applied in a biolu- 
minescence continuous-flow system for the 
determination of Phe in serum [9]. The PheDHs 
used were purified from Thermoactinomyces sp. 
[1], Brevibacterium sp. [2], Rhodococcus sp. [3-8] 
and Bacillus badius [9]. Among them, the enzymes 
from Rhodococcus sp. are more specific for Phe 
and are stable in the presence of glycerol [10,11]. 
The PheDH from Rhodococcus sp. M4 has been 
immobilized on aminopropyl-substituted con- 
trolled-pore glass (CPG) and used as a reactor in 

0039-9140/97/$15.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02016-4 
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the fluorimetric flow-injection system for the deter- 
mination of  Phe in serum [12,13]. The method is not 
very sensitive because the reactor was used in the 
neutral buffer (pH 7.1) to prolong the lifetime of  
the reactor; the optimum pH for the PheDH is 10.0 
[10,11] and CPG is unstable in alkaline solution [14]. 

This paper describes a flow-injection system for 
the enzymatic determination of Phe with PheDH 
immobilized on poly(vinyl alcohol) beads contained 
in a packed-bed reactor. The enzyme from Rhodoc- 
cus sp. M4 was used. The enzymatic reaction was 
performed in a basic buffer (pH 10.0). The NADH 
produced in the reactor was monitored fluorimetri- 
cally. The flow-injection method was applied to the 
determination of  Phe in serum. 

2. Experimental 

2.1. Materials and reagents 

PheDH from Rhodococcus sp. M4 was obtained 
from Calbiochem (San Diego, CA, USA) with an 
activity of 12 U ml ~. The activity was measured 
with Phe as substrate at pH 10.0 at 30°C. NAD + 
(free acid, 96%) and NADH (disodium salt, 99.5%) 
were purchased from Kohjin (Tokyo, Japan) and 
Boehringer Mannheim (Mannheim, Germany), re- 
spectively. L-Amino acids were purchased from 
Sigma (St. Louis, MO, USA). Poly(vinyl alcohol) 
beads (GS-520, 13 /tm diameter) were obtained 
from Showa Denko (Tokyo, Japan). All other 
chemicals, which were purchased from Nacalai 
Tesque (Tokyo, Japan), were of  analytical-reagent 
grade. 

A glycine buffer (pH 10.0) consisting of 0.2 M 
glycine-0.2 M sodium chloride-0.2 M sodium 
hydroxide-2% (v/v) glycerol was used. NAD + 
solution (8 mM NAD + in water) was prepared fresh 
daily. The carrier solution was water. 

2.2. Preparation o f  the immobilized enzyme 
reactor 

PheDH was immobilized on the poly(vinyl alco- 
hol) beads. The beads (1 g) were washed with dry 
acetone (20 ml). The beads were suspended in 20 
ml of  a mixture of dry acetone and pyridine (1:1 v/v). 

With vigorous magnetic stirring, 1 ml of  2,2,2-trifl- 
uoroethanesulphonyl chloride (tresyl chloride) was 
added dropwise to the suspension during 5 min. The 
reaction was continued for 5 min. The beads were 
washed with acetone (10 ml) and 1 mM HC1 (20 
ml). The beads were packed into a stainless-steel 
column (5 cm x 4mm i.d.) by the slurry-packing 
method. Enzyme solution (PheDH 26 U in 10 ml 
of 2% (v/v) glycerol in 10 mM phosphate buffer) 
was circulated through the column at 0.2 ml min-  
for 6 h at 10°C. During the process the enzyme 
solution was kept at 2-5°C. The reactor was washed 
with 10% glycerol in 0.1 M phosphate buffer (pH 
7.0) and stored in a refrigerator when not in use. 
The coupling yield was evaluated by measuring the 
decrease in the activity of  PheDH in the enzyme 
solution after the process. The PheDH was immo- 
bilized with a 95% yield. Also, epoxy-activated 
beads (epoxy-beads) and glutaraldehyde-activated 
beads (glutar-beads) were used for the coupling of  
PheDH; the preparation methods for the activated 
beads were similar to those described previously [15] 
and coupling conditions were identical with those 
described above. The yields for epoxy-beads and 
glutar-beads were 5% and 24%, respectively. 

2.3. Flow system and procedure 

A schematic diagram of the flow system is shown 
in Fig. 1. The system consisted of  three piston 

ilC : . . . . . . . . .  ' 

Fig. 1. Schematic diagram of the flow-injection system for the 
determination of L-phenylalanine with an immobilized pheny- 
lalanine dehydrogenase reactor. A, 8 mM NAD + solution; B, 
2% (v/v) glycerol in 0.2 M glycine buffer; C, carrier solution 
(water); S, injector with a 30 ~1 loop; MC, mixing coil (100 
cm × 0.5 mm i.d.); WB, water-bath thermostated at 20°C; CR, 
enzyme column reactor (5 cm x 4 mm i.d.); F, spectro- 
fluorimeter with a flow-through cell (15/tl); SC, signal cleaner; 
R, recorder; W, waste. All connecting tubing (0.5 mm i.d.) was 
made of PTFE. 
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pumps (Hitachi L-6000), an injection valve 
(Sanuki SVI-6M2) equipped with a 30/~1 loop, a 
reactor, a spectrofluorimeter (Jasco FP-210) with 
a flow-through cell (15 /~1) connected to a signal 
cleaner (SIC SC77) and a recorder (TOA FBR- 
251A). The reactor was maintained at 20°C. 

Serum (50/ll) was deproteinized by adding 10% 
(w/v) sodium tungstate solution (100/tl) and 0.06 
M sulphuric acid (100 /~1). The mixture was 
filtered through an ultrafiltration membrane (Ad- 
vantec Q0100, nominal molecular weight cut-off 
10 000) and the filtrate (30 /~1) was injected into 
the carrier stream (water). The time taken to 
prepare the sample solution was about 3 min. 

The present method was compared with liquid 
chromatography (amino acid analyser, Kyowa 
Seimitsu K-201; column, TSKgel SCX, 150 × 6.0 
mm i.d.; mobile phase, citrate buffer; solvent gra- 
dient, post-column derivatization with ninhydrin). 

3. Results and discussion 

3.1. Reactor performance 

The effect of pH on the activity of the reactor 
was studied in the pH range 9.0-11.0 using 
glycine buffer. The optimum pH was about 10.0. 
The peak height in the glycine buffer was about 
1.2 times that in carbonate buffer at the same pH. 
Borate buffer consisting of 0.2 M borax-0.1 M 
NaOH (pH 9.5-11.0) inhibited the enzymatic re- 
action completely. The temperature dependence 
of the reactor was investigated over the range 
15-30°C. The reactor exhibited maximum activity 
at 20°C. 

The effect of NAD + concentration on the ac- 
tivity was studied over the range 1-12 mM at the 
600 /~M Phe level. The response increased with 
increasing concentration, first rapidly and then 
gradually. Above 6 mM, the response was almost 
constant. A concentration of 8 mM NAD + was 
chosen to prevent interference of phenylpyruvate 
and ammonium ions, which are products of the 
enzymatic reaction; at this concentration, the 
NAD + concentration in the reactor is 2.7 mM. 

The peak height was measured by changing the 
flow-rates of the glycine buffer, the NAD + solu- 

tion and the carrier solution (water), keeping the 
flow-rate ratio of these solutions at 1:1:1. The 
peak height decreased linearly as the total flow- 
rate increased from 0.3 to 0.9 ml min ~. The peak 
height at 0.3 ml min-~ was about 2.4 times that at 
0.9 ml min -1. A total flow-rate of 0.6 ml min 
was selected as a compromise between sensitivity 
and sample throughput; at this flow-rate, the sam- 
ple throughput was 25 h i. 

Under the conditions of 8 mM NAD + at pH 
10.0 and 20°C, the conversion efficiency of the 
reactor was 90% immediately after the prepara- 
tion of the reactor. The efficiency was measured 
by using NADH. Under the same conditions, the 
response for Phe (10/~M) was not affected by the 
presence of 30 /~M phenylpyruvate and 100/~M 
ammonium ion. Also, no interferences was 
recorded with 1 mM L-ascorbic acid, 2 mM uric 
acid and 50 mM glucose. 

Amino acids normally found in proteins, other 
than Phe, did not give any response. 

The operational stability of the reactor was 
evaluated over 4 weeks. The reactor was used for 
analyses of 50 samples (20 /~M Phe) for 2 h per 
day and then washed with 10% (v/v) glycerol in 
0.1 M phosphate buffer (pH 10.0) and stored 4°C 
when not in used. The decrease in activity obeyed 
first-order kinetics. The kinetic constant was 
2.9 x 10 -2 day t; the half-life period of the reac- 
tor was 23 days. 

3.2. Calibration 

The calibration graph of peak height against 
Phe concentration was linear over the range 0.9- 
600/~M with a correlation coefficient of 0.999 (12 
data points) under the same conditions as de- 
scribed in section 2.3; since the serum sample was 
diluted five fold, this method can be applied to the 
assay of samples containing 5 /zM-3 mM Phe. 
Below a concentration of 0.9/tM a concave graph 
was obtained and above a concentration of 600 
/~ M the graph was convex. The relative standard 
deviation (RSD) for seven replicate injections of 
10.0/~M Phe was 0.65% with a reactor having a 
conversion efficiency of 88%. By the use of a 
reactor having a conversion efficiency of 50%, the 
RSD for the same runs was 1.3%. To obtain 
precise results, the reactor must be used within a 



134 N. Kiba et al. / Talanta 44 (1997) 131-134 

Table 1 
Recovery of phenylalanine added to pooled serum a 

Added Recovered Recovery 
(/t M) (/t M) b (%) 

5.00 4.87 97 
10.0 10.3 103 
50.0 49.0 98 

100 101 101 
500 500 100 

1000 998 100 
2500 2520 101 

Values corrected for Phe (63.6 p M) already present in serum. 
b All values are means (n = 5). 

covers ion efficiency o f  50%. The  l imit  o f  de tec t ion  
(s ignal- to-noise  ra t io  = 3) with a reac tor  having a 
convers ion  efficiency o f  80% was 0 .3 /~M (2 ng in 
a 3 0 / t l  injection) with R S D  5.6%. 

3.3. Applicat ion 

This m e t h o d  was appl ied  to the de te rmina t ion  
o f  Phe in serum. 

Poo led  h u m a n  serum was repea ted ly  analysed  
for  30 day  with the reactor .  The  reac tor  was used 
for analyses  o f  50 samples  in a day  and s t anda rds  
were measured  at  25-sample  intervals,  in o rde r  to 
correct  the var ia t ion  o f  the convers ion  efficiency. 
The  reac tor  was renewed every l0  days  (abou t  500 
injections) because more  precise results  were ob-  
tained.  The  m e t h o d  gave sat isfactor i ly  precise and 
reproduc ib le  results; for  serum conta in ing  62.7 
~tM Phe, the wi th in-day  R S D  was 0.88% and  the 
day - to -day  R S D  was 1 .2° .  

Serum of  k n o w n  Phe concen t ra t ion  was supple-  
mented  with Phe to give final concen t ra t ions  o f  
0 .073-2 .50  mM.  The  recoveries were in the range 
range 97 -103%,  as shown in Table  1. 

The results ( n - - 2 1 ,  f rom 51 to 849 / tM)  were 
c o m p a r e d  with those ob ta ined  by l iquid ch roma-  
t rography .  The ca lcula ted  l inear  regression and 
cor re la t ion  coefficient were y = 0.997x + 1.58 and 
r = 0.998, respecively. 

4. Conclusion 

The f low-inject ion system with immobi l ized  
P h e D H  reac tor  and  fluorescence de tec t ion  is use- 
ful for  the sensitive and  rel iable measurement  o f  
Phe and  can easily be used for  the analysis  o f  
serum. The  P h e D H  immobi l ized  on po lymer  
beads  is s table  enough to permi t  the measuremen t  
o f  more  than  500 samples.  
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Abstract 

The solubility of 49 metal-containing compounds and 15 "free" ligands in supercritical fluid carbon dioxide is 
reviewed. Solubilities were found to range over eight orders of magnitude, with the highest value of solubility being 
56 g 1 1. Metals complexed with fluorine substituted ligands were found to be the most soluble, and metals complexed 
with phenyl-substituted ligands the least soluble. A general trend for increasing solubility with increasing oxidation 
state is observed and this is correlated with the increased number of coordinating ligands protecting the metal center 
from interaction with the supercritical fluid and also due to the increased number of solvation interactions with the 
increased number of ligand groups. 

Keywords: Carbon dioxide; Chelating agents; Metal-containing compounds; Solubility; Supercritical fluids 

1. Introduction 

Interest in supercritical fluids (SFs), particularly 
carbon dioxide as a solvent for use in extraction 
processes, has been driven by increased environ- 
mental legislation restricting the use of conven- 
tional solvents [1]. This has resulted in the 
development of both analytical and large-scale 

* Corresponding author. Fax: (208)-885-6173. 

techniques for organic waste extraction from con- 
taminated matrices [2]. Extensive data are avail- 
able for the solubility of organic compounds in 
SF CO2 and means o f  solubility prediction have 
been proposed [3,4]. Solubility is one key aspect 
to achieving quanti tat ive extractions in a reason- 
able time using the min imum of  extraction fluid 
and an extraction system which can be con- 
structed on a practical scale. 

Recently, the use o f  SFs modified by the addi- 
tion o f  complexing agents has been utilized in the 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
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extraction of metal ions from various solid and 
liquid matrices [5,6]. This was first demonstrated 
by Laintz et al. [7], with the extraction of Cu 2 + 
via in situ chelation and extraction into SF 
CO2. This has opened up a whole new area of 
research into the use of SFs in environmentally 
acceptable technology, as an analytical precon- 
centration technique and as an extractive system 
for large-scale metallurgical purification [8]. Ini- 
tially, metal extraction using SFs has been con- 
sidered not to be feasible owing to the charge 
neutralization requirements. By addition of a 
complexing agent to the SF phase, the charge 
on the metal ion can be neturalized and 
lipophilic groups introduced to the metal -com- 
plex system. Solubilization of the metal com- 
plexes into the SF is then possible [9]. Wide 
ranges of solubilities have been observed for 
metal complexes, the solvation of  which is influ- 
enced by several parameters, including pressure 
and temperature of SFs, modifier effect in SF, 
ligand used, the identity of  the metal, the oxida- 
tion state of metal and the complexant func- 
tional group [10]. 

In this paper, solubility data relevant to metal 
extraction are reviewed with a view to assess- 
ment of present data and identification of the 
most promising areas for future work. The ma- 
jor  aim of  this review is to ensure that currently 
available data in this rapidly expanding area are 
compiled and assessed, to allow focusing of  fu- 
ture research efforts such that the technique can 
be developed to its full potential. 

The data presented are split into three areas: 
ligand solubility, metal complex solubility and 
organometallic solubility. Where sufficient data 
are available, correlation with a solubility model 
is made [11]. The relevance of  the available liter- 
ature to the area of metal extraction using 
SFs is discussed. Abbreviations used for the 
ligand and metal complex names are given in 
Section 7. 

2. Data correlation model 

This review is correlated using a model based 
on the relationship between In(solubility) and 

In(density) [11]. Although limited in scope, this 
model does not require additional physical 
parameters of the solutes such as critical con- 
stants for equation of state approaches or molar 
volumes and solid activities as in the Hildebrand 
solubility parameter approach [12]. 

This model relates the solubility of a solute to 
solvent density and absolute temperature: 

l n S = k  I n D + C  (1) 

where S =  solubility of the solute (g 1-1), D is 
the density of the SF (g 1 -i), k is a constant for 
the solute-solvent system and is an indication 
of the solvation of the solute in the SF and C is 
a constant which varies with temperature, is in- 
dependent of density and is related to the 
volatility of the solute. The solvation process is 
therefore closely related to the vapor pressure of 
the solute and the intermolecular interactions 
between the solute and solvent. The vapor pres- 
sure of  a given solute depends mainly on tem- 
perature, whereas the solvent strength of a 
supercritical fluid depends on the density of  the 
fluid, Other properties such as viscosity, diffusiv- 
ity and polarity can also change with tempera- 
ture and pressure and may affect solubility. 
Therefore, a knowledge of k and C for the tem- 
peratures studied will allow the solubilities to be 
determined over an extended range of densities. 
Eq. (1) predicts a linear relationship between 
InS  and l n D  with a slope proportional to k 
and intercept C. 

All data presented in this review are repre- 
sented as a function of g l-~ for both the solute 
concentration and SF concentration (density) 
unless stated otherwise. 

3. Solubility of 'Free' Ligands in SF C02 

The ligands that have been investigated in SF 
CO2, fl-diketones, dithiocarbamates and organo- 
phosphate systems [13-16]. The relevance of  lig- 
and solubility to metal extraction capability is 
obvious, in that a reasonable quantity of ligand 
must be solubilized to be able to access the 
metal ions in the various matrices. 
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Table 1 
Solubility of triazolocrown ethers in SF CO, [13] 

Compound MW P(atm) T D Fluid S 

Crown I 418.5 200 60 733 co .  5.43 × 10 
Crown 2 406.5 200 60 733 con 4.06 × 10 ~ 
Crown 3 518.0 200 60 733 co~ 0.223 
Crown 1 418.0 200 60 772 COn + 5% MeOH 0.0878 
Crown 2 406.0 200 60 772 COn + 5% MeOH 0.0812 
Crown 3 518.0 200 60 772 CO, + 5% MeOH (I.673 

3.1. Macrocyclic ligan&" 

The only ligands from the macrocyclic class 
that have been investigated for the extraction of 
metals are the crown ethers [13]. The crown ethers 
are a class of selective ligands which form stable 
complexes with metal ions based primarily on the 
ionic radius-cavity size compatibility concept. 
Modification of  crown structure by attaching neg- 
atively charged functional groups to the host can 
eliminate the need for counter ions, which are 
conventionally required for the transport of 
charged complexes into an organic phase. 

Solubility data available for triazolocrown ether 
systems are given in Table 1. The triazolocrown 
systems are a group of macrocyclic compounds 
containing two triazolo subcyclic units, which are 
suitable for complexation with divalent metal ions 
[17]. The solubility significantly increases on mod- 
ifying the CO2 with 5% MeOH [13]. The increase 

-1 4 

5.8 6 6.2 6.4 6.6 6.8 
Ln D 

Fig. 1. Ln(solubility) of (O) F6 crown, (11) F2 crown and 
( • )  H crown in SF CO, at 50°C as a function of In(density). 

in solubility for each crown ether system is one 
order of magnitude on going from pure CO2 to 
5% MeOH-modified CO 2. This correlated with 
the extraction data for Hg 2+ and Au 3 + from 
both solid (cellulose-based) and aqueous materi- 
als, where the extractions in the MeOH-modified 
solutions are greatly enhanced compared with 
pure CO2. 

Elsewhere the solubility of carboxylic acid sub- 
stituted crown ether systems have been presented 
[18]. This data are illustrated in Fig. 1 and the 
correlation parameters obtained are shown in 
Table 2. At all densities~ the solubility of the 
fluorine-substituted ligands is greater than that of 
the non-fluorinated ligand. Increasing the amount 
of fluorine substitution also increases solubility. 
At higher densities of CO 2, the difference between 
the fluorinated and non-fluorinated systems de- 
creases. 

3.2. fl-Diketones 

No solubility data are available for fl-diketone 
systems in SF CO2. The most commonly studied 
systems are acetylacetone (acac), trifluoroacety- 
lacetone (tfa); hexafluoroacetylacetone (hfa) and 
thenoyltrifluoroacetylacetone (tta) [5,10,14,15]. Of 
these ligands, only tta is a solid, the others being 
liquids at room temperature. Under supercritical 
fluid extraction (SFE) conditions, all these ligands 
show high miscibility with CO2. For example, 
substituting two CF 3 groups into the acac 
molecule significantly increases the acidity of the 
ligand by four orders of magnitude (e.g. acac 
pK, = 8.67, hfa pK a = 4.46), and this enables hfa 
to extract metals from much more acidic media 
[19]. This reduction in the basic strength of the 
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Table  2 

Cor re la t ion  pa rame te r s  of  l igands  in SF CO2 

C o m p o u n d  Fluid  T(°C) k C Ref. 

F6 c rown C O  2 50 2.26 - 17.27 [18] 

F2 c rown CO 2 50 3.34 - 2 5 . 0 2  [18] 

H crown CO2 50 4.20 - 30.91 [18] 
T O P O  C O  2 37 11.44 - 72.81 [30] 

T O P O  CO 2 47 8.45 - 52.68 [30] 

TPP  CO 2 37 6.62 - 4 1 . 9 1  [30] 

TPP  C O  2 47 7.15 - 45.17 [30] 

TPA C O  2 47 9.47 - 62.20 [30] 

D n D A  CO2 37 5.97 - 39.93 [30] 

D n D A  C O  2 47 5.59 - 36.93 [30] 

T H A  C O  2 47 7.42 - 43.90 [30] 

T O A  CO2 47 6.61 - 40.54 [30] 

fluorinated ligand can be advantageous as water 
(which is generally required in the SF process to 
obtain extractions) in contact with SF CO2 is strongly 
acidic [13]. 

The fl-diketone ligands are used almost exclu- 
sively in protonated forms. The fl-diketones are 
rendered acidic by the tautomeric equilibrium estab- 

commonly used as salts (Na + and NH~- ) of the ligand 
rather than in the acidic form [6,7]. The first work 
on metal extraction in SF CO2 was demonstrated 
using the fluorinated ligand sodium bis(trifl- 
uoroethyl)dithiocarbamate (NaFDDC). This ligand 
was found to have greatly enhanced solubility 
compared with the non-fluorinated analogue (Table 

lished between the enol and keto forms: 

R C H  2 R "  
\ / \ / / - -  

C C 
II II 
0 0 

K e t o  

F o r m  1. 

3) in SF CO2. For non-fluorinated dithiocarbamates, 

f 

R 
\ 

C H R ' 
/ - - \  / 

C ",C 
I ~11 

0 - ~ /  0 
H 

E n o l  

The fluorinated ligands have been found to be 
almost exclusively in the enol form under the high 
pressures and temperatures relevant to SFE [20]. The 
non-fluorinated ligand (acac) is found to be partly 
in each form in the SF phase [21]. The acidity of 
the ligand originates from the enol form and the de- 
protonated fl-diketone involved in the metal com- 
plexation process. Elsewhere it has been shown that 
the presence of electron-withdrawing fluorine sub- 
stituents can significantly increase ligand acidity [22]. 

3.3. Dithiocarbamates 

the alkylammonium salts serve as a suitable means 
for solubilization of the ligands for analytical 
extractions (Table 3) [23]. Increasing the alkyl chain 
length of the alkylammonium salts by two carbon 
units increased the solubility of the ligand by an order 
of magnitude. 

Elsewhere, these ligands have been assessed for 
the extraction of toxic heavy metals using liquid CO2 
as the extraction fluid [24]. No data are available 
regarding ligand solubility in this medium. 

3.4. Organophosphorus reagents 

The dithiocarbamates studied in SFE work are Organophosphorus reagents such as tributyl 
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Table 3 
Solubility of  metal di thiocarbamate complexes in SF CO2 

141 

Compound  M W  P T D Fluid S Ref. 
(atm) (°C) (g L i) 

Zn[SCSN(C4H9)2] 2 474.0 237.4 55 802.4 CO 2 0.248 [23] 
Zn[SCSN(C2 Hs)z] 2 361.8 237.4 55 802.4 CO,  0.0119 [23] 
Zn[SCSN(C 4 H ~)]2 357.9 237.4 55 802.4 CO,  0.018 [23] 
N a F D D C  279.2 100 50 409.4 CO: 0.131 [5] 
N a D D C  171.1 100 50 409.4 CO 2 0.0257 [5] 
Cu(FDDC)  2 576.0 100 50 409.4 CO 2 0.524 [5] 
Cu(DDC) 2 360.2 100 50 409.4 CO 2 3.96 x l 0  4 [5] 
Ni(FDDC)2 571.2 100 50 409.4 CO 2 0.411 [5] 
Ni(DDC) 2 355.2 100 50 409.4 COt 3.02 × 10 4 [5] 
Co(FDDC)  2 571.4 100 50 409.4 CO 2 0.503 [5] 
Co(DDC) 2 355.5 100 50 409.4 CO~ 8.53 × 10  ~ [5] 
Bi(FDDC)~ 721.4 150 50 705.5 CO~ 0.527 [5] 
Bi(DDC) 2 505.5 150 50 705.5 CO~ 4.55 x 10 ~ [5] 
Hg(FDDC)2 713.0 150 50 705.5 CO_, 3.57 [5] 
Hg(DDC) 2 497.1 150 50 705.5 CO 2 4.08 × 10 ~ [5] 
Hg(FDDCi :  713.1 t 50 50 770 CO 2 + 8.56 [5] 

5% MeOH 
Hg(DDC)2 497.1 150 50 770 CO 2 + 0.0149 [5] 

5% MeOH 
(C4H9)4N[SCSN(C4Hg) 2 446.8 169.6 45 785.1 CO~ 0.0232 [23] 
(C a H9) 4 N[SCSN(C 2 Hs) 2 390.7 169.6 45 785.1 CO,  0.00291 [23] 
Na[SCSN(C2 H 5)2] 171.2 169.6 45 785.1 CO 2 0.00109 [23] 
H4N[SCSNC4Ha] 164.3 169.6 45 785.1 CO_, 6.00 × 10 4 [23] 

phosphate (TBP) and phosphine oxides such as 
tributylphosphine oxide (TBPO), tri-n-octylphos- 
phine oxide (TOPO) and triphenylphosphine oxide 
(TPPO) have long been established for use as 
extractive ligands for actinide elements [25]. Re- 
cently, these compounds have been used in an SF 
environment for the extraction of U and Th from 
solid and liquid matrices [26]. Such reagents have 
found great technological importance within the 
nuclear industry; in particular, TBP is extensively 
used in the extraction and separation of U and Pu 
in the Purex process [27]. 

TBP is a viscous liquid at room temperature. The 
phase behavior of TBP in SF CO2 has been 
described in detail by Page et al. [28] and this is 
shown in Table 4. Elsewhere 2% TBP-modified CO2 
has been shown to have a large influence on organic 
compound solubilities in the SF phase, as reported 
by Lemert and Johnson et al. [29]. 

The solubility of triphenyl phosphate (TPP) has 
been measured by Schmitt et al. [30]. These data are 

illustrated in Fig. 2, using the correlation method 
described earlier, and the constants k and C gener- 
ated are given in Table 2. Temperature had no 
significant effect on the solubility of TPP at constant 
density between 37 and 47°C. The solubilities of 
different phosphine oxides have been measured by 
both Schmitt and Reid [30] and Linet al. [26]. The 
TOPO ligand shows solubilities approximately one 
order of magntiude higher than those of the TPP 
ligand. High solubilities have been observed for 
TOPO and TBPO as shown in Table 5. A much 
lower solubility is observed for the phenyl-substi- 
tuted phosphine oxide TPPO. This correlates with 
the qualitative observation that aromatic sub- 
stituent groups such as phenyl have a negative effect 
on the SF solubility of organic compounds [31]. 

3.5. Amines 

Although no SFE data are available for the 
extraction of metals using amines as extractants, 
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Table 4 
P T Z surface for vapor-l iquid separation of TBP-CO2 [28] 

2.3 mol % 3.8 tool % 5.6 tool % l l.0 mol % 15.5 mol % 
T(°C) P (arm) T(°C) P (atm) T(°C) P (atm) T(°C) P (atm) T(°C) P (atm) 

40.2 84.6 25.5 65.1 39.2 84.2 
42.2 86.7 36.3 83.8 50.0 l ! 2.7 
47.1 98.4 47.0 110.5 63.7 141.4 
60.7 128.6 51.0 117,4 74.4 171.2 
70.5 145.3 54.9 133.9 87.2 193.6 

86.2 173.1 55.8 135.9 88.1 196.0 
102.8 197.7 71.5 168.0 103.8 216.1 
116.5 213.7 72.5 169.9 115.5 234.2 
128.2 224.2 73.5 171.8 125.3 249.8 
129.2 224.8 87.2 196.9 136.1 260.5 
143.9 231.0 103.8 222.6 137.0 262.8 
144.9 232.2 127.3 256.1 146.8 269.6 

142.9 258.6 
162.4 270.1 

44.1 85.6 49.0 93.3 
59.8 ll8.1 61.7 116.3 
75.4 156.4 75.4 145.4 
86.2 177.6 84.2 159.1 

105.7 209.7 102.8 190.3 
126.3 240.4 114.5 210.9 
135.1 252.2 128.2 234.4 
153.7 275.1 150.7 262.8 

they are known to extract metals under conven- 
tional solvent extraction conditions [32]. Limited 
solubility data are available for amines from the 
work of Schmitt and Reid [30] and this is 
shown in Fig. 2. The amines investigated in this 
study included triphenylamine (TPA), di-n-dode- 
cylamine (DnDA), trihexylamine (THA) and tri- 
octylamine (TOA). The correlation coefficients k 

2 o f f  ~ - - ::> ~ ~ 

/ ~ : " 6 f  : :  

+J -::: ....... 
-2  

- 4  I f 4 + + . . . . .  

6,3 6.4 6.5 6.6 6.7 6.8 6.9 

Ln D 

Fig. 2. Ln (solubility) of organic ligands in SF CO 2 as a 
function of In(density): ( t )  TOPO, 37°C; ( I )  TOPO, 47°C; 
(A) TPP, 37°C; ( x ) TPP, 47°C; (A) TPA, 47°C; ( t )  DnDA, 
37°C; (+)  DnDA, 47°C; (~)  THA, 47°C; (O) TOA, 47°C. 

and C are given on Table 2. Trihexylamine is 
the most suitable, forming a completely miscible 
phase with CO2 at approximately 150 bar. Simi- 
larly to the case of the phosphine oxides, the 
phenyl-subsituted ligands show the lowest SF 
solubility from the amine range of compounds, 
for which data are available. 

3.6. Other extractive reagents 

Yazdi and Beckman [33] have measured the 
solubilities of a range of fluorinated polymeric 
ethers with picolylamine, bis(picolylamine), 
dithiol and dithiocarbamate functionalities. The 
molecular weights of these compounds were be- 
tween 2500 and 7500. Although very high solu- 
bilities of the ligands are observed in weight per 
cent terms (ca. 5%), the solubilities in terms of 
molar concentration are very low. 

3.7. Prediction techniques for ligand solubilities 

Harrington et al. [34] have recently shown 
that the solubility of many organic compounds 
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Table 5 
Solubilities of  phosphates and phosphine oxides in SF CO_, (26) 

143 

Compound MWP T Density S 
(atm) (°C) Ig I ~) (g l i) 

TBPO 218 200 60 0.7318 184.9 
TOPO 387 150 40 0.7878 20.18 
TOPO 387 200 45 0.8211 25.35 
TPPO 278 200 60 0.7318 2.127 

can be estimated to within 30% accuracy using 
an equation of" state approach. Critical to this 
approach is the determination of the van de 
Waals interaction parameter k~2. This parameter 
describes the forces involved in the interaction 
between solute and solvent. The k~2 parameter is 
usually determined by correlation of experimen- 
tally determined solubility values with the Peng-  
Robinson equation of state. Once the k~2 value 
is known, then solubilities at a range of condi- 
tions call be estimated. Harrington et al. [34] 
demonstrated that the k~2 parameter can be pre- 
dicted via a group contribution approach. Here 
the various contributions of individual func- 
tional groups to the k~2 parameter are assumed 
to be additive. The functional groups for which 

Table 6 
Functional groups for which group contribution methods can 
be applied for solubility prediction in SFs using the method 
presented by Harrington et al. [34] 

Functional group Ring or arm 

CH = Ring 
CH • Ring 

= C < Ring 
CH ~ Arm 
Ctt < Arm 
OH Arm 
COOH Arm 

> C O  Ring 
> C < Arm 
CH 2 Arm 

= N  Ring 
Nil Arm 
N H ~ Arm 
N ~ Arm 
S Arm 
CI Arm 

sufficient data are available to make reaslistic 
predictions are given in Table 6. This approach 
gives a fast method to assess the likely solubility 
of ligands for which no experimental solubility 
data are available. 

4. Solubility of metal complexes in SF C02 

The metal complexes that have been studied 
in terms of solubility in SF CO2 cover a range 
of systems including most of the ligand types 
given above. Unfortunately few systematic inves- 
tigations have been carried out, thus limiting 
the ability to model such data. The correlation 
procedures discussed above are utilized where 
possible. 

-2.5 T 

I 

31 x 
m-35-~ -4 ] 

-4.5 

/ 

6.5 6.55 6.6 6.65 6.7 6.75 6.8 6.85 
Ln D 

6.9 

Fig. 3. Ln (solubility) of [({5,7,12,14-tetramethyl]-2,3:9.10- 
dibenzo[b,i]tetraazocyclotetradecine)nickel(ll)] in SF CO_,+ 
10% (v/v) methanol as a function of In(densityi: ( I )  40°C; 
(~I,) 50°C; (A) 60°C; ( × )  70°C. 
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Table 7 
Correlation parameters for metal complexes in SF CO2 

Compound  Fluid T k C Ref. 
(°C) 

Ni cyclam CO 2 + 10% MeOH 40 8.49 - 6 2 . 0 6  [35] 
Ni cyclam CO 2 + 10% MeOH 50 8.67 -62 .72  [35] 
Ni cyclam CO 2 + 10% MeOH 60 9.27 - 66.16 [35] 
Ni cyclam CO 2 + 10% MeOH 70 9.59 -67 .68  [35] 
Ferrocene CO 2 40 4.42 - 27.63 [35] 
Ferrocene CO2 50 3.87 - 23.63 [35] 
Ferrocene CO2 60 3.81 - 22.96 [35] 
Ferrocene CO2 70 3.82 - 22.67 [35] 
Cu(acac)2 CO 2 150 4.53 - 28.33 [38] 
Cu(acac)2 CO 2 170 3.71 - 22.55 [38] 
Y(acac)3 CO 2 150 1.96 - 13.91 [38] 
Y(acac)3 CO2 170 3.53 - 23.08 [38] 
Y(hfa)3 CO e 150 1.35 - 6.25 [38] 
Y(hfa)~ CO 2 170 2.34 - 12.20 [38] 
Ba(hfa)2 CO 2 150 2.61 - 15.16 [38] 
Ba(hfa)2 CO 2 170 4.71 - 27.55 [38] 
Cu(acac)2 CO 2 40 4.15 - 30.40 [40] 
Cu(bzac)2 CO z 40 6.03 - 43.67 [40] 
Cu(tfbzm)2 CO 2 40 9.77 - 67.54 [40] 
Cu(dmhd)2 CO 2 40 11.44 - 77.07 [40] 
Cu(dibm)e CO z 40 7.23 - 47.45 [40] 
Cu(thd)2 CO 2 40 7.80 - 51.20 [40] 
Cu(tod)2 CO2 40 7.59 -48 .85  [40] 
Cu(hfa)2. H20  CO 2 40 3.59 -21 .02  [40] 
Cu(hfa)2 CO 2 40 3.56 - 20.36 [40] 
Cu(t fa)2 CO z 40 3.15 - 20.06 [40] 
Li(acac) CO z 60 0.82 - 16.47 [39] 
Co(acac)2 H20  CO2 60 2.50 - 25.74 [39] 
Cu(acac)2 CO 2 60 2.65 - 26.50 [39] 
Mn(acac)2 2H20  CO 2 60 1.20 - 16.31 [39] 
Co(acac)~ CO2 60 2.18 - 22.03 [39] 
Mn(acac)3 CO 2 60 2.27 - 22.23 [39] 
Zn(acac)2 CO2 60 2.58 - 23.77 [39] 
In(acac)3 CO2 60 3.83 - 31.82 [39] 
Ga(acac)2 CO2 60 3.81 - 31.08 [39] 
Cr(acac)3 CO 2 40 7.55 - 51.24 [40] 
Cr(acacBr)3 CO 2 40 4.72 - 33.76 [40] 
Cr(thd)3 CO 2 40 2.24 - 11.05 [40] 
trans-Cr(tfa)3 CO 2 40 2.78 - 15.67 [40] 
cis Cr(tfa) 3 CO 2 40 3.93 - 2 3 . 9 2  [40] 
Cu(FDDC)2 CO 2 50 1.36 - 8.76 [7] 

4.1. M a c r o c y c l i c  s y s t e m s  

T h e  s o l u b i l i t i e s  o f  m e t a l  c r o w n  e t h e r  s y s t e m s  

h a v e  n o t  y e t  b e e n  i n v e s t i g a t e d ,  p r o b a b l y  o w i n g  t o  

t h e  n a t u r e  o f  t h e  c o m p l e x e s  t h a t  a r e  f o r m e d ,  

u s u a l l y  i o n  p a i r s  w h i c h  a r e  d i f f i c u l t  t o  o b t a i n  in  a 

p u r i f i e d  c r y s t a l  f o r m .  

C o w e y  e t  al .  [35] h a v e  r e p o r t e d  t h e  s o l u b i l i t y  o f  

a n i c k e l  c y c l a m  c o m p l e x ,  [({ 5 , 7 , 1 2 , 1 4 - t e t r a - m e t h y l  } 

- 2 ,3 :9 ,  1 0 -  d i b e n z o  [ b,i] t e t r a a z o c y c l o t e t r a d e c i n e )  - 

n i c k e l  ( I I)]  ( r e f e r r e d  t o  s u b s e q u e n t l y  a s  N i  c y l a m  

in  t h i s  p a p e r ) ,  i n  S F  C O 2  m o d i f i e d  w i t h  1 0 %  

( N / N )  m e t h a n o l .  N i  c y c l a m  h a d  v e r y  p o o r  s o l u -  

b i l i t y  i n  p u r e  C O 2  s u c h  t h a t  i t  c o u l d  n o t  b e  
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(d) All 40°C: ( , )  Cr(acacE; ( • )  Cr(acacBr)3; (A) Cr(thd)~; (x) tram' Cr(tt'ah; ( • )  cis Cr(tla)> 

quantified by the technique used by these workers. 
The Ni cyclam complex is a nearly planar  system 
and the effect o f  adding methanol  as a modifier 
was interpreted as involving the format ion of  an 
octahedral  MXL~ system with the methanol  sol- 
vating the two t rans  sites o f  the complex and 
reducing the polarity. The actual solubility o f  the 
nickel cyclam complex is still low, however, as 
shown in Fig. 3. For  a given density o f  SF, it was 
observed that the solubility increased significantly 
with increase in temperature.  The correlation con- 
stants are shown in Table 7. In the case o f  Ni 
cyclam, a range o f  data  at differing temperatures 
and densities are available. The highest solubilities 

were observed at the highest temperatures and 
pressures studied, which indicates that the solubil- 
ity o f  the Ni cyclam complex is significantly influ- 
enced by the complex volatility, even at 
temperatures as low as 70°C, It is observed that 
the efl'ect o f  increasing density on the solubility o f  
the Ni cyclam complex is almost independent o f  
the temperature,  i.e. as the temperature increases, 
the relative changes in solubility are equivalent for 
a given SF density change. 

Brauer et al. [36] have studied the solubility o f  
a range o f  fluorinated metal porphyrin  complexes. 
The solubility o f  these complexes is low, but they 
do show measurable solubility in pure CO. .  AI- 
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though the above systems are of interest for ex- 
traction, the main interest in SF solubility has 
been the possibility of using these as catalytic 
systems [37]. Hence, in such cases, low solubility 
may not be critical as in the area of extraction. 

4.2. M e t a l  f l -d ike tone  sys t ems  

Three major systematic studies of the solubility 
of metal fl-diketone complexes in SF CO2, have 
been carried out [38-40]. The metal fl-diketone 
systems are by far the most extensively studied 
system for solubility in SF CO2. The various 
correlation parameters for the fl-diketone com- 
plexes are given in Table 7. 

Hamdi et al. [38] have studied the solubilities of 
a range of different metal acetylacetone and metal 
hexafluoroacetylacetone complexes in SF CO2. 
The data obtained are shown in Fig. 4(a). The 
solubilities of the acetylacetone were determined 
at high temperatures (150-170°C) in this study. 
At such temperatures, the density of CO2 is low 
(e.g. 160-360 g 1 -~) and the major contributing 
factor to the solubility is likely to be the metal 
complex volatility. It is therefore surprising that 
for the hexafluoroacetylacetone complexes it is 
observed that solubility decreases with increasing 
temperature, indicating a decrease in solvating 
effects even at temperatures as high as 150- 
170°C. The effect of fluorination of the complex 
on solubility can be observed from the data pre- 
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Fig. 5. Ln(solubility) of ferrocene in SF CO 2 as a function of 
In(density): ( , )  40°C; ( , )  50°C; (A) 60°C; (x) 70°C. 

sented for the yttrium system. With fluorination 
of the methyl groups of the acetylacetone ligand, 
increases in solubility of between three and four 
orders of magnitude are observed. 

Saito et al. [39] have studied acetylacetone com- 
plexes of different metals at temperatures lower 
than those of Hamdi et al. [38] (60°C compared 
with 150°C) and these data are shown in Fig. 4(b). 
At these milder temperatures, the solubility of the 
metal complexes is much lower than those ob- 
served at > 150°C. The poorest solubility was 
observed for the Li complex, which can be inter- 
preted in terms of the inability of the single acac 
ligand to shield the ionic Li center from the SF 
CO2. The highest solubility was observed for In 
and Ga, which can be correlated with their behav- 
ior, lying between metallic and non-metallic sys- 
tems. For elements which exist in the oxidation 
states 2 + and 3 + (Mn and Co), it was observed 
that the higher oxidation state complex shows an 
enhanced solubility. This can be correlated with a 
more complete shielding of the 3 + metal ion 
center with a greater number of ligands so that 
the solvation of the resulting complex is enhanced 
owing to the increase in solute solvent interac- 
tions between the SF CO2 and the complex. 

Lagalante et al. [40] have studied the solubility 
of copper and chromium fl-diketone systems, 
with nine different ligand types being studied. The 
data obtained are illustrated in Fig. 4(c) and (d). 
In this work, a direct correlation was observed 
between the metal complex solubility and the 
Hildebrand solubility parameter of the uncomplex 
ligand. This illustrates that for a given metal 
system, the nature of the ligand side-chains influ- 
ences the solubility of the metal complex in accor- 
dance with 'regular' solution theory. Lagalante et 
al. [40] observed that the fluorinated ligand sys- 
tems showed the highest solubility, with the hex- 
afluoroacetylacetone complexes having the highest 
values. The lowest solubility was observed for the 
benzyl-substituted fl-diketone sysem, correlating 
with the general observation for organic com- 
pounds where aromatic substituted systems 
showed the lowest solubilities. Similar trends were 
observed for the Cr fl-diketone complexes to 
those for the Cu fl-diketone complexes in terms of 
the effects of different ligand substituents on the 
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solubility. The high solubility of Cu(hfa)2 com- 
plexes correlates with vapor pressure data for the 
Cu fl-diketone complexes, where the Cu(hfa)2 has 
a vapor pressure an order of magnitude greater 
than that of the non-fluorinated Cu(acac)2 com- 
plex [41 ]. 

However, in all cases where the same ligand 
was used for Cu and Cr, the Cr complexes 
showed higher solubilities [40]. This may be due 
to the greater protection of the metal ion center 
from the SF CO 2 and to the enhanced solvation 
effects for the 'extra' ligand, as discussed previ- 
ously. Molecular weight does not seem to influ- 
ence the solubility of the metal complexes, since 
although that of Cr (52.0) is slightly lower than 
Cu (63.6), the requirement of Cr for three ligands 
to satisfy valency requirements, compared with 
two ligands for Cu, means that the overall com- 
plex molecular weight is always higher for the Cr 
system. 

One interesting complex is hexafluoroacetylace- 
tonecopper ( I ) trimethylphosphine ( hfaCuPme3 ), 
which shows SF COz solubilities of the order of 
0.1 M [42]. This complex is of interest in metal 
deposition technology, forming copper films upon 
spraying from an SF on to a hot surface via a 
disproportional reaction of the Cu(I) complex 
[43]. 

4.3. Me ta l  dithiocarbamates 

A range of metal dithiocarbamate metal com- 
plex solubilities have been investigated. Laintz et 
al. [7] showed that fluorination of the end methyl 
groups of diethyldithiocarbamate ligands resulted 
in greatly enhanced solubilities of the metal com- 
plexed systems in SF CO2. This is illustrated in 
Table 3. Solubility enhancement in the range of 
300-fold were observed for the fluorinated com- 
plexes. The lowest enhancements in solubility 
were observed for the sodium complexes, indicat- 
ing that in this system, it is the interaction be- 
tween the sodium ion and the SF that strongly 
influences the solubility value. The effect of 
methanol modification of the SF is illustrated for 
the Hg dithiocarbamate complexes, where mod- 
ification with 5% methanol increases the observed 
solubility by nearly one order of magnitude [16]. 

Laintz et al. [7] have studied the solubility of 
Cu(FDDC)2 complexes in SF COz at various 
densities. The correlation parameters are shown in 
Table 7. The solubility is observed to increase 
significantly with increase in density. 

Wang and Marshall [23] studied dithiocarba- 
mate complexes with various hydrocarbon tail 
groups, observing the highest solubility for butyl- 
substituted ligands. The solubilities of the butyl- 
substituted dithiocarbamates approach those of 
the fluorinated systems, but are still slightly lower. 

4.4. Organophosphorus reagents 

No data have been reported for the solubility of 
metal organophosphorus complexes in CO2. Simi- 
larly to the crown ethers, metal organophospho- 
rus complexes involve ion-pair extraction via a 
coordination complex. Such systems are difficult 
to obtain as purified crystal systems. 

5. Organometallic systems 

5.1. Ferrocene 

Only one organometallic compound, ferrocene, 
has been extensively studied with regard to solu- 
bility in SF CO2 [34]. Ferrocene shows high solu- 
bility, as illustrated in Fig. 5. The effect of 
increasing density on solubility is almost indepen- 
dent of temperature. The high solubility of fer- 
rocene was interpreted as being due to the nature 
of the bonding in the ferrocene compound. Fer- 
rocene is a system in which the metal 3d, p and s 
orbitals are filled such that no free coordination 
sites are available for interaction with the solvat- 
ing CO2, resulting in ferrocene having properties 
resembling those of an aromatic compound. 

5.2. Other organometallics 

The catalytically active compound RuC12[P- 
(CH03 ] has been shown to be soluble in SF CO:, 
but only qualitative measurements have been car- 
ried out [44]. A number of studies of the behavior 
of organometallic systems in SF CO2 have been 
carried out, with particular reference to reactivity 
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and catalysis [45,46]. These studies indicate that a 
wide range of organometallic systems show high 
SF solubility, although rarely is a direct measure- 
ment of this parameter made. 

A wide range of toxic environmental contami- 
nants have been shown to be soluble in SF CO2, 
as evidenced by determination by SF chromatog- 
raphy or by extraction using SF CO2 [5,8,13,16]. 

6. Relevance to metal extraction 

From the data presented above, it can be seen 
that, in general, many ligands show relatively high 
SF CO2 solubilities or are completely miscible 
[30]. Even ligands containing fairly polar func- 
tional groups, such as amines, show high SF 
solubilities, such that their potential as an extrac- 
tive reagent is not likely to be limited by solubil- 
ity. In general, it appears that the most favorable 
configuration for high SF solubility is a fluorine- 
substituted ligand system [5,7,15]. For analytical 
applications, the fluoroine-substituted systems are 
clearly the most suitable. However, the high costs 
of fluorine-substituted ligands will probably limit 
their use to the analytical scale. For hydrocarbon- 
based ligands, aliphatic substituted systems show 
high solubilities approaching those of the fluorine- 
substituted systems and these may have potential 
for larger scale application [23]. Phenyl-substi- 
tuted ligands showed the lowest solubilities and 
are not likely to find many SF applications 
[26,30]. 

In parallel with the 'free' ligands, metal com- 
plexed systems show the highest solubility for 
fluorine-substituted systems, then aliphatic substi- 
tuted systems and the lowest for phenyl-substi- 
tuted systems [40]. 

The maximum metal complex solubilities ob- 
served in an SF CO2 system are in the range 
30-60 g 1 -~ for both non-fluorinated and fluori- 
nated systems [35,40]. This is equivalent to disso- 
lution of between 5 and 10 g 1 1 of metal into the 
SF system. For analytical purposes, it is unlikely 
that this level of metal ion loading of the SF 
would be required; however, for larger scale appli- 
cations this may limit some processes. 

The fluorinated complexes show the highest 
solubilities [40]. In general, increasing ligand hy- 
drocarbon tail lengths increase the solubility [40]. 
Also, a general trend exists for trivalent com- 
plexes to be more soluble than divalent com- 
plexes, which in turn are more soluble than 
monovalent complexes [39]. 

The use of both fl-diketones and dithiocarba- 
mates as extractive reagents is of great interest, 
since for natural aqueous samples these ligands 
are effective in the pH range 2-5 [32]. SF CO 2 has 
recently been shown to establish a pH in aqueous 
systems of approximately 2.9, via the formation 
of a carbonic acid solution [47]. Hence the pH of 
unbuffered aqueous systems will approach closely 
that favored for efficient extraction. 

The organophosphorus reagents have been 
found to be effective for extractions from acidic 
media such as concentrated nitric acid solution 
[26]. This is particularly relevant to the nuclear 
industry, where these reagents are used in the 
purification of actinide elements. Unfortunately, 
no data are available for the solubility of these 
metal complex systems in SF CO2, since reason- 
able solvent loading of the SF phase will be 
essential to achieving industrial-scale extractions. 
Experimental data in this area would thus be of 
great interest. 

From Tables 2 and 7 it is observed that, in 
many cases, the values of k are lower for the 
fluorinated than aliphatic substituted systems. 
This indicates that the solvation effects are lower 
for the fluorinated systems. Consequently, at 
higher SF pressures, the enhanced solubility of 
fluorine-substituted systems may not be signifi- 
cant. 

7. Abbreviations used 

Crown 1 

Crown 2 
Crown 3 

F6 crown 

dicyclohexane bis(triazolo)-crown 
ether 
dibenzo bis(triazolo)-crown ether 
bis(t-butylbenzo)bis(triazolo)-crown 
ether 
sym-bis( 3-fluorobenzo )-16-crown- 5- 
oxyacetic acid 
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F2 crown 

H crown 

acac 
t~  
hN 

tta 

FDDC 
TBP 
TBPO 
TOPO 
TPPO 
TPP 
TPA 
DnDA 
THA 
TOA 
Ni cylam 

bzac 
thd 
tod 
dmhd 
dibm 
tfbzm 

acacBr 
PM% 
DDC 

sym-[3,5-bis(trifluoromethyl)phenyl] 
dibenzo- 16-crown-5-oxyacetic acid 
sym dibenzo- 16-crown-5-oxyacetic 
acid 
pentane-2, 4-dione 
1,1,1-trifluoropentane-2, 4-dione 
l,l,l,6,6,6-hexafluoropentane-2, 4- 
dione 
1-thienyl-4,4,4-trifluoropentane- 1, 3- 
dione 
bis(trifluoro)diethyldithiocarbamate 
tributyl phosphate 
tributyl phosphine oxide 
tri-n-octylphosphine oxide 
triphenylphosphine oxide 
triphenyl phosphate 
triphenyl amine 
di-n-dodecylamine 
trihexylamine 
trioctylamine 
[( { 5,7,12, ! 4-tetra methyl } -2,3:9,10- 
dibenzo[i,i]tetraazocycloetetradecine) 
l-phenylpentane-1, 3-dione 
2,2,6,6,-tetramethylheptane-3, 5-dione 
2,2,7-trimethyloctane-3, 5-dione 
1,1-dimethylhexane-3,5-dione 
2,6-dimethytheptane-3,5-dione 
1,1,l-trifluoro-4-phenylbutane-2,4- 
dione 
3-bromopentane-2,4-dione 
trimethylphosphine 
bis(diethyl)dithiocarbamate 
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Abstract 

A simple, fast and sensitive flow-injection method is proposed for the determination of nanomolar amounts of 
ascorbic acid in tea, urine and blood. The procedure is based on the accelerating effect of a nanomolar level of 
ascorbic acid on the reaction of cooper(II) with 5,10,15,20-tetrakis(l-methylpyridinium-4-yl)porphyrin, H2tmpyp 4+. 
Ascorbic acid reduces Cu(II) to Cu(I) which catalyzes the incorporation of Cu(II) into H2tmpyp 4+ to form 
Cun(tmpyp) 4+. In this method two solutions, one containing ascorbic acid and H2tmpyp 4+ and the other containing 
copper(II) and acetate buffer (pH 5.0), were injected into two flowing streams of water through two sample injectors 
of 120 /~1 sample volume. The mixture was allowed to react in a 2 m reaction coil and the colored solution of 
Cun(tmpyp) 4+ was monitored at 550 nm (e= 2.01 × 10 4 M ~ cm ~). The present method was applied to the 
determination of ascorbic acid in tea, urea and blood. Reducing agents such as sugars and vitamins B~, B 2, B 6 and 
B~2 did not give serious errors at a concentration of 10 6 M for the determination of 1.0 x 10 8 M ascorbic acid, The 
relative standard deviation of the present method was 2.8% for the determination of 1.0 x 10 -8 M ascorbic acid. The 
reaction mechanism was clarified from the kinetic results of the formation of CuU(tmpyp) 4+ in the presence of various 
concentrations of ascorbic acid, copper(II) and hydrogen ion. 

Keywords: Ascorbic acid; Blood; Catalytic determination; Cu(II) porphyrin; Tea; Urine 

1. Introduction 

*Corresponding author. Tel.: (+81) 952-28-8560; Fax. 
(+81) 952-28-8548; e-mail: tabatam@cc.saga-u.ac.jp 

Presented at the 1995 International Chemical Congress of 
Pacific Basin Societies (PACIFICHEM'95) in the Symposium 
on kinetic and Mechanistic Aspects of Analytical Chemistry, 
Honolulu, HI, USA, December 17-22, 1995. 

Ascorbic acid is an essential v i tamin  and  partic- 

ipates in many  different biological processes. It 

occurs natura l ly  in most  fruit juices and  vegeta- 

bles. Often, it is added dur ing  the manufac ture  of 

juices or soft dr inks to improve their nut r i t iona l  

value, to attract  consumers  or to prevent the 

autoxidat ion  of commerical  products.  Owing to 

the wide use of ascorbic acid in canned  fruits, 

0039-9140/97/'$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
Pll S0039-9140(96)02010-3 



152 M. Tabata, H. Morita / Talanta 44 (1997) 151-157 

T a b l e  1 

Effect  o f  fo re ign  ions  o n  the  d e t e r m i n a t i o n  o f  1.0 × 10 8 M a s c o r b i c  ac id  

Fo re ign  C ( M )  R e c o v e r y ( % )  F o r e i g n  C ( M )  Recove ry (%)  

ion ion 

C a  2+ 10 - 4  104 SO42 l0  4 ]08 

M g  2+ 10 - 4  99 S C N  10 5 103 

M n  2+ 10 - 6  101 S032  10 5 97 

Fe 3+ 10 - 6  103 $2032 10 6 70 

C o  2+ 10 - 5  103 V i t a m i n  B t 10 - 6  97 

Ni 2+ 10 6 99 Vi t amin  B 2 10 - 6  103 

A13+ 10 5 98 V i t a m i n  B 6 10 - 6  101 

P b  2+ 10 5 95 V i t amin  B12 10 - 6  107 

C1 10 - 4  101 Suc rose  10 - 6  98 

Br  1 0 -  4 99 F r u c t o s e  1 0 -  6 99 

l -  10 - 4  101 G l u c o s e  10 - 6  98 

vegetables and drugs, and because of its impor- 
tance in human physiology, numerous methods 
have been reported for the determination of 
ascorbic acid, including titrimetric [1,2] spec- 
trophotometric [3-6], fluorometric [7], chemilu- 
minescence [8] and kinetic [9] methods. A 
highly sensitive and rapid analytical method is 
required for the analysis of a sample, such as 
blood, which contains a low concentration of 
ascorbic acid in a small volume of sample. In 
addition, the method must take into account 
the instability of ascorbic acid in air. 

A catalytic method is a suitable method for 
sensitive analysis. Since catalytic measurements 
require both reproducibility of the mixing of 
the analyte with reagents and a definite reaction 
time, a flow-injection (FI) method is considered 
to be very appropriate for the catalytic method 
of analysis, as it has been used in routine anal- 
ysis, [10,11]. 

This paper describes an FI spectrophoto- 
metric method based on the accelerating effect 
of ascorbic acid on the formation rate of 5, 
10,15,20-tetrakis(1 - methylpyridine - 4 - yl)porphyr- 
inatocopper(II), CuII(tmpyp) 4+, and the increase 
in absorbance of the Cu(II) porphyrin. The 
procedure is simple, precise, sensitive and selec- 
tive for the accurate determination of ascorbic 
acid in tea, urine and blood even at nanomolar 
level of ascorbic acid. Other compounds nor- 
mally present along with ascorbic acid, such as 

metal ion, anions, vitamins and sugars, did not 
interfere with the determination of ascorbic acid 
at a 100-fold excess. 

2. Experimental 

2.1. Reagents 

H2tmpyp 4+ tosylate, (Fig. 1) was purchased 
from Dojindo Chemical Institute (Kumamoto, 
Japan). The concentration of the porphyrin so- 
lution was determined spectrophotometrically 
using copper(II). A copper(II) solution was pre- 
pared by dissovling copper(II) nitrate in water 
and its concentration was determined by 
ethylenediaminetetraacetic acid (EDTA) titration 
using 4-(2-thi-azolylazo)resorcinol as an indica- 
tor. Sodium nitrate was recrystallized from 
distilled water. Ascorbic acid was used without 
further purification and its solution was pre- 
pared freshly before measurement. A small 
amount of a complexing agent such as trans- 

1,2 - diaminocyclohexane - N , N , N ' , N '  - tetraacetric 
acid (DCTA) or E D T A  was added to the sam- 
ple solution to prevent the catalytic decomposi- 
tion of ascorbic acid by contamination with 
metal ions such as iron(Ill). Buffer solutions 
were prepared by mixing acetic acid and 
sodium acetate solutions. 
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2.2. Apparatus and measurements for kinetic 
study 

All kinetic experiments were carried out un- 
der anaerobic conditions and the temperature 
was controlled to within _+0.1°C. Most mea- 
surements were performed at 25°C. The ionic 
strength was maintained at 0.10 M with sodium 
nitrate. Absorption spectra were recorded on a 
Shimadzu UV-2100 spectrophotometer. The 
spectral changes during the course of the reac- 
tion were the disappearance of  the characteristic 
absorption bands of H2tmpyp 4+ (Q bands at 
520~ 558 and 647 nm) and the growth of the 
characteristic band of Cu"(tmpyp) 4+ (Q band 
at 550 nm). The isosbestic points were observed 
at 490, 534 and 577 nm. The change in ab- 
sorbance at 550 nm was monitored with a ther- 
mostated 10 mm cell as a function of time at a 
given temperature by a Neslab small refriger- 
ated thermostat, type RTE-100. The reaction 
was stated by mixing two solutions, i.e. one 
containing sodium nitrate (0.1 M), copper(lI) 
nitrate and buffer, and the other containing 
sodium nitrate (0.1 M), H2tmpyp 4+, ascorbic 
acid and buffer. The mixing was carried out 
with a sample-mixing device (Type MX7, Oht- 
suka Denshi) under a nitrogen atmosphere. The 
pH was measured by a Radiometer 85 ion ana- 
lyzer with a combined electrode (GK2401C). A 
1.000 x 10 -~ M nitric acid solution containing 
0.09 M sodium nitrate was employed as the 
standard hydrogen ion concentration ( - l o g  
[H +] = 2.000; I = 0.1. 

H 3 C ~ ~  ~CH3 

+~-~/ "~-N+ 
H3 C/  CH 3 

Fig. 1. 5,10,15,20-Yetrakis( 1-methylpyridinium-4-yl)porphyrin 
(H2tmpyp 4+ ). 

2.3. FI maniJolds and experimental conditions 

A schematic diagram of the FI manifold is 
shown in Fig. 2. The system consists of a two- 
channel manifold with two plunger pumps (Jasco 
RP-4F, FIU high pressure reciprocal pumps) op- 
erating at a flow rate of  1.9 ml m i n '  and two 
six-way valve injectors of 120 t~1 sample volume 
were placed in each line. Two solutions were 
injected into each stream. One solution contained 
copper(II) nitrate (4.000 x 10 4 M), acetate buffer 
(pH 5.0, 10 2 M), DCTA (1.0 x l0 4 M), and 
sodium nitrate (0.1 M), and the other contained 
ascorbic acid (10 9-10-7 M), H2tmpyp 4- (2.5 × 
10 5 M), acetate buffer (pH 5.0; 10 2 M), DCTA 
(1.0 x 10 4 M), and sodium nitrate (0.1 M). The 
two solutions were mixed in a reaction coil. The 
absorbance at 550 nm was measured by a Jussco 
UVIDEC-100 VI spectrophotometer with an 8/~1 
flow cell and recorded on a Graphtec Servocorder 
SR 6211, and the peak heights were measured. 
The FI experiment was thermostated at room 
temperature (25 _+ 0.5°C). 

Table 2 
Determination of ascorbic acid in tea, urine and blood using 
the present method 

Sample Volume takem' Ascorbic acid found (M) 

Tea 2 ml b (1.94_+0.06) x 10 7b 
Human urine 10 /tl (6.9 _+ 1.7) z 10 5 
Human blood 100 ,ul (1.31 +0.29) x 10 6 

~' The sample was taken in a 25 ml volumetric flask. 
b The sample was diluted 12 500 times and the known concen- 
tration of ascorbic acid in the sample is 2.04 x 10 v M. 

3. Results and discussion 

3. I. Kinetics and mechanism of jormation oJ 
Cu 11(tmpyp)4 + in the presence of ascorbic acid 

The rate of metalloporphyrin formation is 
10-.6_10 s times slower than that of complex 
formation with open-chain ligands [12,13]. Several 
methods have been proposed for the enhancement 
of  the incorporation of metal ion into porphyrin 
[14]. The slow reaction rate is a result of difficulty 
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e c2 * 5 ml mln "1 

VI 2m 550nm ~ 3 
Water(A ~:~ 

fq 

Water(B)[-- ~ W ~ 21 

Sample 0 
4 

A • 

B 

C 

4.5 5 5.5 
-log([H* l/M) 

Fig. 2. Manifold used for determination of ascorbic acid: A and B, water streams; P, plunger pump; VI and V2, six-way loop 
injector valves of 120/~1 sample volume; RC, reaction coil (5 mm i.d.); D, spectrophotometer; W, waste. All flow lines were made 
from Teflon tubing (0.5 mm i.d.). 

in deforming the porphyrin ring. Interestingly, 
large metal ions such as mercury(II), cadmium(II) 
and lead(II), which cannot be incorporated into 
the porphyrin core and just sit on the top of the 
porphyrin plane due to their large ionic radii, 
deform the porphyrin core and accelerate the 
incorporation of other medium-sized metal ions 
such as copper(II) [13,14]. Copper(I) has an ionic 
radius comparable to that of cadmium(II). There- 
fore, it is expected that copper(I) will accelerate 
metalloporphyrin formation in a similar way to 
cadmium(II) [15]. 

The present FI method is based on ascorbic 
acid reducing copper(II) ion to copper(I), which 
catalyzes the formation of Cun(tmpyp) 4+, and 
measuring the increase in absorbance of the 
Cu(II) porphyrin at a definite time after the start 
of the reaction. This reaction gave a straight line 
in a first-order kinetic plot. Hence, the kinetic 
equation for the reaction is described by Eq. (1), 
where k0 is the conditional rate constant involving 
concentrations of ascorbic acid, hydrogen ion and 
copper(II): 

- d[H2tmpyp 4 + ]/dt = d[CuH(tmpyp) 4 + ]/dt 

= ko[Hztmpyp 4 + ] (1) 

3.2 Effect of hydrogen ion 

The reaction of copper (II) with H2tmpyp 4+ 
was investigated in the presence of ascorbic acid 
at pH 4-5.6. Fig. 3 shows the effect of hydrogen 
ion in the presence and absence of ascorbic acid. 
The rate of formation of CuH(tmpyp) 4 + increased 

with pH. The rapid increase in the rate constant 
above pH 4.5 can be ascribed to the deprotona- 
tion of acetic acid and acsorbic acid (pKa = 4.56 
(acetic acid), 4.25 (ascorbic acid) [16]) and to the 
release of proton from H2tmpyp 4÷ followed by 
the formation of Cu~(tmpyp) 5+ (vide infra). 

3.3 Effect of ascorbic acid and copper (II) 

The formation of Cun(tmpyp) 4+ was dramati- 
cally accelerated in the presence of ascorbic acid 
even at nanomolar levels. The observed rate con- 
stant was linearly correlated with the total concen- 
tration of ascorbic acid (Fig. 4a) and increased 
significantly with copper(II) concentration, reach- 
ing a plateau at the highest concentration of Cu(II) 
at each temperature (Fig. 4b). The reduction of 
Cu(II) to Cu(I) was completed within 1 min 

0.15 

0.10 a 

"~ 0.05 

0.00 i , , 
0 1 2 3 4 

10 8 [aseorbic acid]/M 

Fig. 3. Effect of pH on the reaction of H2tmpyp 4+ with 
copper(If) in the presence and absence of ascorbic acid: (A) 
1.00 x 10 8; (B) 5.00 x 10-9; (C) 0 M [Cu 2+] = 1.02 x 10 - 4 ,  

[H2tmpyp 4+] = 1.54 x 10 -5 and [DCTA l = 7.5 x 10 _6 M. 
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under the present experimental conditions 
( [ C H  2 ÷  ] = 1.0 x 10 4 M, pH 5.0, I =  0.1 NaNO3) 
[17,18]. The copper(I) formed catalyzes the rate 
of incorporation of  copper(II) into the por- 
phyrin core by deforming the porphyrin plane 
favorably for the attack of copper(II) from un- 
derneath. The mechanism is similar to the effect 
of large metal ions such as mercury(II), cadmi- 
um(II) and lead(II) [14,15,19]. Thus, the reac- 
tion mechanism for the accelerating effect of  
ascorbic acid is expressed by the following reac- 
tion scheme: 

f a s t  
Cu 2 + + H A - - - ~ C u  + + H A ' ;  Cu 2 + + A ' -  

f a s t  

- - ~  Cu + + A  
kl 

Cu + + H2tmpyp 4+ . " Cu~(tmpyp) 5+ + 2H + (2) 
k -  I 

k2  
Cu~(tmpyp) 5+ + Cu 2+ , CuH(tmpyp) 4+ + Cu + 

(3) 

The Cu + formed in reaction (3) contributes 
repeatedly to reaction (2) i.e., Cu + plays a role 
as a catalyst for the formation of Cu" 
(tmpyp) 4~. Applying the steady state-approxi- 
mation for CuI(tmpyp) 5+, the observed rate 
constant for the catalytic reaction is given by 

k l k 2 [ C u + ] [ C u  2+ ] 

k° = (k ,[H+] 2 + ka[Cu2+]) (4) 

From this equation, it can be deduced that the 
catalytic effect of Cu + becomes independent 
of  [Cu 2+] at high concentration (k 2[H+]Z.~ 
[Cu2+]). Thus, Eq. (4) is reduced to k0 = 
k2[Cu +] at high concentrations of copper(II) as 
shown in Fig. 4b. 

3.4. Optimization of FI method 

Ascorbic acid was found to enhance the for- 
mation of Cu(tmpyp) 4÷, and the reaction was 
adapted in order to develop an FI method for 
the determination of ascorbic acid. A schematic 
diagram of  the FI manifold is shown in Fig. 2. 
The absorbance of  Cu(tmpyp) 4÷ was measured 
at 550 nm ()~max of  Cu(tmpyp) 4÷) and the peak 
height was also measured. The presence of  
ascorbic acid caused an increase in the peak 

6 
"2, 

~ 4  
¢q 

2 

0 

b 

• A O 

I I I 

2 4 6 8 

104[Cu 2+ ]/1~! 

Fig. 4. Effect of ascorbic acid (a) and copper(ll) (b) on the 
formation of  Cu(tmpyp) 4+. (a) [Cu 2+]= 1.02 x 10 a; 
[H2tmpyp 4+]= 1.54 x 10-5; [DCTA]= 7.5 x 10 6 M; pH 
5.70 (A); 5.50 (B): 5.29 (C); 5.10 (D). (b) [H2tmpyp4+] T M  

1.52 × 10 5; [DCTA] = 1.00 x 10 5; [ascorbic acid] = 5.00 x 
10 9 M; pH 4.80; T (°C)= 16.2 (A): 20.7 (B): 25.0 (C); 29.9 
(D). 

height proportional to the ascorbic acid concen- 
tration. Flow rate, coil length, temperature and 
other chemical variables were optimized for the 
proposed FI method. This study was carried 
out by altering each variable in turn while 
keeping the others constant. The effect of  the 
reactor coil length on the peak height was stud- 
ied in the range 0.3--5 m (0.5 mm i.d.) in the 
presence of various concentrations of ascorbic 
acid. The absorbance increased with reactor coil 
length, reached a maximum at around 2 m, 
and then gradually decreased above 2 m (Fig. 
5). Thus, a 2 m reactor coil was selected. 

0.03 

0.02 

L 

"~ 0.01 

I 

1 2 3 4 5 6 

E 

I I I I 

Coil length/m 

Fig. 5. Effect of  reaction coil length on the determination of 
ascorbic acid using the present FI method. [Ascorbic acid] 
(10 -8 M) = 2.00 (A); 4.00 (B); 6.00 (C); 8.00 (D); 10.00 (E). 
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3.5. Determination of  ascorbic acid 

With the manifold described above and under 
the selected experimental conditions, namely 
pump rate = 1.9 ml min 1, sample volume = 120 
pl, reactor coil length = 2.0 m, two solutions were 
injected simultaneously using two sample injectors 
with a six-way valve. One solution contained 0.1 
M NaNO3, acetate buffer (pH 5.0, 
[CH3COOH ] + [CH3COONa ] = 0.01 M), 1.0 x 
10 4 M DCTA and 4 x 10 -4 M Cu 2+ in a 25 ml 
volumetric flask and the other contained 0.1 M 
NaNO3, acetate buffer (pH 5.0, [CH3COOH] + 
[CH3COONa ] = 0.01 M), DCTA = 1.0 x 10 -4 M, 
sample solution (ascorbic ac id=  10 9-10  7 M) 

and H2tmpyp 4+ (1.80 x 10 -s M). A linear cali- 
bration graph was obtained by plotting the peak 
height (or absorbance) vs. the concentration of 
ascorbic acid in the range 5.0 x 10 - 7 -  1.2 x 
10 -7M ascorbic acid. The regression equation 
was: absorbance=4.94  x 105 [ascorbic acid]+ 
0.0283, with a correlation factor (r) of  0.9949. 
The relative standard deviation was 2.8% for the 
determination of 1.0 x 10 8 M ascorbic acid. 

3.6. Interference studies 

The effect of  foreign ions on the present FI 
method was studied for frequently encountered 
reducing agents and inorganic ions, in addition to 
the effect of other vitamins that are likely to be 
present along with ascorbic acid in foods. The 
results are summarized in Table 1. Since ascorbic 
acid is easily decomposed in the presence of trace 
amounts of  iron(Ill), DCTA was added to the 
sample solution to mask iron(Ill). EDTA also 
showed the same masking effect for the foreign 
ions as DCTA. Since the stability constant of  
Fe(DCTA) is larger than that of  Fe(EDTA), and 
the difference between the Fe(III) and Cu(II) sta- 
bility constants of  DCTA is higher than that of  
EDTA [20], DCTA was used in this method. The 
present method is based on the ability of ascorbic 
acid to reduce Cu(II) to Cu(I). Hence, chemical 
species that can bring about reduction would be 
expected to interfere with the determination of  
ascorbic acid. Among the agents listed in Table 1, 
thiosulfate interfered significantly, but the effects 

D 
5 mi~ 

C 
B 

i 

O.O1S . 

=I/,,, 
-10 0 10 20 30 

109[ascorbic acid] a d d e ~ M  

Fig. 6. Typical recorder signals for the determination of ascor- 
bic acid in diluted tea samples after addition of  a given 
concentration of ascorbic acid: (A) blank; (B) 0; (C) 5.0 
x 10 9;(D) 1.00×10 8;(E) 1.50x 10 8;(F) 2 . 0 x 1 0  8;(G) 

2.5 x 10 -8 M. 

of other reducing agents of sugars were negligible 
at the 10 -6 M level. Vitamins B1, B2, B6 and B12 
did not produce serious errors in the determina- 
tion of 10 -8 M ascorbic acid. 

3. 7. Application 

In order to check the applicability of  the 
present method to real samples, it was used for 
the determination of ascorbic acid in samples of 
tea, human urine and blood. Since the concentra- 
tions of  ascorbic acid in these samples were too 
high for the present method, the samples were 
diluted 312 500, 5000, and 100 times for tea, urine 
and blood respectively. Typical FI signals and a 
calibration graph using the standard addition 
method are shown in Fig. 6 for the determination 
of ascorbic acid in a diluted tea sample. The 
blood sample was centrifuged for 5 min at 5000 
rev min-J and a 500 p l sample was taken into a 
25 ml volumetric flask and diluted with water. It 
was anticipated that many materials in urine and 
blood would interfere with the determination of 
ascorbic acid. However, the interference of  these 
species was greatly reduced due to the marked 
dilution of the sample before the determination of 
ascorbic acid. The analytical results for tea, urine 
and blood are summarized in Table 2. The accu- 
racy and precision of  the present method were 
tested by comparison of  the results for the diluted 
(12 500 times) tea sample with the known concen- 
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tration of ascorbic acid in the tea sample and by a 
standard addition method respectively. Satisfac- 
tory results were obtained. 

4. Conclusion 

The proposed method for the determination of 
ascorbic acid is highly sensitive, selective, simple 
and precise. The method can be easily adapted for 
handling large numbers of samples by an FI 
method and has the potential for automatic routine 
clinical analysis. The high sensitivity of the pro- 
posed method provides rapid analysis of a nanomo- 
lar level of ascorbic acid in urine and blood without 
serious errors from sugars and vitamins. 
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Abstract 

The application of the second-derivative UV spectrophotometry for determining the stability of 3-bromo-N-brorno- 
N-(3,4-dimethyl-5-isoxazolyl-4-amine)-l,2-naphthoquinone in ethanolic solutions is described. The validity of this 
method was evaluated using synthetic mixtures of the intact drug and its degradation products and by statistical 
analysis of the calibration data. In order to verify the usefulness of this method for stability studies, recovery 
experiments by the standard addition method were also carried out. 

Keywords: 3-bromo-N-bromo-N-(3 ,4-d imethy l -5- i soxzxoly l -4-amine) - l ,2 -naphthoquinone;  Degradation kinetics: Sec- 
ond-derivative UV spectrophotometry 

1. Introduction 

The stability of halogenated isoxazolylna- 
ph thoqu inones  in ethanolic  solut ions is affect- 

ed by factors such as temperature  and daylight 
[1-3]. Previously, we have demons t ra ted  that  

* Corresponding author. Fax: (54)-51-334174. 

3 - b r o m o - N -  b romo - N -  (3,4 - dimethyl-5-isoxaz- 
o ly l -4 -amine) - l ,2 -naph thoqu inone  (1) [4], a po- 
tential t r ipanocidal  agent [5], decomposes in 
ethanolic solutions,  at 35 50°C under  daylight 

and dark condi t ions  giving two main  degra- 

da t ion  products:  3 - b romo - 2 - hydroxy - N -  (3,4 - 

dimethyl - 5 - isoxazolyl) -1, 4 - naph tho-qu inon-4 -  
imine (2) and  3 -b romo-  N-  b romo - 4-  e thoxy-  N- 
(3,4 - dimethyl  - 5 - isoxazolyl - 4 - amine) - 1,2 - 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
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naphthoquinone (3) [2], which require specific 
methods of  analysis. 
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Derivative UV spectrophotometry has proved 
to be particularly useful in assays of  single com- 
ponents in the presence of excipients or degrada- 
tion products with very similar structures 
[1,3,6-9]. This paper describes the applicability of  
second-derivative spectrophotometry for deter- 
mining the disappearance kinetics of  1 in the 
presence of its degradation products. The method 
was validated using synthetic mixtures of  1 with 
its degradation products and by statistical analy- 
sis of  the calibration data. In order to verify its 
usefulness in stability studies of 1, recovery exper- 
iments were performed by the standard addition 
method [10]. 

2. Experimental 

2.1. Apparatus 

3 were obtained as reported previously [2,4]. 
Compounds 1 and 3 are freely soluble in 
dichloromethane and sparingly soluble in ethanol, 
therefore dichloromethane was used as the solvent 
to prepare their stock solutions. 

2.3. Second-derivative UV spectrophotometric 
analysis 

Zero-order and second-derivative absorption 
spectra of  standard and sample solutions were 
recorded at 220-350 nm against ethanol as a 
blank. Suitable settings were a slit width 1 nm and 
a fast scan speed. The recorder scale expansion 
was also optimized to facilitate reading on the 
recorder tracing. The peak-to-baseline measure- 
ments h (mm) were performed at 258.0 nm in 
duplicate scans of the same solution and normal- 
ized (H) [1,3,6]. All transfers and dilutions were 
carried out in the dark. 

2.4. Calibration graph 

Five solutions of  1 were prepared in duplicate 
by diluting aliquots taken from two stock solu- 
tions (1.37 x 10 3 M in dichloromethane) with 
ethanol to obtain final concentrations in the range 
(1.37-4.11) × 10 -5 M. The peak heights h (mm) 
at 258.0 nm were measured and normalized 
[1,3,6]. The system obeys Beer's law in the range 
examined. 

UV spectrophotometric studies were carried out 
on a Shimadzu UV-260 spectrophotometer using 
1 cm quartz cuvettes. A Chromatotron Model 
7924 T was used for preparative radial chro- 
matography (PRC). The coating rotors were pre- 
pared with silica gel 60 PF-254 (Merck). For  
kinetic measurements, the constant-temperature 
bath was regulated by a Haake D8 thermostat 
with + O. 1 °C precision. 

2.2. Materials 

All chemicals and reagents were of  analytical 
grade. Ethanol was treated with sulfanilic acid 
and potassium hydroxide/Zn [11]. Compounds 1 -  

2.5. Recovery assays 

Dichloromethane stock solutions of 1 (1.47 x 
10 -3 M) and 3 (1.22 x 10 - 3  M) were prepared. A 
stock solution of  2 was prepared in ethanol 
(1.20 x 10 -3 M). Aliquots were transferred into 
25 ml volumetric flasks and diluted to volume 
with ethanol to obtain final concentrations in the 
ranges (3.56-1.01) x 10 -5 M for 1, (0.49-2.40) x 
10 -5 M for 2 and (0 .49-2.44)x 10 -5 M for 3. 
The second-derivative spectra for different mix- 
tures of  I with 2 and 3 were recorded in duplicate 
and the h values at 258.0 nm were measured, 
normalized and compared with the corresponding 
calibration graph run (Table 1). 
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Fig. 1. Zero-order absorption spectra (left) and second- 
derivate spectra (right) for 3.50 x 10 -5 M of 1, 2 and 3 in 95% 
ethanol; h is the peak-to-baseline distance in mm. (--) I; 
( -~ ) 2 : (  )3. 

2.6. Repeatabil i ty assay' 

A solution of 3 . 53×10  5 M of 1 was mea- 
sured by replicate analysis (n = 10) on the same 
day. 

2. 7. Kinetic studies 

Aliquots were taken from a dichloromethane 
stock solution of 1 (1.37 × 10 3 M) and diluted 
with 95% ethanol to produce a final concentra- 
tion of 3.53 × 10 5 M. The sample solutions 
were transferred into 5 ml glass ampoules and 5 
ml amber-glass ampoules, flame sealed and then 
stored at the appropriate temperature in a con- 
stant-temperature bath. The "zero time" samples 
were immediately maintained at - 2 0 ° C .  Am- 
poules were withdrawn at suitable time intervals, 
immediately cooled in an ice-bath and stored at 
- 2 0 ° C  in a freezer. Upon removal of  the last 
samples, the stored solutions were allowed to 
warm to room temperature and then all samples 
were analysed. These kinetic studies were carried 
out in duplicate. 

2.5.1. Standard addition method 

A stock solution of 1 was prepared in 
dichloromethane (1.47 × 10 3 M). An aliquot of  
6.0 ml was transferred into a 250 ml volumetric 
flask and diluted to volume with ethanol to ob- 
tain a final concentration of 3.53 x 10 -5 M. The 
flask was sealed and then stored at 50°C in a 
constant-temperature bath for 26 rain under 
daylight. It was then withdrawn and immedi- 
ately cooled in an ice-bath. Aliquots (15 ml) of  
this degraded solution were taken and trans- 
ferred into 25 ml volumetric flasks. Aliquots 
(0.10-0.60 ml) from the stock solution of  1 
were added and then diluted to volume with 
ethanol. The second-derivative spectra of  these 
solutions were recorded in duplicate. The h 
(mm) values at 258.0 nm were measured, nor- 
malized and compound 1 was quantified by the 
ratio of  the intercept on the ordinate and the 
slope of the calibration line (Table 2) [10]. This 
assay was performed in quintuplicate. 

3. Results and discussion 

The structural similarities between 1 and its 
degradation products 2 and 3 make it necessary 
to choose a specific method of analysis. Second- 
derivative spectrophotometry was found to be 

Table 1 
Recovery of I in the presence of its degradation products 2 
and 3 using the second-derivate method 

[1] (mg 1 -I) [2] (mg 1 i) [3] (mg 1 i) Recovery,, 
t%,) 

15.1 100.7 
12.7 1.7 2.3 101.6 
10.0 3.3 4.6 99.8 
7.6 5.0 6.9 101.3 
5.1 8.3 11.5 101.2 

Mean + SD: 100.9 + 0.7 

a Mean of five determinations. 
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the best method for determining the residual con- 
centration of  1 under the experimental conditions 
of  this study owing to the lack of interference from 
the signals of 2 and 3. 

3.1. Spectrophotometric measurements 

Fig. 1 (left) shows the zero-order absorption 
spectra of 1 and its degradation products 2 and 3 
in the range 220-350 nm. Owing to the extensive 
spectral overlap of  the absorption bands of  these 
compounds, their second-derivative spectra were 
recorded, revealing a good selectivity for determin- 
ing 1 in mixtures of  2 and 3, as shown in Fig. 1 
(right). 

The peak-to-base line distance (h) at 258.0 nm 
for the determination of the remaining concentra- 
tion of  1 was selected, since at this working 
wavelength no interference from 2 and 3 was 
observed. 

3.2. Calibration graphs and statistical analysis 

The ordinate values of  the regression line (H) 
were calculated from the h (mm) measurements 
and were proportional to the concentration of 
pure 1 in the range (1 .37-4.11)x 10 -5 M. The 
linear regression equation for 1 [H=(8 .21  + 
15.1) x 10 4+(2.24_+0.05) x 103c (M)], the cor- 
relation coefficient ( r=0.9992),  the standard 
deviation (1.13 x 10-3), the limit of  detection 
(LOD: 1.51 x 10 6 M) and the limit of quantita- 
tion (LOQ: 5.03 x 10 6 M) were estimated from 
the calibration data at the p = 0.05 level of signifi- 
cance for n = 5 standard specimens [10,12]. 

The good sensitivity of  the method is indicated 
by the slope of  the calibration graph. The linearity 
of  the regression line and the negligible scatter of 
the experimental points are clearly evidenced by 
the correlation coefficient and the standard devia- 
tion. A test of significance for the intercept of  the 
regression line was performed as described previ- 
ously [1,3,6] to verify whether the intercept a is 
significantly different from zero. The calculated 
value of  t = 0.54 was compared with tabulated 
data for the t distribution (t = 3.18; n = 5), and as 
it does not exceed the 95% criterion, the calculated 
intercept is not significantly different from zero. 

Table 2 
Assay results of 1 in degraded samples using the standard 
addition method 

Analyte Found (mg 1-~) Recovery (%) 
added (mg 1- ~) 

5.25 (+0.02)" - 
2.5 7.78 101.6 
3.8 9.01 99.2 
6.2 11.43 99.8 
7.5 12.83 101.2 

10 15.33 100.9 
15 20.35 100.7 

Mean + SD: 100.6 + 0.9 

a Value obtained by standard addition method _+ SD (n = 5). 

The absolute error (So) in the determination of 
a given concentration of 1 was calculated by 
statistical analysis of  the regression equation 
[6,10]. As the errors are minimal in the range 
(2.06-3.50) × 10 -5 M, the last concentration was 
chosen for degradation studies. 

The validity of the second-derivative spec- 
trophotometric method was tested by successive 
determinations of  1 in synthetic mixtures with 2 
and 3. The concentrations of  the intact drug in 
these mixtures were in the range (3 .56-1.20)x 
10 -5 M, in the presence of various concentrations 
of 2 [(0.49-2.40) x 10 -5 M] and 3 [(0.49-2.44) x 
10 5 M], to reproduce the stability studies condi- 
tions. The results are presented in Table 1 and 
indicate that the recoveries of 1 are in good 
agreement with the theoretical amounts of the 
compound. 

Even though the recovery experiments demon- 
strated the applicability of  the method, they are 
not sufficient to prove its specifity owing to inter- 
mediates and minor products that may be formed 
during the degradation reactions. Therefore, a 
recovery assay was performed using degraded 
samples of 1 by the standard addition method [10]. 
It can be seen from Table 2 that the results 
obtained do not differ significantly from 100%, 
confirming the accuracy of the method for measur- 
ing the kinetic disappearance of 1. 

The precision of the results was determined by 
using a standard solution (3.53 x 10 -5 M; n = 10). 
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Fig. 2. Effect of temperature on the pseudo-first order rate 
constants for the degradation of 1 in 95% ethanol in daylight. 
(C)) 35°C, kob~=0.293 h i; (O) 40oc, kob =0.368 h i; (A)  
45°C, /%b~ -- 0.442 h r; (A)  50°C, kob~=0.546 h - I .  

3.3. Kinetic studies 

Figs. 2 and 3 show the residual concentration 
of 1 vs. time at different temperatures, exhibiting 
good linearity (r > 0.99). From these plots, the 
pseudo-first-order degradation rate constants of 1 
were calculated [2] and it can be seen that the rate 
constants under daylight conditions are faster 
than those in the dark. 

4. Conclusions 

The advantages of second-derivative UV spec- 
trophotometry, such as simplicity, lack of sample 
pretreatment and expensive solvents and reagents 
and the good selectivity, accuracy and precision 
achieved in the assays make it suitable for stabil- 
ity evaluation of ethanolic solutions of 1 under 
different experimental conditions. 

The value obtained of 100.2 _+ 0.10% 
(found +SD) shows that the method has a 
satisfactory precision. 

I. 
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Fig. 3. Effect of temperature on the pseudo-first-order rate 
consants for the degradation of 1 in 95'/,, ethanol in the dark. 
(~-~) 35°C, kob~=0.00412 h - I ;  (O) 40°C, kob~=0.0105 h i; 
(A) 45°C, koh~=0.()268 h n; (&) 50oC, kob =0.0682 h - i .  
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Abstract 

The use of 85% phosphoric acid in borosilicate conical flasks for the dissolution of ilmenites at 230_+ 10°C is 
reported. The samples were quantitatively dissolved in less than 13 min. Titanium was determined by both 
spectrophotometry and inductively coupled plasma atomic emission spectrometry ICP-AES. Vanadium and iron were 
determined by ICP-AES. In several samples of ilmenites analyzed, the TiO 2 concentration was in the range 
10.6 57.5% and those of FeO and V20 5 were in the ranges 31.6 51.4% and 0.39 1.32%, respectively. In the 
spectrophotometric method, vanadium interference occurs only when the Ti/V concentration ratio is <4. In all 
samples analyzed this ratio was around 12, resulting in no interferences due to vanadium. Hence the ilmenite 
dissolution procedure using phosphoric acid was compatible with titanium quantification by both spectrophotometry 
and ICP-AES. 

Keywords: Inductively coupled plasma atomic emission spectrometry; llmenites; Phosphoric acid dissolution: Spec- 
trophotometry: Titanium 

I. Introduction 

Ti t an ium occurs  in na ture  as the minera ls  fu- 
tile, b rook i t e  and  anatase ,  and  also occurs  as 
t i tanates ,  i lmenite  and  perovski te .  Indust r ia l ly ,  il- 
meni te  is o f  greatest  impor tance .  The  decompos i -  

* Corresponding author. 

t ion o f  i lmenites is a very t ime-consuming  
opera t ion ,  and  involves fusion with pyrosul fa te  
a n d / o r  the use of  several minera l  acids. Besides 
the t ime-consuming  dissolut ion,  the acids are usu- 
ally volat i l ized into the a tmosphe re  with conse- 
quent  c on t a mina t i on  problems.  It is des i rable  to 
develop  decompos i t i on  me thods  for solid samples  
that  would  al low a r ap id  and clean analysis  [1 3]. 

0039-9140/97/$17.01) Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII $0039-9140(96)02026-7 
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Phosphoric acid has been used successfully to 
decompose solid samples. Therefore, usually spe- 
cial glassware apparatus [4-11] or platinum 
crucibles have been required [12,13]. The use of 
phosphoric acid in determinations which involve 
atomic absorption spectrometric measurements 
[12] has been limited owing to nebulizer clogging 
as a result of solutions with high viscosity. Addi- 
tionally, the determination of titanium in il- 
menites by spectrophotometry using hydrogen 
peroxide [14] has limitations due to the interfer- 
ences caused by the high iron concentrations and 
by vanadium, even at lower concentrations. 

In the present work, the use of phosphoric acid 
in borosilicate conical flasks in the decomposition 
of ilmenites followed by titanium quantification 
by spectrophotometry using hydrogen peroxide 
and inductively coupled plasma atomic emission 
spectrometry ICP-AES was investigated. Iron and 
vanadium were quantified by ICP-AES. 

2. Experimental 

2. I. Reagents 

All reagents were of ACS reagent grade. Deion- 
ized water (18.0 Mf~ cm) was used throughout. 

2.2. Apparatus 

The absorbance measurements were made in a 
Varian DMS 80 spectrophotometer using 1.0 cm 
pathlength silica cells at 404 nm. The ICP-AES 
determinations were made using an ARL Fisons 
Model 3410 instrument. The working parameters 
were incident power 650 W, reflected power < 10 
W, slit width 20/~m, Meinhard concentric nebu- 
lizer and quartz mini-torch. The wavelengths used 
were Fe 259.9, Ti 334.9 and V 292.4 nm. The gas 
flow-rates were cooling 7.5 1 min- ' ,  intermediate 
0.8 1 min -1, aerosol carrier 0.8 1 min- '  and 
peristaltic pump 2.3 ml min -1. 

2.3. Sample preparation 

After drying (120°C), ca. 0.1000 g of the sample 
was placed in conical flasks and 2-3 ml of deion- 

ized water were added to disperse it. Then 17 ml 
of 85% phosphoric acid were added and the sys- 
tem was heated at ca. 230°C to promote the 
sample dissolution (on average 12 min). The hot- 
plate was thermostatically controlled and it was 
previously calibrated with a glass thermometer 
(0-600 _+ l°C). The dissolved sample was placed 
in a 100 ml volumetric flask and diluted to volume 
with deionized water. 

2.4. Spectrophotometric procedure 

Aliquots of l0 ml were transferred into 50 ml 
volumetric flasks to which were added 4.5 ml of 
H2SO 4 (l:l) and 5 ml of 30% H202 [14] and the 
volume was completed with deionized water. 

2.5. ICP-AES procedure 

The determinations were performed after sam- 
ple dissolution (17 ml of 85% phosphoric acid) 
and dilution to 100 ml with deionized water, 
which resulted in a solution containing 15% of 
phosphoric acid. The standards were also adjusted 
to contain 15% of phosphoric acid in order for 
the sample and standard solutions to have the 
same viscosity. Phosphoric acid concentrations 
> 30% must be avoided because they can result in 
nebulizer clogging. 

3. Results and discussion 

On heating, phosphoric acid undergoes a series 
of condensation reactions, giving mainly py- 
rophosphoric acid (H4P207) and metaphosphoric 
acid [(HPO3),] [1,2]. Fig. 1 shows the temperature 
profile when 30 ml of phosphoric acid are heated 
continuously with 0.25 g of ilmenite. The first 
transition, at ca. 160°C, corresponds to the for- 
mation of pyrophosphoric acid. The second, at 
280°C, corresponds to the formation of 
metaphosphoric acid. The formation and decom- 
position of the H4P207 were observed by qualita- 
tive tests [15]. Hence, as the complete dissolution 
of the ilmenite occurs in less than 15 min, we can 
consider that the species responsible for the ore 
decomposition are pyrophosphoric acid at the 
beginning and later metaphosphoric acid. 
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Fig. 1. Temperature profile when 30 ml of phosphoric acid are heated continuously with 0.25 g of ilmenite. 

In spectrophotometric titanium determinations, 
iron in the presence of phosphoric acid forms a 
strong complex which does not absorb at 404 nm 
[14]. Therefore, our results demonstrate that the 
vanadium interference depends on the Ti/V ratio. 
Table 1 gives the absorbance values measured for 
seven different solutions containing hydrogen per- 
oxide, 4.8 /tg ml -~ of titanium and vanadium 
concentrations in the range 0-4.34 ~g ml -~. 
Vanadium interference, increasing the absorbance 
value by 6.3% (Table 1), occurred only when its 
concentration was at least 1.45 #g ml -~, corre- 
sponding to a T i / V  concentration ratio of <4. 

Table l 
Absorbance measured in solutions containing titanium at 4.8 
/~g ml - ]  and various vanadium concentrations 

Ti (/Lg ml-  ~) V (pg ml -~) Absorbance Ti/V 

4.80 0 0.16 - 
4.80 0.14 0.16 34.3 
4.80 0.36 0.16 13.3 
4.80 0.72 0.16 6.67 
4.80 1.45 0.17 3.3 
4.80 2.17 0.17 2.2 
4.80 4,34 0.19 1.11 

For all samples analyzed this ratio was around 12, 
resulting in no interference due to vanadium. 

The data for the calibration curves (five points) 
for TiO2 concentration in the range 0--160 /~g 
ml- '  are given in Table 2. 

Method validation was performed with six dif- 
ferent aliquots of one sample analyzed both at 
CEPED (Research and Development Center, 
Bahia State) using their routine procedures [16] 
and by the present methodology in which the ore 
was decomposed with phosphoric acid and tita- 
nium was determined by both spectrophotometry 
and ICP-AES. The results are shown in Table 3. 

The application of the t95,,/, , test to the results 
obtained at CEPED and in this work (Table 3) 
did not show significant differences. In the sample 

Table 2 
Calibration curves for UV spectrophotometric and ICP-AES 
determination of titanium (A = aC+ b) ~ 

Method a b r 2 

UV 0.0092 - 0.0066 0.9996 
ICP-AES 0.0489 -0.0483 0.9994 

A = absorbance; C = concentration (g/1 ]); a = slope; b = in- 
tercept; r = correlation coefficient. 



168 J.B. de Andrade et al. / Talanta 44 (1997) 165-168 

Table 3 
Concentrations (%) of Ti02 in an ilmenite sample determined 
at CEPED and using the procedures described in this paper 

This work a CEPED b 

UV ICP-AES 

12.27 (_+0.009) 12.14 (_+0.096) 12.30 

a Mean of six different determinations in six independent 
samples; the ilmenite sample contained 38.2% FeO and 1.0% 
V205. Numbers in parentheses are mean relative standard 
deviations. 
b CEPED (Research and Development Center, Bahia State) is 
a State reference bureau. They used a routine analytical proce- 
dure [16]. 

analyzed the concentrations of FeO and V205 
were 38.2% and 1.0%, respectively. Owing to the 
high complexant activity of the phosphate ion, 
interferences of iron and vanadium in the spec- 
trophotometric determinations were avoided. 

The titanium concentrations determined by 
spectrophotometry and by ICP-AES were in good 
agreement when phosphoric acid was used to 
decompose several samples of ilmenites in which 
the TiO 2 concentrations were in the range 10.6- 
57.5% and those of FeO and V205 were, in the 
ranges 31.6-51.4% and 0.39 1.32%, respectively. 

In conclusion, the ilmenite dissolution proce- 
dure using phosphoric acid was compatible with 
titanium quantification by both spectrophotome- 
try and ICP-AES. One chemist, in a working day 
of 8 h, can determine titanium spectrophotometri- 
cally in at least 20 samples of ilmenite. The 
method is rapid, inexpensive and clean because it 
does not emit gases (e.g. SO 2 and/or NOx) into 
the atmosphere. 
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Abstract 

Studies on the determination of trace metallic impurities in nuclear materials such as uranium, thorium and 
plutonium are described. The bulk of the matrix is separated by batch extraction from their nitric acid solutions using 
2-ethylhexyl hydrogen 2-ethylhexyl phosphonate (KSM-17, equivalent to PC88-A). The final aqueous phase contain- 
ing the metallic impurities is fed to a high-temperature source inductively coupled plasma and the analysis is carried 
out employing a computer-controlled multichannel direct-reading spectrometer. The studies also included the recovery 
of impurities at various acidities and spectral interferences of the above matrices over the analyte elements. Based on 
the above studies, methods were standardized for the determination of 19 elements, viz. Al, B, Be, Ca, Cd, Cr, Cu, 
Fe, Mg, Mn, Ni, Pb, Si, Zn, Ce, Dy, Eu, Gd and Sm, in U/Th/Pu solutions. The relative standard deviation for 
various elements is in the range 1-5%. 

Kevwords: Impurities; Inductively coupled plasma atomic emission spectrometry; Plutonium: Thorium: Uranium 

1. Introduction 

Uranium and plutonium find application as 
fuels in different types of nuclear reactors. Tho- 
rium is an important fertile material whose irradi- 
ation in a reactor yields 233U. These materials are 
required to meet stringent specifications before 
use in the nuclear fuel cycle [1,2]. The perfor- 

* Corresponding author. 

mance of these nuclear materials depends on sev- 
eral factors, of which purity is particularly 
important. The presence of impurities beyond spe- 
cified limits will affect the neutron economy and 
metallurgical characteristics of the fuel and hence 
it is necessary to characterize them. 

Several techniques have been employed for the 
determination of trace metals, among which spec- 
trochemical methods are the most common since 
many elements can be estimated simultaneously in 
a short time using small quantities of samples. 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02027-9 
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The great improvements in excitation sources 
such as inductively coupled plasma (ICP) and 
detection with photomultiplier tubes have consid- 
erably improved the range, precision and sensitiv- 
ity of spectrochemical methods. 

Direct analysis of  these nuclear materials for 
trace metals is not possible since uranium, tho- 
rium and plutonium have very complex spectra 
with thousands of  lines spread over the entire 
range of  200-500 nm. These lines severely inter- 
fere with the analytical lines of  the elements of  
interest. Hence it is desirable either to separate the 
major matrix or to suppress its excitation. Al- 
though the d.c. arc-carr ier  distillation technique 
[3] is normally employed, this method is mainly 
applicable to volatile impurities and has poor  
reproducibility. Solvent extraction employing var- 
ious extractants or alternatively the ion-exchange 
techniques [4-8] have been utilized, wherein the 
major matrix is first separated from the impurity 
elements and the aqueous fraction thus obtained 
is analysed by ICP atomic emission spectrometry 
(ICP-AES). 2-Ethylhexyl hydrogen 2-ethylhexyl 
phosphonate (KSM-17, equivalent to PC-88A) 
has been utilized for the extraction of several 
metal ions [9]. This extractant has also been used 
in extraction studies of  uranium and plutonium at 
trace concentrations [10]. This paper describes 
studies on the extraction and separation of  U, Th 
and Pu from impurity elements using 20% KSM- 
17 in dodecane or xylene. The aqueous portions 
are analysed for trace metals using a computer- 
controlled direct-reading spectrometer. 

2. Experimental 

2.1. Apparatus 

The spectrometer system, consisting of  a 48- 
channel polychromator and computer-controlled 
scanning monochromator,  was aligned with an 
inductively coupled argon plasma located in a 
glove-box [11]. With added electronics, the poly- 
chromator could be used in the n + 1 mode along 
with a scanning monochromator  facilitating 
simultaneous measurements. The instrumental 
parameters and operating conditions are listed in 
Table 1. 

2.2. Reagents 

All acids and water used were quartz distilled. 
Specpure chemicals were obtained from Johnson 
Matthey (Royston, UK). The extractant KSM-17, 
of solvent extraction grade, was supplied by Ura- 
nium and Rare Earth Extraction Division of  
Bhabha Atomic Research Centre. Dodecane was 
obtained from Transware Chemica (Hamburg, 
Germany). Xylene was supplied by Merck (India). 

2.3. Preparation o f  standards 

Individual elements in metal or compound form 
(Specpure) were used to prepare stock solutions of  
1 g 1 -~ concentration in HNO3-HC1 medium. 
Taking appropriate aliquots, a composite stan- 
dard containing 21 elements (Table 2) at different 
concentration levels ranging between 5 and 25/~g 
ml-~ was prepared and designated the High stan- 

Table 1 
Instruments and operating conditions 

Spectrometers 

RF generator 
Frequency 
Forward power 
Reflected power 

Nebulizer 

Plasma torch 

Argon gas 
Coolant 
Sheathing 
Aerosol carrier 

Integration 

Jobin Yvon (JY-48) 1 m 
simultaneous spectrometer 
having a grating with 
2550 grooves mm- 
Jobin Yvon (JY-38) 1 m 
sequential spectrometer having a 
grating with 
3600 grooves mm-t 

Model JY-2300 
40.68 MHz 

1.25 kw 
0.05 kw 

Pneumatic concentric type 
with stainless-steel needle and 
PTFE nozzle 

Demountable assembly with 
Mermet configuration with three 
coaxial concentric tubes; central 
injector alumina and other tubes 
of silica glass 

18.00 1 min -I 
0.45 1 min 1 
0.40 1 min i 

Three periods of 10 s each 
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Ig/Ib RATIO 

1.77~ I 

I I 
1.57 

I j 

OA)7 
Co Dy Eu GId 8m Pb Sl NI AI Cu 

1 M HHO3 ~ 1 ug U/ml  i----1 5 ug U/ml 

i 10 ug U/ml  ~ 25 ug U/anl Brad 50 ug U/inl 

Ig - gross intensity due to U Ib * background Intensity 

Fig. 1. Effect of  uranium on emission intensities of  various analytical lines. 

dard. Doubly quartz distilled water was used as 
the low standard. A composite test standard of 1 
/~g ml s of  each element was used as a check 
standard for the calculation of precision. 

Specpure uranium and thorium oxides were 
used to prepare stock solutions with metal con- 
centrations of  100 g 1-J in H N O  3. Ion-exchange 
purified and coulometrically certified plutomium 
nitrate solution was used to prepare the Pu stock 
solution of 5 g 1 i. These solutions were used with 
appropriate dilutions and acidity adjustments in 
various studies. 

2.4. Preparation of blank 

A 10 ml volume of  1 M H N O  3 was contacted 
three times with 10 ml of  20% KSM-17 in dode- 
cane. The equilibration in this and all other exper- 
iments was carried out for 5 min. The aqueous 
fraction collected at the end of third contact was 

used as the blank during the analysis of  both 
uranium and plutonium samples. In all the exper- 
iments using thorium, xylene was used instead of 
dodecane as the diluent to avoid third-phase for- 
mation problems during extraction. The blank 
solution for thorium was prepared in the same 
manner as above. 

2.5. Preparation of samples 

Uranium oxide or metal samples (1 g of  ura- 
nium) were dissolved in concentrated. H N O  3 and 
made up to 10 ml after adjusting the acidity to 1 
M H N O  3. A thorium oxide sample, amounting 1 
g of  Th, was dissolved in a platinum dish using 
concentrated H N O  3 and H F  as described in Ref. 
[8]. The solution was made up to 10 ml using 1 M 
HNO3. The same procedure was adopted for the 
dissolution of a P u O  2 sample amounting to 50 mg 
of Pu and the acidity was adjusted to 1 M HNO3. 
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Table 2 
Elements, wavelengths and detection limits 

Element Wavelengths Detection limits by 
(nm) ICP-AES (/zg g ~) of  

U or Th Pu 

Al 308.2 0.05 1.0 
B 249.7 0.20 4.0 
Be 234.8 0.05 1.0 
Ca 396.8 0.10 2.0 
Cd 228.8 0.10 2.0 
Cr 205.5 0.10 2.0 
Cu 324.7 0.05 1.0 
Fe 259.9 0.04 0.8 
Mg 280.2 0.04 0.8 
Mn 257.6 0.05 1.0 
Mo 202.0 
Ni 305.0 0.05 1.0 
Pb 283.3 0.10 2.0 
Si 288.1 0.20 4.0 
Zn 213.8 0.20 4.0 
Zr 349.6 
Ce 394.3 0.25 5.0 
Dy 353.1 0.10 2.0 
Eu 393.0 0.10 2.0 
Gd 335.0 0.15 3.0 
Sm 332.1 0.25 5.0 

2.6. Interference studies 

Spectral interferences due to uranium for ana- 
lyte elements were studied using uranium solu- 
tions of different concentrations such as 1, 5, 10, 
25 and 50 ~g ml -~. These solutions were fed into 
the ICP system without separating uranium and 
the resultant concentrations due to uranium in 
different analytical channels were recorded. Simi- 
lar interference studies were carried out using 
thorium and plutonium solutions of different con- 
centrations. 

2. 7. Recovery of  impurities 

A composite solution containing 21 impurity 
elements at different concentration levels was pre- 
pared. An appropriate aliquot of this composite 
solution was added to pure uranium solution and 
made up to 10 ml after adjusting the acidity to 0.5 
M HNO3. This synthetic mixture, containing a 
total of 1 g of uranium and trace level impurities, 
was given three contacts with 20% KSM-17 in 
dodecane. The aqueous fraction was then fed to 
the ICP system and the analysis was carried out 
using direct-reading spectrometer. The same ex- 
tration procedure was followed for pure uranium 
solution (1 g in 10 ml) and the aqueous fraction 
collected was used as the blank during these ex- 
periments. 

Recovery experiments with Th and Pu matrices 
were conducted in a similar manner, except that 
in the case of Pu solution, 10 ml contained 50 mg 
of Pu along with all the impurities. 

The recovery studies were also repeated by 
preparing synthetic mixtures containing impurities 
in a U/Th/Pu matrix at different acidities such as 
1, 2 and 4 M HNO3. 

2.8. Analysis 

The aqueous phase obtained after extraction of 
U/Th/Pu in KSM-17 was analysed using a two- 
point calibration procedure with a composite 
standard as the high and doubly distilled water as 
the low standard. An analytical program incorpo- 
rating "blank subtraction" mode was written uti- 
lizing the source program JY-70 Plasma V-2.3 
(Pascal) supplied by Jobin Yvon (France). As 
mentioned earlier, the ICP source is optically 

Table 3 
Percentage extraction at 1 M feed acidity 

Matrix Feed concentration Extraction (%) 
( g l  l) 

I st 2nd 3rd Total 

U 100 85.26 
Th 100 69.66 
Pu 5 98.15 

99.72 99.5 ~ 100 
99.64 99.27 ~ 100 
98.91 - ~ 100 
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Table 4 
Recovery of impurities from uranium 

Element Added concentration 
(l~g ml ~) 

Recovery {'¼,) at acidity 

0 .5M I M  2 M  4 M  

A1 5.0 
B 2.0 
Be 2.0 
Ca 5.0 
Cd 2.0 
Cr 5.0 
Cu 5.0 
Fe 5.0 
Mg 5.0 
Mn 5.0 
Mo 5.0 
Ni 5.0 
Pb 5.0 
Si 5.0 
Zn 5.0 
Zr 5.0 
Ce 5.0 
Dy 5.0 
Eu 5.0 
Gd 2.0 
Sm 5.0 

101.2 101.2 101.6 99.8 
100.0 100.0 105.0 100.0 
95.0 95.0 110.0 90.0 

105.5 106.6 107.9 105.8 
100.0 104.0 90.0 92.0 
98.4 94.2 93.7 95.9 

101.2 98.8 102.6 95.8 
97.9 96.6 82.9 76.0 

102.0 99.3 99.9 1 (}3.8 
98.2 101.I 100.1 97,3 

9.4 7.8 4.5 {).5 
100.3 96.0 98.1 90.3 
98.9 95.9 103.7 96.4 

101.0 98.0 99,9 10(I.2 
100.2 111.1 110.7 107.3 

3.5 3.4 3.1 2.3 
96.1 100.6 102.2 104.0 
64.3 99.0 103.0 101.8 

100.8 101.2 102.8 97.6 
95.0 95.0 95.0 95.0 
99.0 98.9 99.6 101.5 

aligned with both spectrometers and this ar- 
rangement, combined with suitable software, al- 
lowed the simultaneous operation of both 
spectrometers. Uranium was monitored simulta- 
neously on the sequential spectrometer using the 
spectral line at 385.9 nm. Similarly, when 
analysing the aqueous fractions of Th and Pu 
samples, the spectral lines at 401.9 and 453.6 
nm were used for measuring the concentrations 
of Th and Pu, respectively. 

3. Results and discussion 

Table 2 lists the wavelengths and detection 
limits for the various elements as found by ICP- 
AES utilizing a multichannel direct-reading spec- 
trometer. The limits given were obtained after 
processing 1 g uranium or thorium or 50 mg 
plutonium samples. It may be noted that the 
direction limits achieved in the present method 
meet the required specification limits for all the 

elements except boron and a few rare earths. 
The detection limits for these elements can be 
improved by increasing the quantity of sample 
taken for extraction. 

It is well know that prior separation of the 
major matrices helps in achieving lower detec- 
tion limits. The present extraction studies 
showed nearly complete removal of the major 
matrix, thus leaving an aqueous fraction con- 
taining U/Th/Pu only at trace levels (<1  ILg 
ml 1) after three contacts with KSM-17. The 
extent of extraction of the major matrix from 1 
M HNO3 by KSM-17 is given in Table 3. Also, 
the kinetics of KSM-17 extraction are fast and 
therefore the time required for separation is 
considerably reduced. In order to establish the 
magnitude of  spectral interferences, the gross 
peak intensities (Ig) for 1 M HNO3 and 
Specpure uranium solutions (1 50 /tg ml ~) 
were measured at various elemental channels. 
Similarly, intensities due to doubly distilled wa- 
ter (Ib) were also measured at the peak positions 
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Table 5 
Comparison of the present method with other methods 

Ref. Method of separation Matrix Quantity 
processed 

No. of 
elements 
determined 

This work Three-stage liquid-liquid extraction U/Th/Pu 
of 5 min duration 
each using 20% KSM-17 in 
dodecane 

[4] Column extraction chromatography U 
using tri(2-ethyl-hexyl) 
phosphate (TEHP) and 
di-n-hexyl N,N-diethylcarbamyl 
methylene phosphonate 
(DHDECMP) 

[5] AGMP-I anion-exchange resin Pu 0.3 0.8 g 32 
(50-100 mesh) in HCI 

[6] Two-step liquid liquid extraction U 10 g 8 
using 30% TBP in 
CC14 (three contacts) and 
0.2 M TOPO-CCI 4 (one contact) 

[8] Liquid-liquid extraction Th 1 g 13 
using TOPO-xylene and 
HDEHP-xylene in H N O  3 and 
HC1 with 8-10 
contacts 

1 g/l  g/ 19 
50 mg 

0.2-0.4 g 36 

and the ratio Ig/Ib was evaluated; this represents 
graphically the magnitude of  interferences due 
to uranium for different elements. Since there 
was a large variation in the magnitude of  inter- 
ferences for different elements, the ratio mode 
was adopted to show the interferences for the 
analyte elements simultaneously. Fig. 1 shows a 
typical graphical representation of  the magni- 
tude of  spectral interferences at different concen- 
tration levels of  uranium for those elements 
whose spectral lines are within a distance of  
about  +0.035 nm from the interfering uranium 
lines [12]. It can be clearly seen that Ig/Ib is 
practically the same for both 1 M H N O  3 and 1 
#g  U m1-1, indicating the absence of  uranium 
spectral interference at 1 #g  U m1-1 and below 
for the elements shown. For  other elements 
which are not included in Fig. 1, the interfer- 
ence effect is not noticeable even up to 50 #g  U 
ml-1 in the aqueous fraction. This suggests that 
there is no direct spectral interference for these 

analyte elements at the trace levels of  uranium 
studied. Similarly, no spectral interferences were 
observed with Th and Pu matrices at levels of  1 
#g  ml -~ and below for the analyte elements 
studied. 

The data obtained during the recovery experi- 
ments for 21 elements in the case of  U are sum- 
marized in Table 4. It can be seen that the 
recoveries for all the elements at all the acidities 
studied are in the range 90-110%, except for 
Dy, Mo, Zr  and Fe at all the acidities studied. 
The recovery improves for Dy at 1 M acidity 
and above and is almost quantitative; for Mo 
and Zr  it decreases as the acidity increases. For  
Fe, the recovery is between 98 and 97% at acid- 
ities of  0 . 5 - I  M and decreases sharply at 2 and 
4 M HNO3. For  the best results, it was decided 
to maintain an acidity of  1 M for analysis of  
the samples. Since the recoveries for Mo and Zr 
are very poor, these elements cannot be deter- 
mined using the present method. 
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Table 6 

Comparison of detection limits of various methods (all values 
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m p g  g -~  of matrix) 

175 

Element Uranium Thorium 

[4] This work [13] 

Plutonium 

[8] This work [5] This work 

A1 0.081 0.05 25.00 

B 0.20 0.10 

Be 0.006 0.05 0.10 

Ca  0.375 0.10 

Cd 0.125 0.10 - 

Cr  0.125 0.10 10.00 

Cu 0.125 0.05 10.00 

Fe 0.125 0.04 10.00 

M g  0.006 0.04 

Mn  0.031 0.05 5.00 

Ni 0.250 0.05 2.00 

Pb 1.375 0.10 5.00 

Si - 0.20 15.00 
Zn 0.125 0.20 10.00 

Ce - 0.25 - 

Dy 0.125 0.10 

Eu 0.065 0.10 

Gd  0.15 

Sm 0.313 0.25 - 

- 0.05 3.80 1.0 

0.20 2.80 4.0 

0.(15 0.16 1.0 

- 0.10 0.08 2.0 

- 0.10 0.56 2.0 
- 0.10 0.74 2.0 

- 0.05 0.22 1.0 

- 0.04 1.02 0.8 

- 0.04 0.08 0.8 

0.05 0.16 1.0 

0.05 2.20 1.0 

- 0.10 8.20 2.0 

0.20 4.0 
0.20 0.98 4.0 

0.10 0.25 9.20 5.0 

0.05 0.10 2.0 
0.05 0.10 0.72 2.0 

0.01 0.15 3.0 

0.10 0.25 1.99 5.0 

The above-mentioned recovery studies were re- 
peated with Th and Pu and the results were 
similar to those obtained with uranium. 

Stripping of Th and Pu from the organic phase 
could be achieved using 0.3 M oxalic acid con- 
taining 0.05 M HNO3. However, in the case of 
uranium, back-extraction was possible only with 8 
M HC1, where several contacts were necessary for 
nearly complete recovery. 

Huff [4,5] employed column extraction chro- 
matography and anion-exchange separation 
techniques followed by ICP-AES for the charac- 
terization of uranium and plutonium fuels, respec- 
tively. Biswas et al. [6] separated uranium by 
two-step liquid-liquid extraction and determined 
the rare earths by ICP-AES. Characterization of 
thorium oxide fuel was carried out by Porwal et 
al. [13] using a carrier distillation and direct 
reader technique for common elements, whereas 
the Bangia et al. [8] determined rare earths in 
thorium oxide by solvent extraction followed by 
d.c. arc/photographic detection. A comparison of 
the salient features of the present procedure along 
with those cited in the literature is given in Table 

5. The greatest advantage of the present method is 
that a single extractant can be used for the nearly 
complete separation of all three matrices (U/Th/ 
Pu), thereby permitting the determination of a 
number of elements simultaneously, including the 
rare earths. 

The detection limits in the present method are 
compared with those of other methods ha Table 6. 
It can be seen that for uranium and plutonium the 
detection limits are comparable to those reported 
in Refs. [4] and [5], respectively, for most of the 
elements. For thorium, the detection limits for 
rare earths are comparable to those reported in 
Ref. [8], whereas those obtained for all the other 
elements except boron are lower than the values 
given in Ref. [13]. Hence the present procedure 
for the extraction of the major matrix and deter- 
mination of metallic impurities is superior than 
those used earlier. 

4. Conclusion 

The separation of major matrices such as ura- 
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nium, thorium and plutonium from trace metals 
using KSM-17 and subsequent analysis of the 
aqueous fraction for trace impurities by ICP-AES 
has several advantages. Since the kinetics of 
KSM-17 extraction are fast, the time required for 
separation is considerably reduced. Analysis by 
computer-controlled ICP-AES not only yields 
highly reproducible results but also increases the 
analytical throughput manyfold, The acidity ad- 
justment is not critical for most of the impurity 
elements. Uranium, thorium and plutonium can 
easily be extracted in KSM-17 over a wide range 
of HNO3 concentrations. The methods stan- 
darized here can be effectively employed for the 
routine determination of the trace metal con- 
stituents in these nuclear materials. 
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Abstract 

A spectrophotometric method was developed for the determination of ferbam (iron(III) dimethyldithiocarbamate) 
by converting it into an iron-phenanthroline complex, which was then absorbed on microcystalline naphthalene in 
the presence of tetraphenylborate, and the absorbance was measured at 515 nm against a reagent blank. The molar 
absorptivity of the complex was 1.2 × 104 1 mol ~ cm- n. Ten replicate analyses of a sample solution containing 150 
/~g of ferbam gave a relative standard deviation of 0.84%. Beer's law was obeyed over the concentration range 
22.4-372.9/~g of ferbam. The effects of various factors such as reagent concentration and naphthalene, shaking time 
and diverse ions were studied in detail. The method is sensitive and selective and can be applied to the direct 
determination of ferbam in commercial samples and in mixtures containing various other dithiocarbamates (e.g. 
ziram, zineb and maneb) in foodstuffs. 

Keywords: Ferbam determination; Iron(III) dimethyldithiocarbamate; Spectrophotometry 

I. Introduction 

Ferbam (iron(III) dimethyldithiocarbamate) is 
widely used as a protective fungicide in agricul- 
ture. Most of  the methods for the determination 
of ferbam, like other dithiocarbamates, is based 
on its decomposition by hot mineral acid to the 
amine and carbon disulphide [1,2]. Dithiocarba- 
mates have also been determined in vegetable 
foodstuffs using high-performance liquid chro- 
matography [3], extraction voltammetry [4] and 

* Corresponding author. 

titrimetry [5]. Ferbam is determined by converting 
it into molybdenum [6] and copper [7] complexes 
in an acidic medium and into a selenium [8] 
complex by extraction into chloroform. The ex- 
traction of the molybdenum complex is slow and 
requires about 5 min of shaking. Ferbam can also 
be determined by its decomposition and extrac- 
tion of the diphenylcarbazone complex [9] of iron 
into isobutyl methyl ketone. Dithiocarbamate 
fungicides have also been determined by 
headspace gas chromatography [10] of the CS2 
evolved under controlled conditions from food- 
stuffs, atomic absorption spectrometry [11] and 
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similar methods as given by the Analytical Meth- 
ods Committee [12]. Here we present a relatively 
simple, rapid, sensitive and selective method by 
converting ferbam into iron 1,10-phenanthroline 
and adsorption on microcrystalline naphthalene 
in the presence of tetraphenylborate. 

2. Experimental 

2. I. Reagents 

2.1.1. Ferbam solution 
All reagents were of analytical-reagent grade. 

Ferbam was prepared by the reported method [13] 
and its purity was checked by elemental analysis. 
The iron content was checked by decomposing it 
with concentrated nitric acid and determining the 
iron by EDTA titration using Variamine Blue B 
as indicator [14]. A stock solution of ferbam 
(0.1%) was prepared by dissolving 100 mg in 100 
mt of acetonitrile. 

2.1.2. 1, lO-Phenanthroline @hen) solution (1.0%) 
Prepared by dissolving 1.0 g of phen in 100 ml 

of distilled water with warming. 

2.1.3. Hydroxylamine hydrochloride (5%) 
Prepared by dissolving 5 g in 100 ml of distilled 

water. 

dithiocarbamate (ziram), zinc ethylenebis(dith- 
iocarbamate) (zineb), managanese ethylenebis(di- 
thiocarbamate) (maneb) and tetramethylthiuram 
disulphide (thiram) were obtained from Wilson 
Laboratories (Bombay, India). Sodium mono- 
methyldithiocarbamate (vapam), sodium dime- 
thyldithicarbamate (dibam), sodium N-methyl- 
anilinecarbodithioate and potassium morpholine- 
carbodithoate [15] and xanthates [16] (ethyl, iso- 
propy| and butyl) used in the interference study 
were prepared in the laboratory by reacting 
amine/alcohol, carbon disulphide and sodium/ 
potassium hydroxide at a low temperature (below 
4°C) using an ice-salt mixture. The solids (except 
dibam, which is a liquid) were separated by filtra- 
tion, washed with diethyl ether and recrystallized. 
Solutions of dithiocarbamates were prepared by 
dissolution in distilled water or, for the more 
insoluble preparations, in organic solvents: ziram 
and thiram in acetonitrile (Merck Pure) and zineb 
and maneb in dimethyl sulphoxide. Synthetic 
samples were prepared by mixing the solutions of 
the constituents to give the required composition. 

2.2. Equipment 

The spectral measurements were made on a 
Bausch and Lomb Spectronic 20 spectrophotome- 
ter and an Elico pH meter was used for the pH 
measurements. 

2.1.4. Sodium tetraphenylborate solution 
A 2% solution in water was prepared. 

2.3. General procedure for determination of  
ferbam 

2.1.5. Naphthalene solution 
A 20% solution in acetone was prepared. 

2.1.6. Buffer solution 
Acetate buffer was prepared by dissolving 68 g 

of sodium acetate trihydrate in 400 ml of distilled 
water, adjusting the pH to 4.25 by adding 25-30 
ml of glacial acetic acid and diluting to 500 ml. 

2. I. 7. Stock solutions for the study of  
interferences 

Stock solutions of different salts were prepared 
by dissolving them in water. Disodium ethylen- 
ebis(dithiocarbamate) (nabam), zinc dimethyl- 

To a known volume of solution (~< 3 ml) con- 
taining 22.4-372.9 /tg of ferbam taken in a 100 
ml Erlenmeyer flask were added 1.0 ml of phen, 
1.5 ml of hydroxylamine hydrochloride, 1.5 ml of 
acetate buffer (pH 4.25) and 1.0 ml of sodium 
tetraphenylborate, and the volume was made up 
to 40 ml with distilled water. This solution was 
mixed and allowed to stand for 5 min, following 
which 1.0 ml of naphthalene solution was added 
and shaken vigorously for 1 min. The naph- 
thalene containing the complex was separated by 
filtration, air dried in the folds of the filter-paper, 
dissolved in dimethylformamide (DMF) and di- 
luted to 10 ml with DMF. A preliminary study 
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Table 1 
Determination of ferbam in some commercial samples 

Sample Ferbam 
present 
(l~g) 

Ferbam found (pg) 

Proposed 
method 

RSD (%) Method of Ref. [7] RSD (%) 

Fermacarb 15 14.8 1.3 
30 29.8 1.5 
50 49.6 1.7 

100 98.9 2.1 
150 149.1 2.2 

Ferbam (75 WP) 15 14.9 1.5 
30 29.7 1.7 
50 49.8 1.8 

100 99.2 2.0 
150 148.8 2.2 

Ferbam (85% WP) 15 14.4 1.8 
30 39.4 1.8 
50 49.1 2.2 

100 98.6 2.3 
150 148.6 2.4 

14.7 1.5 
29.7 1.8 
49.5 1.9 
98.8 2.0 

149.0 2.4 

14.6 1.6 
29.6 1.7 
49.7 1.9 
98.7 2.1 

148.6 2.3 

14.2 1.9 
38.9 2.1 
48.9 2.3 
98.5 2.3 

140.0 2.4 

Average of ten experiments. 

confirmed that the adsorption was complete in 
one step. Therefore, the absorbance of the D M F  
solution was measured at 515 nm against a 
reagent blank prepared under similar conditions. 

2.4. Formulation analysis 

The method was applied to the determination 
of ferbam in different commerical samples: Fer- 
macarb containing 75'7o ferbam, Ferbam 75% WP 
and Ferbam 85% WP. The formulated products 
were dissolved directly in acetonitrile, filtered and 
analysed by the general procedure. Table 1 shows 
the results of the determinations. The results ob- 
tained by the present method were compared with 
those obtained by the method of Rangaswamy et 
al. [7]. 

2.5. Determination of ferbam in crops 

A known amount of ferbam in acetonitrile was 
mixed with 5 g of grain (rice or wheat) and 
shaken mechanically with 10 ml of chloroform for 
5 min. The mixtures were filtered and the residue 
in the funnels were washed with three 5 ml por- 

tions of chloroform. The extracts were evaporated 
to 2.0 ml on a water-bath and the remaining 
solvent was removed by blowing a current of dry 
air at room temperature. The residues were dis- 
solved in acetonitrile and the ferbam content was 
determined by the general procedure. Untreated 
samples were taken as a reference. The results of 
the determinations are given in Table 2. 

2.6. Determination of Jerbam in synthetic samples 

Ferbam was deterimined by the general proce- 
dure in synthetic samples prepared by mixing 
solutions of the constituents. The results are given 
in Table 3. 

3. Results and discussion 

The absorption spectra of the iron-phen TPB 
complex collected on microcrystalline naphthalene 
was recorded against the reagent blank prepared 
under similar conditions. The complex shows 
maximum absorbance at 515 nm. The ab- 
sorbances of the reagent and reagent blank were 
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Table 2 
Determination of ferbam in fortified samples 

Grain" Ferbam Ferbam found (pg)b 
added 
(/~g) Proposed RSD (%) Method of Ref. [7] 

method 
RSD (%) 

Rice 

Wheat 

15 14.6 1.8 14.5 
30 28.5 2.9 28.4 
50 48.6 1.9 48.5 

100 98.8 2.0 98.3 
150 148.2 2.3 148.2 

15 14.4 2.1 14.3 
30 28.9 2.4 28.8 
50 48.7 2.5 48.5 

100 98.9 2.4 98.7 
150 148.6 2.6 147.8 

1.9 
1.9 
2.0 
2.1 
2.2 

2.1 
2.3 
2.6 
2.4 
2.5 

Amount of grain = 5 g. 
b Average of three experiments. 
Table 3 
Determination of ferbam in synthetic samples 

No. Component Content (%) Amount of ferbam (/~g)a 

Taken Found RSD (%) 

1 Ferbam 50 60.0 59.9 2.3 
Thiram 50 

2 Ferbam 50 85.0 84.3 1.9 
Zineb 50 

3 Ferbam 80 60.0 60.3 1.7 
Maneb 20 

4 Ferbam 50 40.0 39.8 2.5 
Ziram 50 

5 Ferbam 50 70.0 69.1 1.8 
Thiram 15 
Ziram 15 
Zineb 10 
Maneb 10 

6 Ferbam 11.76 80.0 80.3 1.9 
Maneb 76.48 
Zineb 11.76 

" Average of ten experiments. 

negligible at this wavelength.  The  react ion condi-  

t ions were examined  for  150 /~g o f  ferbam. The 

o p t i m u m  p H  for the de te rmina t ion  o f  ferbam 

(Fig. 1) was 2 .0-6 .5 ,  and p H  4.25 was selected. It 

was observed that  1.0 ml o f  1,10-phenanthroline,  

1.5 ml o f  hydroxylamine  hydrochlor ide  and 1.0 ml 

o f  sodium te t raphenylbora te  were sufficient for 

the de te rmina t ion  o f  ferbam. Adsorp t ion  on 

naphtha lene  was quant i ta t ive  when 0.5 ml o f  20% 

naphtha lene  solut ion was used with shaking for 

30 s. However ,  for better  results, 1.0 ml o f  naph-  

thalene solut ion was used and the solut ion was 



3.3. Interferences shaken vigorously for 1 min. The effect of the 
aqueous phase on the absorbance was studied by 
varying the aqueous phase volume between 40 
and 2500 ml and applying the general procedure. 
It was observed that the absorbance remained 
constant up to 2000 ml but then decreased with 
increase in the aqueous phase volume. Hence 40 
ml of the aqueous phase was maintained. 

The method was repeated for the determination 
for ferbam in the filtrate and negligible ab- 
sorbance was observed, indicating complete ad- 
sorption in the first step. 

3.1. Beer's law and sensitivity 

The calibration graph for ferbam under the 
optimum conditions was linear over the concen- 
tration range 22.4-372.9 ktg of  ferbam in 
dimethylformamide. Ten replicate determinations 
on sample solutions containing 150/tg of  ferbam 
gave a relative standard deviation of  0,84%. The 
molar absorptivity was calculated to be 1.2 × 104 
l m o l -  ~ c m - ~  a t  5 1 5  nm. 

3.2. Composition o f  the complex 

0 . 5 - -  

0.4 t 
0.3 

i°o: 
O. 

The procedure was applied to the determination 
of  150 /~g of ferbam in the presence of  diverse 
ions. The following foreign ions (mol 1 ~) did not 
interfere in the determination of ferbam: bromide 

(A) 

l I I I I 
I.t 1:2 t3 1:4 1:5 

(~r'bam: Phen~throline) 
Mote ratio ) 
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The Job, mole ratio and logarithmic methods 
indicated the adsorption of  a 1:3:2 (Fe:phen:TPB) 
complex under these conditions (Fig. 2). 

0.5 

0.4 

05 
C 
0 

, la 

~,o.2 
< 

0.1 

0.0 
0 

I I I I 
2 4 6 8 

pH 

Fig. 1. Effect of pH. Ferbam, 150/lg; wavelength, 515 nm; 1% 
1,10-phenanthroline, 1.0 ml; 2% sodium tetraphenylborate, 1.0 
ml; 20% naphthalene, 1.0 ml; shaking time, 1 min; reference, 
reagent blank. 

0.5 
0.4 

0.3 
U ¢J 
C 

0.2 
,Q 

0.1 

0,0 

(B) 
1:0 1:1 

(Ferbom : Tetraphenylborote) 

- -  Mole ratio 

Fig. 2(a). Mole ratio method (comparison with respect to 
1,10-phenanththroline). Ferbam, 0.36 × 10 4 M ;  tetraphenylb- 
orate, 0.72 × 10 -4 M pH, 4.25; other conditions as in Fig. 1. 
(b) Mole ratio method (composition with respect to te- 
traphenylborate). Ferbam 0.36 × 10 4 M; 1,10-phenanthro- 
line, 1.08 × 10 -4 M; pH, 4.25; other conditions as in Fig. 1. 
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Table 4 
Comparison of molar absorptivity with other methods 

Molar absorptivity Method Comment Reference 
(1 mol i era-i)  

1.33 × 104 Molybdenum Requires acidic medium [6] 
(4 N H2804) and a shaking 
time of 5 min 

1.46 x l04 Selenite Not selective for ferbam [8] 
5.3 x 104 Diphenylcarbazone Interference due to maneb, [9] 

ziram, zineb, etc., can 
only be avoided by 
using masking agents 

1.2 × 104 1,10-Phenanthroline Highly selective for ferbam This work 

(0.31), chloride (0.71), sulphate (0.26), perchlorate 
(0.25), acetate (0.42), iodide (0.20), nitrate (0.40), 
oxalate (0.42) orthophosphate (0.13), citrate 
(0.13 x 10 -2) and EDTA (0.2 x 10-3). Of the 
metal ions examined, Pb n (0.36 x 10 -4)  Z n  n 

(0.15 X 10 -4)  C u  II (0.57 x 10 -4)  Bi In (0.53 x 10- 
4) and Cd II (0.49 x 10 -4 mol 1 -~) could be toler- 
ated. Fe n and Fe Ill, if present along with ferbam, 
interfere, but this interference can be avoided by 
pre-extraction of ferbam into chloroform, where 
Fe II and Fe nl remain in the aqueous phase and 
ferbam can be determined by the general proce- 
dure after evaporation of the chloroform to dry- 
ness. Of the dithiocarbamates and xanthates 
examined vapam (0.39 × 10-3) ,  dibam (0.34 x 
10-3) ,  thiram (0.2 × 10-3), nabam (0.18 × 10 3), 
zineb (0.18 x 10-3) ,  maneb (0.19 x 10-3) ,  potas- 
sium morpholinecarbodithioate (0.25 x 10 -~), 
sodium N-methylanilinecarbodithioate (0.24 x 
10 3), butyl xanthate (0.35 x 10-3) ,  isopropyl 
xanthate (0.32 x l0 3) and butyl xanthate (0.3 x 
10 3), each tested upto the concentration given in 
the parentheses (mol 1-~), did not interfere in the 
determination of 150 /lg of ferbam in 10 ml of 
final solution, because they do not undergo com- 
plex formation with 1,10-phenanthroline under 
these conditions. 

4. Conclusion 

Ferbam, if present with nabam, ziram, zineb, 
maneb, vapam, sodium dimethyldithiocarbamate, 

sodium diethyldithiocarbamate and potassium 
morpholinecarbodithioate, can be determined 
safely and without any interference by the pro- 
posed method. This is not possible with other 
published methods. The present method is more 
sensitive than the CS2 evolution methods, as de- 
scribed by Cullen [17], Chmiel [18] and others, 
where a minimum 20/~g of CS2 evolved equiva- 
lent to 36.46 pg of ferbam can be determined. It is 
more sensitive than the direct methods reported 
by Rangaswamy et al. [7] (0.8 pg ml-l) ,  Verma et 
al [19] (0.6 pg ml-1), Rao and co-workers (1.0 pg 
ml -~ [8] and 0.8 pg ml - l  [9]). With the present 
method it is possible to determine 0.56 pg ml ~ of 
ferbam, equivalent to 0.31 pg ml -~ of evolved 
CS2. A comparison of molar absorptivity with 
some earlier methods is given in Table 4. The 
wide applicability, simplicity and selectivity of this 
method makes is preferable to others. 
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Abstract 

The determination of traces of Zn, Pb and Cu in rum samples by anodic stripping voltammetry without previous 
treatment or addition of a supporting electrolyte, using a hanging mercury drop electrode, is described. The choice 
of an appropriate stripping voltammetric method and deposition potential minimizes the influence of the organic 
content and ensures good reproductibility of the measurements. The reliability of the method was tested by comparing 
the results with those given by absorption spectrometry, the differences being about 10%. The method allows heavy 
metal ions to be determined in the fig 1 I concentration range. 

Keywords: Anodic stripping voltammetry; Copper; Lead; Rum; Zinc 

1. Introduction 

Rum is an alcoholic distillate from fermented 
sugar cane molasses, having an alcoholic content 
of  about  40% (v/v) and can be consumed pure or 
matured. It is a widely consumed alcoholic bever- 
age and the control of  its heavy metal content is 
fundamental both from a toxicological point of  
view and with regard to its acceptance as an 
alcoholic beverage. 

The application of voltammetric techniques, 
such as polarography and stripping analysis, for 
heavy metal determinaiton in distilled beverages 
has only occasionally been reported [1-7], despite 

their high precision and sensitivity. The proce- 
dures requires a previous treatment of  the sample 
for the elimination of organic species, which can 
be adsorbed on the working electrode surface and 
suppress the reduction waves. Despite these phe- 
nomena, it has been demonstrated that the direct 
determination of heavy metals in alcoholic bever- 
ages, such as Brazilian sugar cane spirits [8], tar 
and ginger cognacs [9], is possible. 

This paper reports the determination of traces 
of  heavy metals in rum samples, pure and oak 
cask matured, by anodic stripping voltammetry 
(ASV) with a hanging mercury drop electrode 
without previous treatment and in the absence of 

003%9140/97/$17.00 Copyright ~) 1997 Elsevier Science B.V. All rights reserved 
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a supporting electrolyte. The results were com- 
pared with those obtained by atomic absorption 
spectrometry (AAS). 

2. Experimental 

2. I. Apparatus and reagents 

The instrument used for the ASV analysis was 
an IBM-PC interfaced instrument consisting of a 
BASIC program [10], a converter interface and a 
Metrohm Model E506 polarograph coupled with 
Metrohm Model 663VA stand. The polarographic 
cell contained a working electrode (Metrohm 
Model 6.1246.020 multi-mode electrode), a car- 
bon rod (Metrohm model 6.123.345) as auxiliary 
electrode and an Ag/AgC1/KClsat reference elec- 
trode. 

The AAS measurements were carried out in an 
atomic absorption/flame emission spectrophoto- 
meter (Shimadzu Model AA-680), equipped with 
an air-acetylene burner of 10 cm slot burner head 
and metal cathode-hollow lamps (Zn, Pb and Cu). 
The optimum instrumental conditions for each 
elements were fixed automatically by the equip- 
ment [11]. 

Triply distilled mercury and stock standard so- 
lutions (500 mg L-~ each for Zn, Pb and Cu) 
were prepared by dissolving the metal in nitric 
acid and diluting as required. The water used was 
distilled and deionized. 

2.2. Analytical procedure 

Each mixture and series of standard solutions 
was analysed by ASV and the peak current was 
plotted as a function of the metal content. Three 
measurements were carried out for each sample 
and the statistical treatment of the data was per- 
formed according to Miller and Miller [12,13]. 

The AAS measurements were carried out by 
introducing the samples directly into the flame 
and the absorbances were obtained after a pre- 
spray time of 3 s and an integration time of 5 s. 
The absorbance values were plotted as a function 
of the standard concentration added. Triplicate 
measurements were carried out and the data were 
treated as earlier. 

3. Results and discussion 

The ASV analysis is subject to the influence of 
surface-active agents, such as organic species, 
which can adsorb strongly on the electrode sur- 
face, affecting either the metal depostion or the 
stripping process [14]. This problem is generally 
circumvented by subjecting the sample to a previ- 
ous treatment to eliminate the organic species, 
which can result in losses of analytes and contam- 
ination. However, depending on the conductivity 
of the sample, the analysis can be carried out 
without such treatment, even in the presence of 
organic substances, where a suitable deposition 
potential allows the metallic ions to be deposited 
on the electrode surface, avoiding the adsorp- 
tion-desorption phenomena caused by the sur- 
face-active species present in the sample [15]. 

Despite the complex composition of rum, ow- 
ing to the different organic compounds present in 
the raw materials (e.g. organic acids, phenolic 
compounds, esters and higher alcohols), a deposi- 
tion potential of about -1.3 V vs. Ag/AgC1, 
allows the metallic ions to be deposited on the 
electrode surface, minimizing the adsorption of 
the surface-active species present in the samples. 

In order to elucidate the influence of the or- 
ganic content on the stripping response, different 
anodic stripping methods were tested, viz. linear- 
sweep, differential-pulse and square-wave modes. 
Fig. 1 shows that the voltammograms obtained 
with the linear-sweep mode gave better resolution 
of the Zn, Pb and Cu waves than the square-wave 
and differential-pulse modes, in agreement with 
results for Brazilian sugar cane spirits [8]. Despite 
their high sensitivity, high-frequency voltammetric 
techniques, such as differential-pulse and square- 
wave methods, are more sensitive to small 
changes in the rate of the electrode reaction and 
give rise to organic adsorption-desorption peaks, 
obscuring or not permitting a good resolution of 
the metal stripping peaks [15]. On the other hand, 
the lower sensitivity of linear-sweep voltammetry 
permitted a good resolution of the metal stripping 
waves, mainly for Cu. As the Zn, Pb and Cu 
contents are of the same order of magnitude, the 
determinations of these ions were performed 
simultaneously, which was not possible for the 
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Brazilian sugar cane spirits because its higher 
copper content (approximately 1 mg 1-1) and 
lower lead content (approximately 10 ktg 1-1). 

The best operating conditions obtained for the 
determination of  traces of  Zn, Pb and Cu in rum 
samples by linear-sweep ASV were Hg drop size 
0.52 m m  2, deposition potential - 1 . 3  V vs. Ag/ 
AgC1s,,, deposition time 600 s, conditioning time 
20 s and anodic scan rate 50 mV s -1. 

In contrast to Brazilian sugar cane spirits, in 
rum determinations faster scan rates (50 instead 
of 5 mV s -1) and larger drop sizes (0.52 instead of  
0,25 mm 2) can be used to obtain well defined 
stripping waves. This difference is due to the 
presence of  different organic species in the bever- 
ages that adsorb on the electrode surface, causing 
distinct interferences on the stripping waves. 

Fig. 2 shows the resulting vol tammograms ob- 
tained after the successive standard additions. The 
sucessive addition of  25 ¢tL of standard did not 
cause any significant potential peak shifts or any 
other alterations to the vol tammograms,  except 
for an increase in peak current. 

In order to verify the behaviour of  different 
organic matrices, the method was tested with four 

//-~I ,50nA ~ ?  

- 1.2 - 0 . 8  - 0 . 4  010 

Potential (V) 
Fig. 1. Voltammograms obtained for rum sample R2 with 
different anodic stripping techniques: SWV square-wave; 
DPV, differential-pulse LSV, linear-sweep voltammetry. Oper- 
ating conditions: SWV, frequency 50 Hz and pulse amplitude 
+50 mV; DPV, scan rate 10 mV s -~ and pulse amplitude 
+ 50 mV; LSV, scan rate 50 mV s-1. 

Z n  

50 nA 

i , i , i , i 

-1 2 -0.8 -0.4 0.0 

Potential (V) 
Fig. 2. Linear-sweep anodic stripping voltammograms after 
successive standard additions for a 5 ml rum sample (R2): (a) 
0; (b) 25 and (c) 50/tl. Standard concentrations: Zn, 20; Pb, 
20; Cu. 10 mg 1 ~. 

rum samples of  two different types: pure (R1 and 
R2) and oak-cask matured (R3 and R4). Fig. 3 
shows typical linear-sweep stripping voltam- 
mograms obtained for the determination of  heavy 
metal ions directly in different samples of  rum. 

The metal ion contents obtained by ASV and 
AAS are given in Table 1. As can be seen, the 

l 
, 

Cu / 
200 nA /. 

, L , , i , i , 

- 1.2 - 0 . 8  - 0 . 4  0.0 

Potential (V) 
Fig. 3. Linear-sweep anodic stripping voltammograms for dif- 
ferent samples of rum (R1 and R2, pure; R3 and R4, oak-cask 
matured). 
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Table l 
Concentrations (pg 1-~) ofZn, Pb and Cu ions in rum samples 

is sui table  for  app l i ca t ion  in rout ine  analysis.  

Sample Element ASV AAS 

R1 Zn 64_+4 70_+15 
Pb 65 _+ 4 Not detected 
Cu 3 _+ 1 Not detected 

R2 Zn 44_+3 48_+11 
Pb 32 _+ 3 Not detected 
Cu 14 _+ 2 Not detected 

R3 Zn 69 _+ 3 62 _+ 14 
Pb 52 _+ 2 Not detected 
Cu 45 _+ 3 Not detected 

R4 Zn 59 _+ 6 68 _+ 17 
Pb 23 _+ 6 Not detected 
Cu 20 _+ 2 Not detected 

results  ob t a ined  by A S V  are  in agreement  with the 
A A S  results  with d iscrepancies  o f  a b o u t  10%. The  
relat ive er rors  o f  the s t r ipp ing  measurement s  were 
s imilar  to those for  A A S  (4%). 

The  s t r ipping  me thod  has  the i m p o r t a n t  advan-  
tage over  A A S  o f  a lower de tec t ion  limit.  F o r  
A A S  the de tec t ion  l imits are 0.02, 0.2 and  0.09 mg 
1 -Z for  Zn,  Pb  and  Cu  respectively [11], which 
explains  the inabi l i ty  to measure  Pb and  Cu in all 
samples.  F o r  ASV, these l imits can be improved ,  
if  necessary,  by increas ing the depos i t ion  times. A 
fur ther  advan t age  is the s imul taneous  de te rmina-  
t ion o f  the three ions, p rov ided  tha t  they are 
present  at  s imilar  concent ra t ions ,  and  the m e t h o d  
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Abstract 

The development of reference materials to verify the determination of metals in sludge is described. Effluents from 
domestic and industrial treatment facilities were dried, size-reduced and homogenized. Multiple aliquots of each 
material were analyzed in two different government laboratories to determine reference values for the acid-extractable 
concentrations of more than 15 metals. These acid-extractable concentrations are distinct from total metal values. 
Different sample preparation and instrumental methods, along with internal quality assurance protocols, were used 
to confirm the results. The data show good agreement for most metals in the domestic material. Reference values for 
the leachable concentrations of several toxic metals and major constituents will become part of the Certificate of 
Analysis for Standard Reference Material (SRM) 2781 issued by the National Institute of Standards and Technology 
(NIST). Data for the candidate industrial sludge reference material are also presented and discussed. 

Keywords: Acid-extractable metals; Atomic absorption spectrometry; Inductively coupled plasma atomic emission 
spectrometry; Microwave digestion; Reference materials; Sludge 

1. Introduction 

New Jersey Depar tment  of  Environmental Pro- 
tection (NJDEP) regulations require sewage treat- 
ment plants to limit the levels of  toxic substances 
in their sludge effluents. Once maximum contami- 
nant levels are established, they become part  of  
the facility's operating permit. When chemical 

* Corresponding author. Tel: (609) 530-4100; fax: (609) 530- 
5387. 

analyses indicate that these permit levels are being 
exceeded, the NJDEP has statutory authority to 
assess significant monetary penalties. 

Treatment plants process influents from a vari- 
ety of  domestic and industrial sources, resulting in 
sludges of  widely varying physical and chemical 
composition. Pre- and post-treatment residual 
management  practices also generate sludges of  
widely varying compositions from liquids contain- 
ing less than 0.5% suspended solids, through 
multi-phase samples with several organic and in- 
organic components,  to cakes with solids contents 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
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exceeding 50%. Metal levels in sludge can vary 
from near the limit of detection of the analyti- 
cal method for some analytes to concentrations 
of more than 25% (m/v) for other analytes. 
The NJDEP's permit limits for metals are 
based on the amount of material that leaches 
during mineral acid digestion. Decisions such as 
whether permit conditions are being met, how 
the material is to be disposed of or whether the 
sludge can be beneficially used all require accu- 
rate analytical data. In as much as sludge is a 
complex and variable matrix, concurrent analy- 
ses of reference materials that approximate the 
sludge matrix and have defined metal levels 
with defined uncertainties are essential to insur- 
ing the quality of the data being generated. 

The NJDEP has authorized the use of a spe- 
cific analytical method, NJDEP 100 [1] for the 
determination of a limited number of metals in 
sludge. The method was developed in the early 
1980s by a task force comprised of professional 
from government, acadame and the private sec- 
tors. NJDEP 100 treats sludges with less than 
10% total residue as wastewaters [2] and 
sludges with greater than 10% total residue as 
solid wastes [3]. This dichotomy is consistent 
with other analytical protocols developed by the 
United States Environmental Protection Agency 
(USEPA) for the determination of metals in 
various types of water by inductively coupled 
optical plasma emission spectrometry (ICPOES) 
[4]. While there are reference materials, perfor- 
mance evaluation samples and laboratory cer- 
tification programs for wastewaters, no quality 
assurance materials or certification programs 
are available from the US government for ma- 
terials such as sludge with higher than 10% 
solids content. Sludges from domestic sources 
typically have lower metals and higher nutrient 
and organic contents than sludges where indus- 
trial sources are a significant component of the 
influent stream. It is therefore desirable to have 
separate solid sludge reference materials for 
these two sources. 

NIST certifies the chemical composition of a 
wide variety of Standard Reference Materials 
(SRMs) to insure the quality of physical and 
chemical measurements. SRM certified concen- 

trations are generally provided only for total 
constituent values [5]. Environmental profession- 
als, including soil scientists and geochemists, of- 
ten require information about labile or 
extractable concentrations of metals to address 
issues such as ionic mobility and vegetative up- 
take. To provide such information, NIST has 
begun to provide data on the acid-extractable 
levels of metals in selected new solid sample en- 
vironmental SRMs [6]. 

This paper describes a collaborative project 
among the NJDEP, USEPA, Region II Techni- 
cal Support Branch and NISTs Standard Refer- 
ence Materials Program (SRMP) to develop 
sludge reference materials from domestic and 
industrial sources having reference values for 
their acid-extractable metals content as deter- 
mined by NJDEP Method 100 and USEPA 
Method 3050, in addition to certified total con- 
centrations. 

2. Experimental 

2.1. Reference samples 

The candiate domestic sludge reference mate- 
rial SRM 2781 was prepared from more than 
100 kg of source product from a Denver, CO, 
publicly owned treatment work (POTW). The 
source product was shipped to NIST. Contrac- 
tors freezedried, radiation sterilized and homog- 
enized the material using crushing, blending 
and sieving procedures similar to those used for 
preparing United States Geological Survey and 
NIST geological reference materials [7]. The 
candidate industrial sludge reference material 
SRM 2782, based on a similar amount of elec- 
troplating waste supplied by AT&T Bell Labo- 
ratories, Murray Hill, N J, was prepared 
similarly by contractors for NIST. 

Samples were placed in 125 ml polyethylene 
bottles and supplied to the NJDEP Bureau of 
Radiation and Inorganic Analytical Services 
and USEPA, Region II, Technical Support 
Branch laboratories for chemical analysis. 
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2.2. Experimental reagents 2.4. Instrumentation 

The NJDEP and USEPA loboratories used 
Class A glassware and calibrated microliter 
pipettes to perform all volumetric dilutions. 
ACS reagent grade chemical, doubly distilled 
water and redistilled acids were employed for 
sample preparation and digestions. Individual 
NIST aqueous SRMs were used for spike re- 
covery studies. 

2.3. Sample preparation 

The NJDEP used open-vessel hot-plate diges- 
tion (NJDEP Method 100) for all of their acid 
digestions. The USEPA used open-vessel hot- 
plate digestion (USEPA Method 3050) for the 
industrial product and Method 3050 and 
closed-vessel microwave digestion techniques 
(USEPA Method 3051) to prepare the domestic 
product for measurement. The digestion condi- 
tions for the various preparation methods are 
shown in Table 1. 

The USEPA and NJDEP independently ana- 
lyzed three aliquots from each of five bottles of 
the industrial material (SRM 2782) and six bot- 
tles of the domestic material (SRM 2781) sup- 
plied to each laboratory. 

Table 1 
Sample preparation methods for sludge reference materials 

EPA EPA DEP 
Method 3050 Method 3051 Method 100 

l g  l g  1 .0g  

5 ml HNO 3 10 ml HNO 3 5 ml 1:1 
2.5 ml 1:1 HCI HNO 3 

6 ml HNO 3 
None 2 ml at 

first; up 
to 11 ml 
total 
Gentle 
Reflux 

Sample 
amount  

Acid(s) 

H202 3 ml at 
first; up to 
10 ml 
total 

Heating 15 min 
time at Reflux 

Evaporation 

100% power 
70 psi 
20 min 

To 5 ml Not Applicable To 3 ml 

The NJDEP used a Perkin-Elmer (PE) Model 
5000 atomic absorption spectrometer (AAS) for 
its flame atomic absorption (FAAS) metal mea- 
surements. A similar unit, equipped with a PE 
Model 500 furnace and a PE AS-50 autosampler, 
was used for the graphite furnace atomic absorp- 
tion (GFAAS) measurements. The NJDEP also 
employed a Thermo-Jarrell Ash Model 25 sequen- 
tial inductively coupled plasma emission spec- 
trometer (ICPOES) for some of its metal 
determinations. The USEPA used a CEM Model 
81D microwave digestion system for some sample 
preparations and a Thermo Jarrell-Ash Model 61 
Simultaneous ICPOES and a PE 5100 GFAAs, 
equipped with a Model AS-600 furnace and AS- 
60 autosampler for its metal determinations. The 
USEPA performed the metals measurements by 
either simultaneous ICPOES or GFAAS, using 
one technique per metal. The NJDEP used 
FAAS, sequential ICPOES and GFAAS and, 
where possible, employed more than one tech- 
nique to measure most of the metals. 

Calibration standards were prepared by serial 
dilution from commercial concentrates; working 
level concentrations were prepared daily. A mini- 
mum correlation coefficient of 0.999 for the linear 
calibration curve was required. Continuing cali- 
bration check samples were analyzed at a fre- 
quency of one every 10 determinations. Aqueous 
quality assurance samples, with known analyte 
values and from sources other than those used for 
the calibration solutions, were analyzed at a fre- 
quency of one every 10 determinations. Blank 
solutions, consisting of the reagents used in the 
sample digestion procedure(s), were prepared and 
analyzed at a frequency of one every 10 samples. 
All values were corrected for any blank concen- 
tration. The instrumental conditions were identi- 
cal with the manufacturer's nominal values. 

3. Results and discussion 

The process of providing values for certifica- 
tion places greater demands on the precision 
and accuracy of the results than do data ob- 
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tained for such purposes as environmental surveil- 
lance or ambient monitoring. The goal of certifi- 
cation or other reference analyses is to obtain the 
best estimate of the "true value", which is the 
actual amount of analyte present in the sample. 
The overall uncertainty of a certified value in- 
cludes both random error of measurement and 
any systematic bias which migh be inherent in the 
method(s) employed to estimate the true value. 
Issues such as the method of measurement, the 
complexity and composition of the sample matrix 
and the concentration and heterogeneity of the 
analytes all contribute to the overall uncertainty. 
For example, isotope dilution, when properly ap- 
plied, is a method believed to be free from system- 
atic errors and capable of achieving random 
errors of less than 0.2% relative. When uncertain- 
ties at the 95% confidence interval of 1-2% are 
needed, isotope dilution is often the method of 
choice for certification measurements. Only if the 
concentration being measured is at or very near 
regulatory limits are these narrow uncertainty lim- 
its necessary for routine measurements as well as 
for the certified values used to assure their valid- 
ity. While wider uncertainties are expected when 
commonly applied analytical methods such as 
FAAS, GFAAS and IPCOES are used, reference 
values based on these methods are useful to 
confirm results of environmental monitoring such 
as sludge effluents from treatment plants. 

It is difficult to select, homogenize, prepare, 
analyze and certify the chemical composition of 
natural non-aqueous environmental samples. 
NIST has historically focused on the certifying of 
the total metals content in non-aqueous environ- 
mental samples, while the USEPA has required 
the environmental testing community to use ana- 
lytical methods that report only the amount of 
metal leachable by acid digestion test protocols. 
The amount of metal liberated from a non- 
aqueous environmental sample varies with the 
matrix and metal; for some elements in some 
samples, nearly 100% of the total metal content is 
released by an extraction such as USEPA Method 
3050. For other metals in other sample types, the 
amount found in an acid leach may only be 
30-40% of the total content. The significance of 
developing reference values for leachable metals 

content in a non-aqueous environmental sample is 
that these values can be used to quality assure the 
results submitted for regulatory purposes such as 
those required by NJDEP and USEPA. 

The experience of NIST, NJDEP and USEPA 
analysts and NIST SRMP program managers is 
that ranges of 20-30% are typical for the determi- 
nation of metals in environmental samples when 
conducted in separate laboratories. These be- 
tween-laboratory discrepancies indicate the pres- 
ence of bias but, at concentrations far removed 
from regulatory thresholds, have little pratical 
significance. Similarly, quality control sections of 
many analytical methods require that recoveries 
of between 80% and 120% for spike additions be 
demonstrated. This is viewed as indicative of the 
absence of significant bias caused by matrix inter- 
ferences in the routine measurement process. 

However, when relative between-method or be- 
tween-laboratory differences exceed the pooled 
relative standard deviations, analysis of variance 
(ANOVA) show that these differences are statisti- 
cally significant. Spike recovery data can then be 
used to evaluate method bias. 

3.1. Domest ic  sludge reference material  S R M  
2781 

The precision of replicate analyses of domestic 
sludge material SRM 2781 was calculated from 18 
independent measurements (three aliquots from 
each of the six bottles) performed at both the 
NJDEP and USEPA laboratories (Table 2). The 
difference between the NJDEP results obtained by 
FAAS and ICPOES is less than 10% relative for 9 
of 17 elements. When comparing the means of 
data obtained by the NJDEP and the USEPA 
laboratories the between-method differences of 
the means are greater than 10% only for Ba, Be, 
Ca, K and Pb. Similarly, the differences between 
the means of leach results for Methods 3050 and 
3051 performed at USEPA are less than 10% 
relative with the single exception of A1, and less 
than 5% relative for nine elements. There are 
insufficient collaborative data to make any state- 
ments about Mo, P, Si and Ti. 

Table 3 compares the mean values of spike 
recoveries from the two laboratories for the 
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Table 2 
Acid-leachable concentrations (pg g-~)  in domestic sludge reference material SRM 2781: means and SDS for FAAS and ICPOES 
by NJDEP 100 and USEPA 3050 and 305 methods 

Metal DEP values EPA values 

DEP 100 DEP 100 3050 3051 
AAS ICP 1CP ICP 

Ag 86.6 _+ 1.1 85.7 _+ 1.6 87.5 _+ 1.1 
A1 7680 + 571 8173 ___ 476 7543 + 97 
Ba 574 _+ 29 532 _+ 9 536 +_ 11 
Be 1.0+_0.1 0.6_+0.1 <0 .3  
Ca 37427 ± 938 35017 _+ 801 35980 _+ 434 
Cd 12.9+-0.1 10.4_+0.4 10.1 +-0.1 
Co 11.7 +-0.4 12.9 +-0.5 5.7 +-0.2 
Cr 153+-4 135+-5 136+_ 1 
Cu 599 +- 8 610 +- 9 587 + 7 
Fe 25250 +- 486 24967 _+ 377 24200 + 255 
K 2243 +- 65 2591 _+ 587 2090 _+ 20 
Mg 4707 _+ 98 4729 _+ 97 4920 + 171 
Mn 746 ± 6 722 +- 7 737 ± 9 
Mo 34.2 ± 2.5 
Na 1109 +- 41 1170 + 64 970 ± 13 
Ni 74.4 +- 10 76.7 +- 1.1 68.3 _+ 0.6 
P 21761 +- 753 
Pb 197_+3 176+-4 178_+3 
Sn 66.3 +- 2.7 
Ti 102 +_ 19 
V 84.0 + 3.3 80.7 +- 1.5 79.3 ± 1.0 
Zn 1147 +- 7 1124 + 24 1096 _+ 15 

85,1 _+4.7 
8849 + 149 

58l + 12 
<0 .3  

37260 + 745 
10,7 + 0.2 
5,8 + 0.2 
1 4 6 + 3  
604 +_ 13 

26200 +_ 496 
2300 + 39 
5060 + 83 

771 + 15 

921 _+ 17 
69.3 + 4 

180 ± 3 

84.0 + 1.8 
1113_+20 

domestic material SRM 2781. The NJDEP's mean 
spike recovery by FAAs is 97.3%; by sequential 
ICPOES the mean is also 97.3%. The USEPA's 
mean spike recovery using plate digestion and 
simultaneous ICPOES is 102.8%; using mi- 
crowave digestion the mean value is 105.3%. 
Where the spiking level was less than twice the 
actual leachable concentration, the results were 
not reported. These data show acceptable agree- 
ment between the added and recovered spike val- 
ues, and provide evidence of  minimal bias or 
matrix interferences in the measurements of the 
acid-extractable metals in sludge. 

ANOVA can be used to evaluate whether two 
means from different sets of data are statistically 
significant [8]. F is the ratio of variance between 
two sets of data to the variance of  data within a 
set of data. By comparing the calculated value of 
F with statistical tables for known degrees of 

freedom, the statistical significance of the means 
can be assessed. P is a measure of the probability 
that the actual sample data fall within hypotheti- 
cal frequencies for infinitely large data popula- 
tions. The ANOVA analysis for the domestic 
sludge material (Table 4) illustrates the impact of 
within-method uncertainties on the significance of 
laboratory bias despite the routine acceptability of 
the data. For example, as listed in Table 2, the 
copper data obtained by the NJDEP differ by 
only 2% between FAAS and ICPOES, whereas 
the vanadium data differ by 4%. The vanadium 
method differences are not statistically significant, 
since the within-method relative standard devia- 
tion (RSD) is 4.7% for each of  the two methods. 
However, the smaller copper method differences 
are significant, based on the 1.3% and 1.4% 
RSDs. The USEPA Methods 3050 and 3051 
difference of 3% for cobalt is not significant be- 
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Table 3 

Recovery (%) of spike additions to domestic sludge reference material SRM 2781 

Metal DEP spike recoveries USEPA spike recoveries 

F A A S  I C P O E S  Hot-plate Microwave 

A g  93.0 a 135.0 

AI - - 80.0 

Ba 95.0 - 
Be 88.7 96.3 101.3 

Ca - - 95.1 

Cd 96.7 108.7 94.7 

Co 96.3 102.3 103.0 

Cr  108.0 95.7 107.0 

Cu  98.0 102.0 100.0 

Fe - 104.0 

K 100.0 - - 
Mg - 80.0 107.0 

Mn - 90.3 102.0 

Mo - 97.3 

Na 98.7 108.7 - 

Ni 97.3 95.7 103.0 
p 

Pb 99.7 95.7 97.5 

Sn - 102.3 - 

Ti - - 

V 98.7 98.7 105.0 

Zn 92.7 91.3 108.0 

mean 97.3 97.3 102.8 

94.6 

89.4 

120.0 

109.3 

97.5 

100.2 

105.0 

117.0 

102.0 

113.0 

110.0 

105.0 

105.0 

99.2 

107.0 

110.0 

105.3 

aDashes indicate spike amounts less than twice the actual analyte concentration. 

cause the within-method RSDs are larger, at 3.7% 
and 3.4%. 

Having considered between-method differences 
for each laboratory, the data can next be com- 
pared between laboratories. For example, no sig- 
nificant differences for leachable Ag, Cu, Fe and 
V are found between the NJDEP and USEPA 
when laboratory, rather than method, is used as 
the classification variable. For Ag and Cu, the 
uncertainty of the interlaboratory means, based 
upon all data and expressed as the 95% confi- 
dence interval, are less than 4% relative. For Fe 
and V, the uncertainties are slightly larger, but 
less than 6%. This overall uncertainty level com- 
pares very favorable with many certifications for 
total concentrations of inorganic environmental 
SRMs whose certificates are based primarily on 
NIST laboratory analyses. While significant be- 
tween-laboratory differences are found for leach- 

able Ca, Mg, Mn and Zn, there is less than a 6% 
range in the 95% confidence interval of the inter- 
laboratory means. 

Reference values for these seven elements in the 
domestic sludge SRM 2781 have been derived. At 
less than 6%, the confidence intervals of the inter- 
laboratory means are 4 - 5  times less than the 
between-laboratory differences of 20-30% experi- 
enced in most laboratories. The levels are also 
well above regulatory criteria. Reference values 
are also proposed for the following six other 
elements measured in this study where the inter- 
laboratory means is greater than 6% but less than 
10%: Al, Ba, Cr, Mg, Ni and Pb. Only Ca, Cd 
and Na have 95% confidence intervals that exceed 
10%. These values will be included in an adden- 
dum to the SRM certificate. Further work is 
under way to narrow the range and to work on 
other elements of environmental interest such as 
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As, Be, Hg, Mo, P, Se and Ti in order to 
provide reference values for these elements also. 

3.2. Industrial sludge reference material SRM 
2782 

Table 5 
Acid-Leachable concentrations (~tsg-') in industrial sludge 
reference material SRM 2781:means and SDs for FAAs and 
ICPOES by NJDEP 100 and USEPA 3050 and 3051 methods 

Metal DEP values USEPA values 

For the industrial sludge SRM 2782, the situ- 
ation is different. The complex composition of 
this material presented a considerable challenge 
to the preparation and measurement steps of 
the analytical process. The iron content of the 
sludge is very high, greater than 25% mass 
fraction as the element. Factors such as the 
difficulty of small amounts of mineral acid to 
dissociate large amounts of Fe-containing inor- 
ganic and organo-metallic complexes could af- 
fect the extent and reproducibility of extraction 
of less abundant elements. The high amount of 
Fe also makes it difficult to select interference- 
free analytical lines for plasma spectrometry for 
most analytes. These factors are reflected in the 
data obtained thus far for the leachable content 
of the industrial sludge material SRM 2782. As 

Table 4 
ANOVA analysis for domestic sludge candidate reference ma- 
terial SRM 2781 

Metal DEP Method 100 USEPA 

DEP 100 DEP 100 3050 
AAS ICP ICP 

Ag 36.0 +_ 0.2 27.9 ± 0.8 
A1 1532 4 1471 9 1380 50 
As 161 ± 1 140__+ 12 
Ba 149 ± 1 151 + 1 132 ± 4 
Be 5.7 ± 0.2 < 0.5 
Ca 4354_+26 5 0 1 9 + 2 2  4320+  141 
Cd 4 .0±0 .1  15 .4+0.8  
Co 74.1 __+0.2 6 5 . 8 + 0 . 6  54 .4+2 .0  
Cr 79.8 + 0.4 96.4 + 4.8 55.3 + 1.9 
Cu 2381 ± 3 2588_+ 11 2270 ± 53 
Fe 242707 267333 232000 _+ 5560 
K 116_+ I 58 .9+5 .8  
Mg 534 +_ 2 482 + 3 441 + 17 
Mn 265 ± I 283 +__ 2 224 +_ 7 
Mo - <1  
Na 2418 ± 15 2443 ___ 23 1997 + 123 
Ni 122 ± 1 128 + 1 90.8 ± 2.0 
P - 4507 ± 10 
Pb 568 ± 2 593 + 3 551 _+. 30 
Sn 169 + 1 < 6.(I 
Ti 70.4 + 0.5 - 
V 23.2 + 0.2 45.9 + 0.3 20.6 + 0.6 
Zn 1244 + 5 1288 + 10 1170 + 21 

FAAS ICP 3050 3051 
ICP ICP 

F P F P 

Ag 3.62 0.084 1.75 0.213 
A1 14.65 0.004 277.86 0.000 
Ba 1095.42 0.000 50.21 0.000 
Be 245.00 0.000 - 
Ca 30.58 0.000 13.91 0.004 
Cd 825.13 0.000 25.98 0.000 
Co 23.66 0.000 1.96 0.000 
Cr 100.21 0.000 54.91 0.000 
Cu 12.72 0.005 9.60 0.011 
Fe 0.03 0.839 83.68 0.000 
K 473.4 0.000 149.96 0.000 
Mg 0.15 0.703 4.54 0.057 
Mn 61.59 0.000 23.76 0.000 
Na 5.82 0.035 29.99 0.000 
Ni 100.11 0.000 3.11 0.106 
V 4.09 0.068 37.05 0.000 
Zn 32.88 0.000 4.24 0.064 

shown in Table 5, 12 of the 18 elements where 
between-laboratory comparisons are made show 
differences of greater than 10%, with eight ele- 
ments exceeding 20%. The differences were less 
than 5% only for Pb. Because data were avail- 
able from just two of the three leach protocols, 
the extensive comparisons applied to the do- 
mestic material were not possible. Further study 
and additional measurements are under way 
that it is hoped will enable NIST to generate 
reference values for metals in the industrial 
sludge. The available data presented here are 
intended to provide some guidance for labora- 
tories in the quality assurance of their indus- 
trial sludge measurements until better defined 
reference values are established. 
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4. Conclusions and recommendations 

Even with a complex sample matrix such as 
sludge, reference values can be derived for the 
leachable concentration of many metals. Both 
open-vessel hot-plate acid digestion (NJDEP 
Method 1000 or USEPA Method 3050) or mi- 
crowave digestion (USEPA Method 3051) are ap- 
propriate methods for sample preparation of  these 
materials and may be measured by either FAAS 
or sequential or simultaneous ICPOES. Matrix 
interferences, both physical and chemical, must be 
addressed for the analysis of  sludges containing 
high levels of  dissolved matrix components.  

Sludge Standard Reference Materials, with ref- 
erence values for their acid-extractable metals 
content, can now support the quality assurance of  
sludge metal measurements. In the future, quality 
assurance analyses of  the domestic sludge SRM 
should be required of POTW's  compliance data 
submitted to regulatory agencies such as the 
USEPA and NJDEP.  It is also recommended that 
these materials become part  of  any future labora- 
tory certification program for sludge effluents. 
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Abstract 

The fluorescent reagent 5-bromo-salicylaldehyde salicyloylhydrazone (5-Br-SASH) was synthesized and its ioniza- 
tion constants were established spectrophotometrically, The fluorescent reaction of this reagent with aluminium was 
studied. Based on this chelation reaction, a spectrofluorimetric method was developed for the determination of 
aluminium in acetic acid-ammonium acetate buffer solution of pH 5.4. Under these conditions, the AI 5-Br-SASH 
complex has excitation and emission maxima at 370 and 460 nm, respectively. The linear range of the method is from 
0 to 120 ppb and the detection limit is 1.1 ppb of aluminium. The molar ratio of aluminium to the reagent is 1:3. 
Interferences of other ions were studied. The method was successfully applied to the determination of aluminium in 
glucose injection and common beverages. 

Keywords: Aluminium determination; 5-Bromo-salicylaldehyde salicylolhydrazone; Spectrofluorimetry 

1. Introduction 

Hydrazones have been widely used in the spec- 
trophotometric determination of  metal ions [1] 
but only in recent years have they found applica- 
tion as fluorescent reagents in this field [2]. Alu- 
minium is a harmful element for humans [3], 
when it is taken in excess. For this reason, several 
methods have been developed for the determina- 
tion of  aluminium including the use of  hydrazones 
[4-10]. 

In this work, 5-bromo-salicylaldehyde salicylol- 
hydrazone (5-Br-SASH) was synthesized and its 
complex with aluminium was studied. The fluores- 
cence intensity of  the complex was increased by 
the coplanar effect owing to the presence of aro- 
matic rings at both ends of  the reagent's structure. 
Based on this complexation, a spectrofluorimetric 
method with high sensitivity was developed for 
the determination of  aluminium, without any or- 
ganic solvents or surfactants. The detection limit 
is 1.1 ppb of aluminium. The procedure is easily 
performed and affords good precision and accu- 
racy. This method has been successfully applied to 
the determination of  aluminium in glucose injec- 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
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Scheme 1. Synthesis of 5-Br-salicylaldehyde salicyloylhydrazone (5-Br-SASH). 

tion and common drinks by the standard addi- 
tions method. 

2. Experimental 

2.1. Apparatus 

All fluorescent measurements were carried out 
on an RF-540 recording spectrofluorimeter 
(Shimadzu, Kyoto, Japan), equipped with a 
xenon lamp source and 1.0cm quartz cells. A 

UV-265 recording spectrophotometer (Shimadzu) 
equipped with 1.0 cm quartz cells was used for 
UV scanning. All pH measurements were made 
with a pHS-3C digital pH meter (Shanghai Leici 
Device Works, Shanghai, China) with a combined 
glass-calomel electrode. 

2.2. Solutions 

All chemicals used were of analytical or higher 
grades. Deionized water was used for the prepara- 
tion of all solutions. A stock standard solution of 

2. 000 

A 

1. 000 

• - ~ • ~ [ 

300. 0 30b. 0 400. 0 

Wavelength/nm 

Fig. 1. UV absorption spectra of 5-Br-SASH reagent (4.5 × 10 -4 mol dm-3), pH: 1, 0.0; 2, 3.05; 3, 7.60; 4, 12.40. 
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Fig. 2. Effect of  pH on UV absorbance of  5-Br-SASH reagent (4,5 x 10 _4 mol dm 3 at 296.8 nm) 

aluminium (100ppm) was prepared from alu- 
minium metal and working standard solutions 
were prepared by dilution. An acetic acid-ammo- 
nium acetate buffer solution (0.4moldm -~, 
pH 5.4) was used. 

5-Br-SASH solution (4.5 x 10 -4 mol dm -3) was 
prepared by dissolving 0.1503 g of the reagent in 
1000 ml of absolute ethanol. 

2.3. Synthesis and properties of 5-Br-SASH 
reagent 

A 2.3 g amount (about 0.01 mol) of 5- bromo 
salicylic hydrazide (synthesized by ourselves) was 
dissolved in 20 ml of 95% ethanol then, a mixed 
solution of 1.10 ml of salicylaldehyde and 10 ml of 
50% ethanol was added slowly and the mixture 
was refluxed at 85 °C for 2 h. The reaction is 
shown in Scheme 1. The mixture was then cooled 

to room temperature, filtered and recrystallized 
from ethanol. A yellowish white powder was ob- 
tained (yield 65%). 

The melting point of 5-Br-SASH is 212 °C. 
Element analysis gave a composition of C 50.60, 
H 3.31, N 8.34%, which is in good agreement with 
the theoretical composition of 5-Br-SASH, C 
50.17 H 3.26, N 8.36%. 

The infrared spectrum of 5-Br-SASH (KBr 
discs) was obtained and the bands were assigned 
as follows: OH (3254.9cm-~), C OH (1201.4 
cm-~), C=O (1639.6 cm-l), C=N (1287.3 cm-t), 
C-H (3063.7 cm -~) and C=C (1454.2 cm ~) of the 
aromatic ring. 

5-Br-SASH is slightly soluble in water but solu- 
ble in ethanol. The ultraviolet spectra of an 
aqueous solution of the reagent in various pH 
media show different absorbance maxima (Fig. 1) 
5-Br-SASH behaves as a dibasic substance. The 
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Fig. 3. (a) Excitation and (b) emission spectra of  AI-5-Br- 
SASH complex. 1 and 1', reagent blank (2.25 × 10 -5 mol 
dm 3 5-Br-SASH, pH 5.4); 2 and 2', A1-5-Br-SASH complex 
(100 ppb AI 3+, 2.25 × 10 -5 mol dm -3 5-Br-SASH, pH 5.4). 

3. Results and discussion 

3.1. Excitation and emission spectra 

In order to determine the optimum working 
wavelength, the spectral characteristics of the 
Ai(III)-5-Br-SASH complex were studied at vari- 
ous pH values. The corrected excitation and emis- 
sion spectra (Fig. 3) show that the wavelengths of 
maximum excitation and emission of the AI(III)-  
5-Br-SASH complex are 370 and 460 nm, respec- 
tively. The fluorescence intensity of  reagent blank 
is very low. 

3.2. Effect of pH 

The pH of  the medium had a great effect on the 
fluorescence intensity of  the AI(III)-5-Br-SASH 
complex. The experimental results show that the 
optimum pH range for complex formation is be- 
tween 5.2 and 5.6. Therefore, a pH of  5.4 was 
fixed with the use of  acetate buffer. As the volume 
of the buffer (from 1.5 to 2.5 ml) had little effect 
on the fluorescence intensity, 2.0 ml was adopted 
in subsequent experiments. 

ionization constants, determined by a spectropho- 
tometric method [11], are pKa~ = 6.58 + 0.06 and 
PKa2 = 8.92 _ 0.08 (at 0.1 mol dm -3 KCI, 25 + 1 
°C) (see Fig 2). 

2.4. Fluorimetric determination of aluminium 

In a 10 ml colour comparison tube were placed 
1.0 ml of  0.5/ tg ml - l  aluminium solution, 2.0 ml 
of acetate buffer (pH 5.4) and 0.5 ml of  4.5 × 
10 - 4  mol dm -3 5-Br-SASH and water was then 
added to the mark. The solution was mixed and 
equilibrated at room temperature for 30 min, then 
the fluorescent intensity was measured at 460 nm 
with excitation at 370 nm againt a reagent blank. 
A calibration graph was prepared under the same 
conditions for the determination of  aluminium. A 
suitable amount of  masking agent can be added if 
there are interfering metal ions present in the 
sample. The standard additions method was used 
in the determination of  aluminium in glucose 
injection and common drinks. 

3.3. Effect of temperature and time 

Heating can be used to speed up the attainment 
of the maximum fluorescence intensity, but tem- 
perature has little effect on the fluorescence inten- 
sity of the AI(III)-5-Br-SASH complex. The 
experimental results show that room temperature 
can be selected, so the experimental procedure is 
simple. At room temperature, the fluorescence 
intensity of  the complex reached a maximum after 
25 min and remained constant for at least 4 h. 

3.4. Effect of amount of 5-Br-SASH 

The influence of  the amount of  5-Br-SASH on 
the fluorescence intensities of  solution containing 
50 ppb of  aluminium was studied under the condi- 
tions established above. The fluorescence intensity 
increased with increase in the amount of  5-Br- 
SASH up to 0.4ml (4.5 × l0 -4 moldm-3) ,  re- 
mained constant between 0.4 and 0.6ml and 
decreased slowly thereafter. Thus, 0.5 ml was se- 
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Table 1 
Effect of foerign ions on the fluorimetric determination of aluminium (100 ppb) (tolerable error _+ 5%) 

201 

Tolerance ratio Foreign ions 
(m/m) 

1000 

100 

10 

2 

K +, N,+ ,  SO]- ,  CIO4,  N O r ,  NO4-, HCOC, Br , 1 , 8032 , C1- , B4072 

Mg 2+, Ca 2+, Sr 2+, Ba 2+, TI(I), W(VI) 

Cr 3+ ,Zn  2+ ,Cd  2+ ,Pb  2+ ,Au  3 ~ , C 0 2 + , C u - ' + , C r  3+, Hg 2 +, Mn 2+, In ~ ,  Ni 24 

Ga~+, Be 2 +, H2PO4-, F- ,  Fe 3 + 

• Se 4 + 

Table 2 
Determination of aluminium in glucose injection and common drinks (P = 0.95) 

Sample 5-Br-SASH method ~ 

AI found (ppm) RSD (%) 

AAS: 
AI found (ppm) 

Glucose injection (5%) 
Glucose injection (50%) 
Orange and honey drink 
Mango juice drink 
Average of three determinations 

0.081 __+ 0.005 2.48 0.0774 
0.045 __+ 0.004 3.58 0.0473 

0.59 __+ 0.04 2.73 0.56 
0.418 +__ 0.04 3.85 0.39 

lected to ensure a sufficient excess of  the reagent 
throughout the experimental work. 

3.5. Effect of  foreign ions 

A systematic study of  the interferences of  for- 
eign ions in the determination of AP+(100 ppb) 
was carried out. For  this study, different ions 
were first added to give a 2000-fold of  (m/m) 
excess over aluminium. I f  interference occurred, 
the ratio was gradually reduced until the interfer- 
ence ceased. The criterion for interference was 
fixed as a + 5.0% variation of  the average fluores- 
cence intensity calculated for the established level 
of  aluminium. The results are shown in Table 1. 

3.6. Stoichiometry of  the complex 

The stoichiometry of the complex was studied 
under the established experimental conditions by 
the molar  ratio and continuous variation method. 
[12] The two methods showed that the composi- 
tion of the complex is 1:3. 

3. 7. Analytical characteristics 

Under the experimental conditions, there is a 
linear relationship between fluorescence intensity 
and A13 + concentration in the range 0-120  ppb 
with a correlation coefficient (r) of  0.9957. The 
regression equation is Air = 63.69C (pg/10 ml) + 
5.01. The detection limit as defined by IUPAC 
[13], was determined to be 1.1 ng ml-~ when the K 
value was taken as 3 and the standard deviation 
was 0.23 ng ml -~ obtained from a series of  I1 
blank solutions. The relative standard deviation 
was 1.45% obtained from a series of  11 standards 
each containing 100 ppb of  aluminium. 

3.8. Determination of  aluminium in glucose 
injection and common beverages 

The developed method was applied to the deter- 
mination of aluminium in samples of  glucose in- 
jection and common drinks. The standard 
additions method [14] was used in all analyses. 
The results are shown in Table 2 and compared 
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with those obtained by atomic absoption spec- 
tometry (AAS) with a graphite furnace. 

To 1.0 ml of sample solution of glucose injec- 
tion, various amounts of aluminium were added, 
which were then determined fluormetrically by 
the procedure established above. 

For the assay of aluminium in drinks, I0.0 ml 
of the drink sample was transferred into a 
crucible and heated to dryness on an electric 
furnace and then in a muffle furnace for 30 min 
at 500-550 °C. The residue was dissolved in 
l m o l  d m  -3  NaOH. The solution was filtered 
and washed with 0.1 moldm -3 NaOH. The so- 
lution was then transferred into a 50ml volu- 
metric flask, adjusted to pH 5.0 with dilute 
H2SO 4 and diluted to the mark with water. To 
1.0 ml of this sample solution, various amounts 
of standard aluminium were added, which were 
then determined fluorimetrically by the method 
developed above. 

The proposed method was compared with 
other common fluorimetric procedures (Table 
3). 

References 

[1] M. Katyse and Y. Dutt, Talanta, 22 (1975), 51. 
[2] R.B. Singh, P. Jain and R.P. Singh, Talanta, 29 (1982) 77. 
[3] K. Wang, Trace Elements in Life Science, Beijing Chinese 

Measure Press, Beijing, 1991, p. 84. 
[4] W.T. Ress, Analyst, 87, (1962), 202. 
[5] F. Will, Anal. Chem., 33, (1961), 1360. 
[6] J.L. Gomez Ariza, M.L. Marques, and M.T. Montana, 

Analyst, 109, (1984), 885. 
[7] M. Gallego, M. Valcarcel and M. Garcia-Vargas, Ana- 

lyst, 108, (1983), 92. 
[8] F. de Pablos, J .L Gomez Ariza and F. Pino, Analyst, 

111, (1986), 1159. 
[9] W.-C. Cui, B. Tang and H.M. Shi, Fenxi Huaxue, 20(1), 

(1992), 11. 
[10] M.P. ManueI-Vez and M. Garcia-Vargas, Talanta, 41, 

(1994), 1553. 
[11] N.U. Persic-Janjic, A.A. Muk and V.D. Canic, Anal. 

Chem., 45, (1973), 798. 
[12] Wuhan University, Analytical Chemistry, High Education 

Press, Beijing, 1993, p. 499. 
[13] H.M.H.N. Irving, H. Freiser and T.S. West (Eds.), IU- 

PAC, Compendium of Analytical Nomenclature, Defini- 
tive Rules, Pergamon Press, Oxford, 1978. 

[14] M. Bader, J. Chem. Educ., 57, (1980), 703. 



n 

Talanta 
E L S E V I E R  Talanta 44 (1997) 203-211 

Quantitative structure-property relationships for colour 
reagents and their colour reactions with cerium using 

computational neural networks 

Hua Li ~, Lu Xu*, Ming Guo, Qiang Su 
Changchun Institute ~[" Applied Chemistry, Chinese Academy o[" Sciences, Changchun 130022, People's Republic o/ China 

Received 11 December 1995; revised 18 June 1996; accepted 24 June 1996 

Abstract 

Quantitative structure-activity/property relationships (QSAR/QSPR) studies have been exploited extensively in the 
designs of drugs and pesticides, but few such studies have been applied to the design of colour reagents. In this work, 
the topological indices A~-Ax3 suggested in this laboratory were applied to multivariate analysis in structure-prop- 
erty studies. The topological indices of 43 phosphone bisazo derivatives of chromotropic acid were calculated. The 
structure- property relationships between colour reagents and their colour reactions with cerium were studied using 
A~ ~,, indices with satisfactory results. The purpose of this work was to establish whether QSAR can be used to 
predict the contrasts of colour reactions and in the longer term to be a helpful tool in colour reagent design. 

Keywords: Cerium; Colour reagents; Quantitative structure-property relationships; Neural networks 

I. Introduction 

Rare earth elements are used widely in the 
metallurgical and ceramics industries and in the 
processing of  electronic and luminescent materials 
because they possess special physico-chemical 
properties. For  these reasons, studies of  the rare 
earth elements have become important  in recent 
years. Many methods have been developed for the 
determination of rare earth elements, the most 
important  being spectrophotometric methods [1-  
4]. A key step in a spectrophotometric method is 

* Corresponding author. Fax: (86) 431-685653. 

the selection of a sensitive, highly selective colour 
reagent and suitable analytical conditions. Spec- 
torphotometric methods provides sensitive, pre- 
cise and accurate measurements and they can 
offer practical and economical advantages over 
other methods. Many colour reagents, such as 
asymmetrical phosphone biaszo derivatives of  
chromotropic acid, owing to their high sensitivity 
and selectivity, have been synthesized and used 
for the determination of the rare earth elements in 
China. 

Correlations between the structures of  colour 
reagents and their reactivities and physico-chemi- 
cal properties are important  because they can be 
used to guide the design of colour reagents. 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02034-6 
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The method of topological indexing of molecu- 
lar structures has also been used widely in recent 
years in connection with quantitative structure- 
activity/property relationships (QSAR/QSPR) 
studies. The topological index is a numerical 
quantity that is mathematically derived from the 
structure graph of a molecule. Many topological 
indices, such as the Wiener index, W [5], Randic 
index, ID [6], Hosoya index, Z [7], Balaban index, 
J [8], and the general aN index [9], have been 
proposed to convert chemical structures into nu- 
merical values. In recent years, topological indices 
have gained substantial attention in explaining the 
biological activities and physical and chemical 
properties of organic compounds. The topological 
indices A,~-A,.3 based on the augmented distance 
matrices, devised recently in our laboratory, have 
been successfully employed in studies on struc- 
ture-activity relationships for compounds such as 
alkanes, alcohols and barbiturates [10]. In this 
study, we further applied these indices to the 
structure-property relationships between colour 
reagent and their colour reactions with cerium. 

2. Neural network algorithms 

Computational neural networks are mathemati- 
cal algorithms, inspired by the current under- 
standing of neurophysiology, that try to model 
the human brain and its ability to learn. A neural 
network can be considered as a group of intercon- 
nected nodes (neurons) forming a net, where every 
node receives a weighted input signal, through its 
inputs (synapses), from everynode connected to it. 
The efficiency of signal transmission depends on 
the weights, which correspond to the strength of 
the synapses joining dendrites. The summation of 
all the input signals to the node (neuron body) 
excites it and up to a threshold makes the nodes 
(neurons) produce an output signal through its 
output (axon). There are three types of neurons 
contained in a network: input neurons which ac- 
cept the input data characterizing each observa- 
tion, output neurons which provide the predicted 
value, and hidden neurons which neither receive 
inputs directly nor provide output values directly. 
The input signals are weighed as they are trans- 

mitted to the nodes of the second layer, the 
hidden layer. The hidden layer neurons process 
the data and send a signal to the neurons of the 
output layer. The output layer provides the pre- 
dicted value, i.e. the contrasts of the colour reac- 
tions in this work. A neural network is trained to 
relate certain inputs (descriptor values) to target 
outputs (contrasts). To accomplish this, a variety 
of neural-network learning algorithms can be 
used. In this study, back-propagation (BP) and 
quasi-Newton methods were used. We found that 
the quasi-Newton method required fewer training 
cycles than did the back-propagaion algorithm. 

2.1. The back-propagation training algorithm 

A neuron in the hidden or output layer com- 
putes the weighted sum of inputs, net j, given by 

netj = ~wuX i + Oj (1) 

where w U denotes the connection weight between 
node i in the previous layer and node j in the 
current layer, Xi is the ith output from the previ- 
ous layer node i and 0j is the bias for node j. The 
output of node j is calculated using a sigrnoidal 
function: 

0j = 1/(1 + e -net,) (2) 

For training, the BP algorithm computes the 
sum-squared error between the network output 
and the target values: 

E = ~,(tp - Op) 2 (3) 

where p is an index for training observations. The 
target value for pattern p is tp and the computed 
value is Op. 

The connection weights and biases in the net- 
work are adjusted sequentially to reduce the error. 
This adjustment is made from the output layer to 
the hidden layer using a gradient descent method. 
In this method, the partial derivative of the error 
function is used to determine each weight adjust- 
ment, A W,j. If the neuron of interest is contained 
in the output layer, then the error is calculated 
from the difference between the output value and 
the target value multiplied by the derivative of the 
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output value. The error terms eor the hidden-layer 
neurons are more complicated because the target 
values do not exist and must be calculated recur- 
sively from neurons already modified. To improve 
the training time of  the BP algorithm and avoid 
the hazards of oscillating or becoming trapped in 
local minima, a momentum term is added to the 
weight adjustment equation. The full details of BP 
training have been published previously [11,12]. 

2.2. Quasi-Newton (BFGS) training algorithm 

The BFGS (Broyden Fletcher Goldfa rb-  
Shanno [13 18]) quasi-Newton optimization 
method is an alternative way to minimize the 
sum-squared error of Eq. (3). The advantages of 
using the BFGS method over the BP method are 
that specifying progresses much more rapidly. 

The basis of all quasi-Newton methods is that 
in cycle K + 1 of  the optimization, the error E and 
gradient gK+, are assumed to be expressible as 
truncated Taylor series in the parameters X: 

E(XK+ I) ~ E(XK) + gKTAXK 

+ 1/"2AXKTHKAXK (4) 

gK + | ~ gK + H K A X K  (5) 
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Fig. I. Plot of RMS error vs. training cycles for quasi-Newton 
neural network. 

where AX K=XK+ I - X  K is the change in the 
parameters from cycle K to cycle K + 1 and H K is 
the Hessian matrix of cycle K. The Hessian is 
defined as the matrix of the second derivatives of 
the error function with respect to the parameters. 
For a neural network, the parameters are just the 
weights and biases. 

If XK +, is to correspond to a minimum of the 
error functional, then g K + , =  0. This leads to the 
"Newton"  step equation 

A X K : - - H K  IgK (6 )  

In the quasi-Newton method, the inverse Hes- 
sian matrix HK ' is never computed directly. In- 
stead, it is iteratively estimated and updated as the 
optimization proceeds. The initial estimate of  the 
inverse Hesssian matrix G is obtained from the 
gradient for two different sets of weights and 
biases. After computing g for one set of  weights 
and biases, each weight and bias is changed by a 
small amount and the gradient is computed a 
second time. The corresponding change in g is 
used to estimate the diagonal elements of G: 

Gii ~ A W J A g  i (7) 

With an estimate G~ of the inverse Hessian ma- 
trix, the steps in a BFGS cycle are as follows: 
(1) Choose search direction d~,. according to dK = 

- -  G k g k '  
(2) Determine the scaler aK to minimize E(X K + 

dK). 
(3) Let X K + I = X K + ~ d  K. 
(4) Compute the gradient gK+, corresponding to 

the parameters XK + ,. 
(5) Update the inverse Hessian matrix G by the 

BFGS method. 
(6) Iterate. 

The line minimization parameter ~K can be 
estimated using a parabolic fit of  the error along 

dK: 

E(XK + ~ dK) ~ E(XK) + a~ + b~ 2 (8) 

Two pieces of data are needed to find the 
constants a and b. Satisfactory results are ob- 
tained by using (a) the slope, ~?E/~ at XK, which 
is given by dKVgK, and (b) the error E(XK + SdK), 
where s is an appropriately chosen step size. The 
minimum of  this curve occurs when ~ = -a/(2h). 
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When using any iterative training procedure, a 
criterion must be available for deciding when to 
stop the iterations. Three approaches were used in 
this study: (a) the weights were adjusted for each 
observation until the sum-squared-error reached 
an acceptable value for the entire training set; (b) 
the number of training cycles was limited, and 
training was stopped after a fixed number of 
training cycles had been reached; and (c) training 
was stopped when the minimum cross-validation 
set error was achieved. 

4. Experimental 

The neural network software included two 
modules: BP and quasi-Newton neural networks, 
which were written in FORTRAN 77 and in- 
stalled on a micro VAX II. All computations were 
performed using multivariate statistic analysis 
programs (MSAP), which consists of multiple re- 
gression analysis, pattern recognition and calcula- 
tions of topological indices, etc. 

The structures of asymmetric phosphone bisazo 
derivatives of chromotropic acid are shown. 

3. Topological indices 

On the basis of distance matrix indices, Ax~- 
Ax3 were derived in our laboratory. To facilitate 
understanding of Axt-Ax3, the method is briefly 
introduced here. The three topological indices are 
generated from path matrices A, B and C, respec- 
tively. These three matrices are defined as follows: 

{~ path = 1 
A = (aij), aij = others 

B=(b° ) ' b °={~  othersPath=2 

C=(cij) ,c~={~ othersPath=3 

(i,j = 1, 2 . . . . .  n) 

(i,j = 1, 2 . . . . .  n) 

(i,j = 1, 2 . . . . .  n) 

Augmented path matrices G 1 - G  3 are obtained 
by adding two columns into matrices A, B and C, 
respectively. The elements in the first column of 
matrices G~-G3 are square roots of vertex de- 
grees, and the elements in the second column 
represent the square roots of the van der Waals 
radii atoms. From matrices GI- G 3, we can obtain 
matrices Z~- Z3. 

ZI = GI'G]; Z2 = G2"G'2; Z3 = G3"G~ 

where G~'-G'3 are the transpose matrices of G1- 
G3. The three new topological indices are defined 
as 

The experimental conditions employed and 
colour reactions with cerium are listed in Table 1. 

5. Results and discussion 

5. I. Calculation of descriptors 

The topological indices A:d-Ax3 of 43 asym- 
metric phosphate bisazo derivatives of chro- 
motropic acid were calculated acid were 
calculated. A total of three topological indices 
were generated for each colour reagent. 

5.2. Structure-selective factors 

From the colour reaction experiment, we 
know that the different positions of the aux- 
ochrome in asymmetric phosphone bisazo 
derivatives of chromotropic acid play important 
roles in analytical reactivities. In order to 
reflect the influences of auxochrome positions 
on colour reactions, structure-selective factors 
were introduced: 

A1 = 2maxl2; Axz = 2max2/2; Ax3 = 2max3/3 

where 2max--2max3 are the largest eigenvalues of 
matrices Zt-Z3. 

tO. 1 (ortho) 
K 0.8 (meta) 

{0.7 (para) 
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5.3. Objective feature selection 

In order to determine which set of  descrip- 
tors was important in computed topological in- 
dices, multiple stepwise regression analysis was 
necessary to refine the topological indices in or- 
der to reduce the possibility of  chance correla- 
tions andto weed out the less useful topological 
indices. A model possessing a high multiple 
correlation value, a small standard deviation of  
regression and as few topological indices as 
possible was considered. Thus, Ax21/2, At3 I/2 , 

A,3 '/2 and K were selected and taken as the 
variables in the subsequent sections. 

5.4. Results with neural network 

To obtain the best network performance, the 
optimal network architecture must be chosen• 
Studies of  the network structure include the se- 
lection of the number of layers and the number 
of neurons in each layer. The architecture of 
the neural network in this paper is as follows. 

The number of  layers is three, i.e. layer in- 
put, hidden and output. The number of  input 
neurons is three (one for each descriptor), and 
there is one output neuron. The number of  
neurons used in the hidden layer was deter- 
mined by trial and error. 

The input neurons are A,.21/2, Ax31/2 and K. 
Usually, the value of  each neuron is defined be- 
tween 0 and 1, thus the input data should be 
scaled within the defined region. Note that if 
the value of a neuron in input layer is zero, 
the connections from this neuron are always 
zero, i.e. the information form that neuron can- 
not be propagated to the following layers. To 
avoid this situation, the values were set between 
0.05 to 0.95 in this work. 

The major difference betweeen BFGS and BP 
learning algorithms is how the weights are ad- 
justed. In BP, the weight adjustments depend 
on a predetermined learning rate. BFGS net- 
works, on the other hand, utilize variable-step 
size when individual weights are being adjusted. 

The weights are the adjustable parameters al- 
tered by training. During the learning procedure, 
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Table 2 
Topological indices A,t-A,.3 of colour reagents and calculated contrasts using regression and neural network techniques 

No. A,t A x 2 A,~ 3 K A21._, (nm) A21., (neural) (nm) 

1 85.5552 108.2253 162.2882 0.7 11.4018 11.0783 
2 85.5557 108.3011 162.0922 0.8 10.7238 10.8559 
3 85.8838 108.5897 162.2974 0.8 10.9545 10.7498 
4 85.8833 108.5116 162.4995 0.7 10.9545 10.8536 
5 81.9759 104.8989 159.1555 0.8 10.3923 10.8001 
6 81.9755 104.8416 159.1480 0.7 10.9545 11.2343 
7 87.3824 110.5111 163.7988 0.8 10.0000 9.9936 
8 87.4111 110.4577 164.1430 0.7 10.0000 10.2371 
9 85.7204 108.4451 162.1913 0.8 10.6302 10.7991 

10 ~ 85.7199 108.3669 162.3889 0.7 10.7238 10.9547 
11 a 90.9644 113.8829 168.0342 0.7 10.7238 11.2062 
12 87.4401 110.4822 164.1606 0.7 10.0000 10.2111 
13 87.4022 110.3158 164.6195 0.7 11.1803 11.3504 
14 87.4018 110.2881 164.9061 0.1 10.2470 11.1817 
15 ~ 83.6956 106.3595 160.5804 0.7 10.9545 11.1426 
16 90.6297 113.4767 116.9583 0.8 11.1803 11.1092 
17 87.4027 110.4399 165.2505 0.1 11.1803 11.3205 
18 82.3288 105.2538 160.1674 0.1 9.4868 9.6955 
19 82.3237 105.2149 159.3734 0.8 10.4881 10.6549 
20 ~ 82.3233 105.1503 159.3708 0.7 11.0905 11.1030 
21 81.9806 104.9379 159.8989 0.1 10.0000 9.8419 
22 85.7262 108.6144 163.4135 0.1 10.5830 10.5899 
23 85.7204 108.4451 162.1913 0.8 10.7238 10.7991 
24 84.0101 106.7155 160.7108 0.8 10.7238 10.8213 
25 ~ 84.0097 106.6450 160.8020 0.7 11.3137 10.9817 
26 82.1605 105.0672 159.2718 0.8 11.4017 10.7286 
27 82.1600 105.0059 159.2670 0.7 11.6190 11.1654 
28 82.3238 105.2150 159.3734 0.8 10.4881 10.6550 
29 82.3233 105.1503 159.3708 0.7 10.9545 11.1030 
30 ~ 80.4816 103.3013 157.8467 0.8 10.4881 10.9060 
31 85.3727 108.1232 161.9486 0.8 10.9545 10.8771 
32 85.5350 108.1889 162.2565 0.7 11.0000 11.0850 
33 85.2081 107.9037 162.0461 0.7 11.0905 11.2700 
34 85.2086 107.9797 161.8498 0.8 11.0454 10.9221 
35 ~ 81.6293 104.5799 158.9175 0.8 11.1355 10.8750 
36 81.6289 104.5224 158.9102 0.7 11.2250 11.3553 
37 87.0345 110.1114 163.8814 0.7 10.9545 10.5221 
38 85.3727 108.1232 161.9486 0.8 11.0454 10.8771 
39 85.3722 108.0448 162.1465 0.7 11.0905 11.1699 
40 a 81.9759 104.8947 159.1345 0.8 11.1803 10.7543 
41 81.9754 104.8298 159.1319 0.7 11.2694 11.2290 
42 86.9776 110.0509 163.8357 0.7 10.4881 10.5712 
43 90.6347 113.5647 168.4859 0.1 11.8322 1t.6692 

Member of cross-validation set. 

a ser ies  o f  i n p u t  p a t t e r n s  w i t h  t he i r  c o r r e s p o n d i n g  

e x p e c t e d  o u t p u t  va lues  a re  p r e s e n t e d  to  t he  ne t -  

w o r k  in an  i t e ra t ive  a d a p t i o n  o f  w e i g h t s  w h e n  a 

g iven  i n p u t  expec t s  a c e r t a i n  o u t p u t .  T o  o b t a i n  

the  bes t  m o d e l ,  the  set  o f  r a n d o m  s t a r t m g  w e i g h t s  

n e e d s  to  be  d e t e r m i n e d .  Th i s  is a ve ry  t i m e - c o n -  

s u m i n g  p r o c e d u r e  a n d  r eq u i r e s  t r a i n i n g  the  ne t -  

w o r k  severa l  t imes  us ing  d i f f e r e n t  sets  o f  s t a r t i n g  
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weights and biases. 
The number of output neuron is one. There 

are two ways to express the output neurons. 
Typically, single output neuron networks are 
usually used to predict continuous values. In 
this manner, the neural network is shown to be 
analogous to nonlinear regression analysis. 
Therefore, single output neural networks were 
used. 

The total number of weights including biases 
should be as few as possible. Finding a com- 
promise between the performance and the train- 
ing time of the work, the optimum number of 
neurons in the hidden layer for this application 
was found to be three. Therefore, a hidden 
layer with three neurons was used in all the 
studies, yielding an overall network architecture 
of 3:3:1. 

By stopping the training before the neural 
network reaches equilibrium one can prevent it 
from fitting the details of the training data set 
(to model random noise specific to the calibra- 
tion data) and to exploit the full potential of 
all its weights. Another way to avoid overfitting 
is through the choice of a lean network topol- 
ogy with only a minimum of element. This re- 
duces the number of weights to be trained 
accordingly. In this experiment, we chose the 
cross-validation set as a monitor to control the 
training processing. As long as the cross-valida- 
tion set results improve, training continues. 
However, when the cross-validation set ceases 
to improve, the training must also cease in 
spite of the continued improvement in the 
training set results. 

Fig. 1 shows a plot of the mean root square 
error as a function of the number of training 
epochs for both the training and cross-valida- 
tion set. The results at epoch 951 is highlighted 
with an arrow in Fig. 1. The model corre- 
sponding to epoch 951 was chosen because the 
minimum cross-validation set error can be ob- 
tained. 

The 43 colour reagents were randomly di- 
vided into two groups: a training set containing 
35 colour reagents and a cross-validation set 
containing eight (colour reagents labelled foot- 

note a in Table 2). The calculated results by 
the best model obtained using the network are 
listed in Table 2, last column. The RMS values 
for the training set and cross-validation set are 
0.2243 and 0.3271, respectively. 

6. Conclusion 

The topological indices Axl-Ax3 have been 
successfully used to model the structure-prop- 
erty relationships between colour reagents and 
their colour reactions with cerium. The experi- 
ments with computational neural networks re- 
veal that the network architecture, initial 
conditions and the data organization are all im- 
portant factors affecting the prediction. The 
performance of the network was enhanced by 
using the cross-validation set to monitor the 
training process. After the neural network had 
been fully trained, it was capable of forming 
reliable generalizations to predict the contrasts 
of colour reactions. The study demonstrates 
convincingly that Axl-Ax3 are useful topological 
indices. 
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Abstract 

Surface-enhanced Raman scattering (SERS) spectrometry of the diuretic drug triamterene is discussed. The 
SERS-active substrate used is a silver foil etched with nitric acid. The influence of solvent and sample doping method 
on sensivity, intercept and shape of the calibration graphs is discussed. 

Keywords: Diuretic drugs; Human urine; Laser spectroscopy; Organic analysis; Raman spectrometry; Surface- 
enhanced Raman spectrometry; Triamterene 

I. Introduction 

The surface-enhanced Raman scattering 
(SERS) effect has been tested on various forms of 
metal surfaces. The enhancement depends criti- 
cally on the creation of surface roughness [1]. One 
of the earlier types of  substrate is the metal elec- 
trode [2-4], for which the required surface rough- 
ness is achieved by repeated oxidat ion-reduction 
cycles. Other procedures are available to produce 
the required roughness in the substrate, some of 
them involving elaborate laboratory practices 
[5,6]. For chemical characterization, colloidal sil- 
ver [7-10] seems to be the most amenable sub- 

* Corresponding author. 

strate in terms of production, storage and sample 
handling, although difficulties with the reproduci- 
bility of SERS intensities have been reported [11]. 
Other procedures producing suitable rough sur- 
faces include matrix-isolated metal clusters [12], 
iodine-roughened silver in an ultra-high vacuum 
[13], tunnel junction structures [14], metal-capped 
polymer posts [15], holographic gratings [16], vac- 
uum depositing calcium fluoride on a glass slide 
and subsequently evaporating metal on to the 
surface [17,18], metal-coated filter-paper [19,20] 
and acid-etched metal foils [2t-26].  

In most previous work involving SERS-active 
solid substrates the sample was spotted on the 
substrate, allowed to dry and then subjected to 
measurement. The development of easily fabri- 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
Pll S0039-9140(96)02036-X 
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cated SERS-active optical sensors that can be used 
in solution is important for the application of SERS 
to in situ analysis. Acid-etched silver foils [26], silver 
island films [27] and TiO2-based substrates [28] have 
been used for this purpose. Simplicity, low cost, 
speed and availability are outstanding features 
of these sensing devices. 

In the present paper, the use of a silver sensor for 
surface-enhanced Raman detection of triamterene 
is discussed. The sensor is used either by applying 
a sample and drying before Raman examination 
or by dipping the substrate into the solution where 
the Raman analysis is performed. The analytical 
figures of merit, including sensitivity, shape of 
calibration graphs and limit of detection, are dis- 
cussed. 

2. Experimental 

2.1. Instrumentation 

2.2. Chemicals and procedure 

All chemicals were of analytical-reagent grade or 
equivalent and were used without further purifica- 
tion. Chromatography-grade methanol was used 
throughout. A 0.025 mm thick silver foil was immer- 
sed in vigorously stirred nitric acid (diluted 8:20 with 
water) at room temperature. Stirring was continued 
for about 2-3 min until the foil showed a milky 
surface. After etching, the silver foils were thor- 
oughly rinsed with distilled water and dried in air. 

2.3. The S E R S  sensor 

The SERS sensor designed and constructed in our 
laboratory has been described in a previous paper 
[26]. It basically consisted in a 4 cm long and 2.5 
cm wide metallic body with a folding portion in the 
bottom for holding the substrate. The silver sub- 
strate was place in this fold and kept in place with 
a turning plate to permit easy insertion. 

The excitation source consisted of an argon ion 
laser (Coherent Innova 70) tuned at 488 nm, 
releasing about 40 mW at the sample, and focused 
with a biconvex glass lens (30 cm focal length). 
Silver-foil rectangles of 0.8 x 1 cm 2 were used as 
the substrate for SERS. Raman scattering was 
collected at right-angles dispersed with a double 
spectrometer (Spex Model 1680B) and detected 
with a thermoelectrically cooled photomultiplier 
tube (Hamamatsu Model R928) and a photon- 
counting system (Stanford Research Model SR400). 
Operation of the photon counter was controlled 
by an AT personal computer with Stanford Re- 
search SR465 software. The acquisition time per 
spectral element was 1 s and each spectrum con- 
sisted of 300 data points. All spectra reported 
represent single scans and are provided without 
spectral smoothing (except Figs. 4 and 5, with 
spectral smoothing of five points (Savitzky-Golay 
algorithm). The spectrometer resolution was gen- 
erally set to 14 cm -~. Frequencies were accurate 
to within 3 cm-~ for the bands studied. Spectral 
data were generated in binary code and converted 
in ASCII for processing in standard graphics soft- 
ware. 

2.4. Sample doping method 

The dry-state method appeared to provide good 
SERS spectra for absorbates that could be dissolved 
in volatile solvents. In this method, coating of the 
substrate with the molecules of interest was accom- 
plished by one of two techniques: (1) dipping the 
silver roughened with HNO3 in the absorbate 
solution approximately 30 s, or (2) placing several 
drops of bulk solution on substrate. As reported 
earlier [29], the first technique results in a fairly 
uniform coverage of the absorbate, controlled by 
the concentration of the absorbate solution. In both 
cases the substrate was allowed to dry and was then 
subjected to Raman measurement. In the in situ 
method, the sensor was immersed in the analyte 
solution filling a standard 1 cm path glass cuvette 
for Raman examination. 

3. Results and discussion 

3.1. Sample doping dependence 

The SERS spectrum of a substance results from 
adsorption of molecular species on a suitably 
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roughened substrate. For multi-component 
samples, selective molecular adsorption on 
substrate surfaces has been demonstrated [30]. The 
situation may be of relevance when an organic 
solvent is used. In this case, the organic solvent may 
behave as a competing adsorbate for the silver 
surface [31], resulting in large variations in the 
ability of the analyte to produce a well defined 
SERS spectrum (SERS activity). This is clearly 
shown in Fig. 1. Two spectra using the dry-state 
method corresponding to a triamterene-methanol 
solution (top) and to methanol (bottom) are 
plotted. The top spectrum shows the characteristic 
vibrational modes of triamterene at 1170, 1284, 
1349 and 1526 cm-I ,  superimposed on non-lasing 
plasma lines of the argon ion laser at 1131, 1168, 
1323 and 1506 cm 1; only these bands are observed 
in the spectrum of methanol. The effect of the 
substrate in SERS was also studied. For this 
purpose, the triamterene-methanol spectrum was 
compared with its equivalent when using colloidal 
silver as a substrate. Some differences have been 
observed mainly due to the dynamic behavior of 
colloids with time. As is known, several bands can 
change its shape or even appear and disappear, 
depending on the aggregation state of the colloid. 
Following the evolution with time of the color 
change of the colloidal dispersion is a very simple 
and effective method. Very good long-term stability 
of the vibrational structure and intensity of the 
SERS spectrum of triamterene has been observed 
when an etched silver foil was used. 

Fig. 2 shows the SERS spectrum of triamterene 
in methanol (top) and the SERS and Raman 
spectra of methanol (center), with the use of in situ 
method. The conventional Raman spectrum 
(bottom) shows a broad band centered at 1480 
cm- 1; this band also appears in the SERS spectrum 
of methanol when an etched silver foil is inserted 
directly in solution, superimposed on the scattering 
spectrum of the substrate (peaks at 1131, 1169 and 
1323 cm i). In the SERS spectrum of triamterene 
dissolved in methanol (top), the following features 
can be observed: the peaks corresponding to 
non-lasing plasma lines of the argon ion laser, the 
strong band of methanol at 1480 cm-~ and the 
characteristic band of triamterene at 1349 cm 1. It 

is thus apparent that the solvent plays a major role 
in the SERS activity of triamterene. The observed 
effect will depend on the volume of solvent and on 
the adsorbate concentration. 

3.2. Spectral analysis o f  mixtures 

For clinical application, triamterene is used in 
association with other diuretics. It is known [32] 
that the relative intensities of SERS features aris- 
ing from several components in a mixture depend 
not only on their solution concentration, but also 
on their relative adsorptivities on the substrate. 
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Fig. 1. SERS spectrum of triamterene in methanol (1 pg 
ml -f) (top) and SERS spectrum of methanol (bottom). 
Sample volume, 5 pl. 
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Fig. 2. SERS spectra of a solution of triamterene in methanol 
(top) and solvent blank (bottom). Drug concentration, 1 pg 
ml-  t The Raman spectrum of methanol is shown as the lower 
trace. 
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Fig. 3. SERS spectrum of a mixture of triamterene and 
amiloride in methanol. Triamterene:amiloride concentra- 
tion ratio, hl0; drug concentration, l0 4 M;  sample vol- 
ume, 5 ~1. 

When similar concentrations of compounds are 
used, the extent of the aggregation process depends 
on the chemical structure of the adsorbed com- 
pound [33]. The intensity in the spectrum of a 
mixture is modulated by the intensity distribution 
of the species that is most readily adsorbed [34]. For 
similar adsorptivities, the spectral features of vari- 
ous compounds can be additive and the spectrum 
of one component can be subtracted from the 
spectrum of the mixture with the features of the 
others left intact [34]. 

In general, diuretics show only moderate SERS 
activity. Of 10 diuretics investigated on colloidal 
silver [10], acetazolamide, bendroflumethiazide, 
ethacrynic acid and xipamide provide no surface- 
enhanced spectra; pre-aggregation of colloidal 
dispersions by external agents is required for 
the large Raman signals of spironolactone, 
furosemide, bumetamide and chlorthalidone. 
Amiloride and triamterene show well defined spec- 
tra. Amiloride has been extensively studied [35] on 
colloidal silver using water as solvent and analyzed 
directly in human urine samples. On colloidal silver, 
the SERS signal of triamterene show poor repro- 
ducibility, probably owing to changes occurring in 
the colloidal dispersion, easily followed by simple 
visual observation during data acquisition. Fig. 3 
shows the SERS spectrum of a mixture of tri- 
amterene and amiloride on a silver substrate pre- 
pared by the nitric acid etching method. 
Triamterene is readily adsorbed, causing displace- 
ment of amiloride from the surface when a mixture 
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Table 1 
Analytical figures of merit for SERS detection of  triamterene 
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Matrix Substrate Slop& Intercept LOD Correlation 
(~g i ml) (arbitrary units) (t~g ml - ] )  coefficient 

Urine Silver foil b 4100 14 800 
Methanol Silver foil b 3490 7100 
Metha~aol Silver foiF 580 6700 
Methanol Silver colloid 570 271 

0.006 0.996 
0.007 0.998 
0.010 0.994 
0.080 0.865 

~ n = 6 .  
b Dry method. 
" In situ method. 

of two compounds is examined. The SERS spec- 
trum of triamterene is dominant even at tri- 
amterene:amiloride concentration ratios of  1:10, 
with no noticeable changes in spectral features. 
Triamterene is recognized by the characteristic 
band at 1349 cm -j and peaks centered at 1285 
and 1527 cm ~, whereas amiloride is recognized 
by reproducible bands at 1382 and 1499 cm -]  
[10]. 

3.3. Effect of solvent 

To evaluate possible matrix effects on the 
SERS response of the analyte, the analytical 
figures of merit of the SERS method were evalu- 
ated using methanol and urine as solvents for the 
drug. The spectrum recorded by the in situ 
method is characterized by a strong signal back- 
ground which may be due to elastic scattering 
from suspended material or to luminescent com- 
ponents. No characteristic bands are detected. 
Fig. 4 shows the spectra of filtered urine under 
several experimental conditions when 10/~1 where 
spotted on an etched silver foil. Fig. 4(a) corre- 
sponds to the spectrum obtained with a freshly 
prepared sample. Non-lasing emission lines of the 
argon ion laser were present superimposed on the 
background, but no characteristic vibrational 
modes of urine with observed. Fig. 4(b) shows the 
SERS spectrum after 30 min of continuous irradi- 
ation with the laser beam. The baseline increases 
and the spectrum is flat. The SERS spectrum of 
urine obtained 10 min after sample preparation is 
shown in Fig. 4(c). Two medium bands at 1236 

and 1253 cm-~ can be attributed to urine [7]. Fig. 
4(d) shows the same sample after exposure for 15 
rain to laser radiation; the vibrational structure is 
partially lost, but the band at 1236 cm ~ is ob- 
served. 

Fig. 5 shows the SERS spectrum of urine sam- 
ple spiked with 5 lal of triamterene on a freshly 
prepared sensor substrate (bottom) and after 5 
min of  continuous irradiation (top). The charac- 
teristic peaks of the drug at 1349 and 1526 cm 
are clearly distinguishable, while the band at 1284 
cm-]  is not observed, presumably owing to the 
strong background of  the solvent in this zone. 
After 15 min, some of  the absorbate activity is 
changed, as manifested by an increase in the ratio 
of the triamterene activity at 1349 and 1526 cm ~. 

The SERS spectrum of urine sample from a 
patient receiving combined triamterene-furose- 
mide medication (triamterene:furosemide concen- 
tration ratio 25:77) is presented in Fig. 6. 
Triamterene, used clinically to treat hypertension, 
is normally excreted in urine as 15-25% of the 
administered dose in the native form [36]. The 
spectrum was recorded after filtering the urine 
sample through a 0.45 /lm membrane filter. As 
shown, triamterene can be recognized by the band 
at 1349 cm ~ and the weak peaks at 1283 and 
1526 cm -~. The peak at 1466 cm-~ may be due to 
furosemide [10]. The peak at 1254 cm i corre- 
sponds to urine. Although these data have not 
been compared with those from another analytical 
technique, they indicate that the detection of tri- 
amterene in human urine by SERS on a silver 
substrate prepared by the nitric acid etching 
method is feasible. 
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(b) 

ing the results obtained with the silver sensor 
and colloidal silver. Calculation of  the limits of 
detection (LODs) was described in a previous 
paper [25]. Table 1 summarizes the analytical 
figures of merit. Etched silver foils and urine 
cause a strong signal background [7,27], which 
results in a higher intercept on the calibration 
graph. The LODs observed with colloidal silver 
were worse than those obtained with etched sil- 
ver foil using the dry method. Large differences 
between the two methods in the slope of the 
calibration graph were observed. The slope for 
the in situ method was similar to that in col- 

co 

1100 12i00 1300 1;00 1SO0 1700 

Raman shift (cm-1) 

i 1 oo 1200 13oo 1 aoo 1500 1600 
Raman si~tl (cm-1) 

Fig. 4. (a) SERS spectrum of human urine in a freshly pre- 
pared substrate; (b) SERS spectrum after 30 min of continu- 
ous irradiation; (c) SERS spectrum of urine blank obtained 15 
min after spotting; (d) SERS spectrum of the same sample 
after 15 min of continuous irradiation. Sample volume, 10/~1. 

3.4. Quantitative study 

The spectral capability of the etched silver foil 
for the quantitative analysis of  human urine 
spiked with triamterene was evaluated by compar- 

¢ 
o 

J = i 
11=00 1200 1300 14=00 1500 16100 

Raman shift (cm-1) 

Fig. 5. SERS spectra of triamterene in human urine obtained 
at 0 min (bottom) and after 15 rain of  continuous irradiation 
of  the sample (top). Drug concentration, 5 Fg ml t; sample 
volume, 5 /xl. 



A. Rupbrez, J.J. Laserna / Talanta 44 (1997) 213 220 219 

o ~  
. ¢  

A ~e ¢o  

~_>, ~ ~o  

. . . .  J 

11100 1 1200 13;0 14;0 1500t 16;0 
Raman shift (cnl 1) 

Fig. 6. SERS spectrum of a urine sample from a patient 
receiving continuous triamterene-furosemide medication (tri- 
amterene:furosemide concentration ratio, 25:77). 

loidal silver. The correlation coefficients on sil- 
ver foils are better than 0.99, and the upper 
limits of  the linear part of the calibration graph 
estimated by polynomial interpolation, are 3.6 
and 3.9 /~g ml -~ for the dry method on a 
methanol and urine matrix respectively, 7.4 /tg 
ml ' for the in situ method and 14.7 ,ug ml 
using colloidal silver as substrate. The larger 
(better) correlation coefficient provided by the 
etched silver foils may be due to the improved 
stability under laser irradiation and upon aging 
of triamterene in this substrate. 

4. Conclusions 

Strongly enhanced Raman spectra for tri- 
amterene can be obtained from acid-roughened 
silver foils using a simple and inexpensive sen- 
sor. The spontaneous adsorption of the analyte 
from solution directly on the substrate is an ad- 
vantage of the sensor. The results reported here 
demonstrate that the detection of triamterene in 
human urine by SERS on etched silver foils is 
feasible. Good stability under laser irradiation 
and upon aging was observed. The main draw- 
back is related to the large background signal 
observed when urine is used as solvent. The re- 
sults reported here are important steps in the 
direction of bringing SERS under experimental 
control for analytical applications. 

Acknowledgements 

The research was supported by the Direcci6n 
General de Universidades e Investigacion (Min- 
isterio de Educaci6n y Ciencia, Madrid, project 
PB90-0814) and by the Direcci6n General de 
Universidades e Investigaci6n (Consejeria de Ed- 
ucaci6n y Ciencia (Junta de Andalucia. Sevilla), 
Spain. 

References 

[1] A. Rup6rez and J.J. Laserna, in J.J. Laserna (Ed.), 
Modern Techniques in Raman Spectrometry, Wiley, 
Chichester, 1996, p. 227. 

[2] N.S. Lee, Y.Z. Hsieh, R.F. Paisley and M.D. Morris. 
Anal. Chem., 60 (1988) 442. 

[3] H. Feichenfeld and M.J. Weaver, J. Phys. Chem., 93 
(1989) 4276. 

[4] W.J. Barretto. P.S. Santos and J.C. Rubim, Vib. Spec- 
trosc. 6 (19931 87. 

[5] D.B. Parry and A.L. Dendramis, Appl. Spectrosc.. 40 
(1986) 656. 

[6] R.D. Shelton, J.W. Hass, llI, and E.A. Wachter, Appl. 
Spectrosc., 48 (1994) 1007. 

[7] A. Rup6rez, R. Montes and J.J. Laserna, Vib. Spec- 
trosc., 2 (1991) 145. 

[8] R. Aroca and M. Scraba, Spectrochim. Acta, Part A, 
47 (1991) 263 

[9] J.J. Laserna, LM. Cabalin and R. Montes, Anal. 
Chem., 64 (1992) 2006. 

[t0] A. Ruperez, L.M. Cabalin and J,J. Laserna. Trends 
Appl. Spectrosc., 1 (1993) 188. 

[11] J. Neddersen. G. Chumanov and T. Cotton, Appl. 
Spectrosc., 47 (1993) 1959. 

[12] W. Krasser, U. Kettel and P.S. Bechthol, (.'hem. Phys. 
Lett., 7 (1982) 223. 

[13] P.N. Sanda, J.M. Warlaumont, J.E. Demeth, J.C. Tsang 
K. Christmann and J.A. Bradley, Phys. Rev. Lett., 45 
(1980) 1519. 

[14] J.C. Tsang, ,I.R. Kirtley and J.A. Bradley, Phys. Rev. 
Lett., 43 (1979) 772. 

[15] R.M. Hart, JG .  Bergman and A. Wokaun, Opt. Lett., 
7 (1982) 105. 

[16] A. Guirlando, M.R. Philpott, D. Heitmann, J.D. 
Swalen and R. Santo, J. Chem. Phys., 72 (1980) 5187. 

[17] C. Murray and D. Allara, J. Chem. Phys., 76 (1982) 
1290. 

[18] J.M. Bello, D.L. Stokes and T. Vo-Dinh, Appl. Spec- 
trosc., 43 (1989) 1325. 

[19] A. Berthod, J.J. Laserna and J.D. Winefordner, J. 
Pharm. Biomed, Anal., 6 (1988) 599. 

[20] J.J. Laserna, W.S. Sutherland and J.D. Winefordner, 
Anal. (:him. Acta, 237 (1990) 439. 



220 A. Rupkrez, J.J. Laserna / Talanta 44 (1997) 213-220 

[21] K. Suzan, M. Baiker, A. Baiker, M. Meier and A. 
Wokaun, J. Chem. Soc., Faraday Trans. 1, 80 (1984) 
1305. 

[22] G. Xue and J. Dong, Anal. Chem., 36 (1991) 239. 
[23] G. Xue, M. Ma, Ming, Z. Junfeng, Y. Lu and K.T. 

Carron, J. Colloid Interface Sci., 150 (1992) 1. 
[24] H. Matsuta and K. Hirokawa, Appl. Spectrosc., 43 

(1989) 239. 
[25] A. RupOrez and J.J. Laserna, Anal. Chim. Acta, 291 

(1994) 147. 
[26] A. RupOrez and J.J. Laserna, Analusis, 23 (1995) 91. 
[27] K. Sokolov, P. Khodorchenko, A. Petukhov, I. Naviev, 

G. Chumanov and T.M. Cotton, Appl. Spectrosc., 47 
(1993) 515. 

[28] J.M. Bello, D.L. Stokes and T. Vo-Dinh, Anal. Chem., 
61 (1989) 1779. 

[29] S. Garoff, R. Stephens, C.D. Hanson and G.K. Soren- 

son, Opt. Commun., 41 (1982) 257. 
[30] W.S. Sutherland, J.J. Laserna, M.J. Angebranndt and 

J.D. Winefordner, Anal. Chem., 62 (1990) 689. 
[31] A. Rup6rez and J.J. Laserna, Appl. Spectrosc., 48 

(1994) 219. 
[32] J.J. Laserna, A.D. Campiglia and J.D. Winefordner, 

Anal. Chem., 61 (1989) 1697. 
[33] M. Moskovits and D.P. Dilella, in R.K. Chang andT.E. 

Furtak (Eds.), Surface Enhanced Raman Scattering, 
Plenum Press, New York, 1982, p. 243. 

[34] J. Thornton and R.K. Forc6, Appl. Spectrosc., 45 
(1991) 1522. 

[35] N. Calvo, R. Montes and J.J. Laserna, Anal. Chim. 
Acta, 280 (1993) 263. 

[36] J.E.F. Reynolds (Ed.), Martindale: The Extra Pharma- 
copoeia, 29th edn., Pharmaceutical Press, London, 1989. 



E L S E V I E R  Talanta 44 (1997) 221-230 

Talanta 

Investigation of HfO + interference in the determination of 
platinum in a catalytic converter (cordierite) by inductively 

coupled plasma mass spectrometry 

M. Parent*, H. Vanhoe, L. Moens, R. Dams 
Laboratory o[' Analytical Chemistry, Institute .['or Nuclear Sciences, Ghent University, ProeJ?uinstraat 86, B-9000 Ghent, Belgium 

Received 1 February 1996; revised 24 May 1996; accepted 24 June 1996 

Abstract 

The determination of Pt in cordierite is subject to strong interference by spectral overlap from HfO + ions with all 
Pt isotopes. Two mathematical correction methods based on the HfO + Hf + ratio and a method for the chemical 
separation of Hf based on adsorption chromatography and isotope dilution were investigated to correct for this 
interference. Flow infection was used to prevent clogging of the cone orifice. To enhance the sensitivity and thus lower 
the detection limit, thermospray nebulization was used for sample introduction and the method was compared with 
pneumatic nebulization. In addition, the memory effects were evaulated for both systems. Analysis of artificial 
solutions (1 ngPt ml - l )  yielded results within 3% of the true value. The Pt content (ca. 50 ng g ~) of a cordierite 
sample, previously exposed to exhaust gases, could be determined with precisions of about 10-25% and the results 
agreed with earlier determinations by other workers. 

Keywords: Cordierite; Inductively coupled plasma mass spectrometry; Isotope dilution; Platinum 

1. Introduction 

Awareness of  the importance of  Pt determina- 
tion for environmental purposes began to develop 
with the introduction of  catalytic converters in 
motorized vehicles. The possible enhancement of  
Pt levels in the environment, due to automotive 
emission of Pt, has motivated the development of  
analytical methods to determine Pt in environ- 
mental samples [1-5]. The Pt concentrations in, 

*Corresponding author. Fax: (+) 32 9 264 66 99. 

e.g., street dust, soil and grass near motorways 
are, however, still extremely low. Owing to its 
very low detection limits (ca. 10 ng 1 ~), induc- 
tively coupled plasma mass spectrometry (ICP- 
MS) is a powerful technique for determining Pt at 
low levels. With more efficient sample introduc- 
tion systems, the detection limit can be further 
improved. In many cases, separation and/or pre- 
concentration methods also allow limits of  detec- 
tion to be improved [6,7]. However, ICP-MS 
suffers from problems of non-spectral and spec- 
tral interferences, which have been reviewed by 

0039-9140/97,/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02037-1 
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Evans and Giglio [8]. Many problems arise when 
solutions containing high concentrations of dis- 
solved solids have to be analyzed. The latter may 
cause clogging of the nebulizer and the sampling 
orifices and salt deposition on the torch or even a 
salt build-up on the ion lens stack. Some of these 
effects can be corrected for by the use of an 
internal standard [9,10]. Hutton and Eaton [11] 
found that when analyzing a matrix containing 
refractory compounds such as alumina, plugging 
of the interface occurred, leading to a signal re- 
duction of about 85% over a period of 1 h. 

In this work, Pt was determined in cordierite 
(Mg-Fe-A1 silicate), used as a catalyst body. 
Since cordierite contains A1, Zr and Ce as some of 
its major components, analogous problems can be 
expected. Associated with the Zr, some Hf is also 
present. It was found that the sample contains 
about 8 /tg g-~ Hf, which can interfere with the 
determination of Pt owing to spectral overlap 
from HfO + ions with Pt [5]. Although the contri- 
bution of the oxide species can to some extent be 
minimized by instrumental settings [12], addition 
of N2 to the plasma [13], or the use of an efficient 
desolvation system [13-15], it is not possible to 
reduce the interference sufficiently. Another 
method consists in using sample introduction 
techniques with preliminary evaporation of the 
solvent, such as electrothermal vaporization [16]. 
Thirdly, mathematical correction can be applied 
to separate the signal of the analyte from that of 
the overlapping oxide [17,18]. 

Besides HfO + interference, memory effects and 
insufficiently low detection limits also hamper 
analyses for Pt. In previous experiments [19,20], it 
was shown that the application of thermospray 
nebulization (TN) for sample introduction in ICP- 
MS leads to an increase in the sensitivity by a 
factor of 10 compared with pneumatic nebuliza- 
tion (PN), while the oxide levels are reduced by a 
factor of 2.5, even for the elements with the 
highest MO bond strengths [20]. 

This paper deals with the optimization of the 
ICP-MS procedure for determining Pt in cordier- 
ite. This was achieved by investigating two meth- 
ods of interference correction for HfO +, using the 
HfO+/Hf + ratio experimentally determined ei- 
ther in a separate experiment or deduced from 

standard addition of Hf to the sample. A third 
method applied consisted in the complete removal 
of Hf by chemical separation and included the 
application of isotope dilution as a calibration 
method. Furthermore, the use of thermospray 
nebulization and flow injection to enhance the 
performance of the sample introduction system is 
discussed. All three correction procedures were 
applied with both PN and TN, in combination 
with and without flow injection. The memory 
effects were evaluated for PN and TN. The accu- 
racy and precision of the correction and separa- 
tion procedures were demonstrated by the 
analysis of cordierite that had been exposed to the 
exhaust gases of an engine equipped with a cata- 
lyst [21]. 

2. Experimental 

2.1 ICP-MS instrumentation 

The instrument used for all the experiments was 
a VG PlasmaQuad PQI ICP mass spectrometer 
(VG Fisons, Loughborough UK). The interface in 
the standard configuration was replaced with a 
"high-performance interface" supplied by VG 
Fisons. The operating conditions are summarized 
in Table 1. 

2.2. Pneumatic nebulization system 

The instrument is equipped with a Meinhard- 
type (Tr-30-A3) concentric glass nebulizer and a 
double-pass Scott-type spray chamber with sur- 
rounding liquid jacket, the temperature of which 
was controlled to within 1 °C with a recirculating 
refrigeration-heating system. 

2.3. Thermospray nebulization system 

A laboratory-made thermospray system (TN), 
consisting of an LC pump and a stainless-steel 
capillary (i.d. 180/lm), was used in combination 
with a desolvating unit consisting of a conical 
flask followed by a heated tube and a modified 
Friedrichs condenser. More details of the system 
are given elsewhere [20]. 
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Table 1 
VG PlasmaQuad operating conditions 

Plasma 

Ion sampling 

Vacuum 

Sample introduction 

Pneumatic nebulization 

Thermospray nebulization 

R.f. power 

Sampling cone 
Skimmer cone 

Expansion stage 
Intermediate stage 
Analyzer stage 

Ar flow rate 

Sample uptake rate 

Spray chamber 

Nebulizer 

Temperature of aerosol 
Temperature of cooling water 
Carrier gas flow rate 
Sample uptake rate 

Forward: 1350 W 
Reflected: <5 W 

Nickel, 1.0 mm orifice 
Nickel. 0.75 mm orifice 

1.8 mbar 
1 x 10 4 mbar 
3 x 10 * mbar 

Plasma: 13.51 min 
Auxiliary: 1 1 rain t 
Nebulizer: 0.7 1 rain 

0.9 ml min J 
1.5 ml rain ~ (flow injection) 
Scott-type double bypass, 
water cooled 
Meinhard concentric type 

120 °C 
1 °C 
830 ml min i 
1.33 ml min 

A flow injection valve (six-port) with a 200/tl  
sample loop made of PTFE was connected to the 
sample introduction system. Semi-continuous 
measurements were performed using a large sam- 
ple loop of 5 ml. 

2.4. Reagents  

Working standard solutions were obtained by 
successive dilution of 1 g 1 - I  commercial AAS 
standard solutions (Alfa Products, Germany and 
Janssen Chimica, Belgium) with 0 .14M HNO3. 
The standard solution for isotope dilution was 
obtained by dissolving 1 mg of isotopically en- 
riched (J~4Pt: 97.41%) Pt sponge (Campro Scien- 
tific, The Netherlands) in aqua regia and 
subsequent dilution to the required concentration. 
The glassware used for the enriched isotope solu- 
tion was kept apart  from the rest in order to 
avoid any cross-contamination. HNO3(14M),  
HC1 (10 M) (both purified by sub-boiling distilla- 
tion of reagent-grade acid from quartz apparatus) 
and Millipore MiUi-Q water were used. 

The polystyrene-divinylbenzene resin used was 
Amberlite XAD-4 with 0.3 0.9 mm particle size 
(Merck, Germany),  The resin was purified by 
Soxhlet extraction with methanol for 8 h, then 
dried, ground and sieved [7]. The procedure de- 
scribed by Plantz et al. [6] for synthesizing the 
bis(carboxymethyl) dithiocarbamate (CMDTC)  
was applied. SnC12 solution was prepared by dis- 
solving 0.3 g of  SnCI 2 (Merck) in 0.5 ml of  HC1 
and subsequently diluting to 1 ml with water. 

All other reagents were of  analytical grade. 

2.5. Sample  preparat ion 

Two digestion methods for cordierite were ap- 
plied: open acid digestion and digestion with a 
high-pressure asher (HPA), (Kiirner, Germany).  
The open acid digestion was performed because it 
allows larger sample amounts (several grams) to 
be handled. In this way, the same solution could 
be used for Pt determination with PN and TN. 
For HPA the amount  of  sample is restricted to ca. 
100 mg when glassy carbon vessels of 20 ml are 
used. The open digestion was applied in experi- 
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ments in which a mathematical correction for 
the HfO + interference was tested. HPA diges- 
tion was applied in combination with the elimi- 
nation of  Hf  by chemical separation. 

2.5. I. Open acM digestion 
Approximately 400 mg of cordierite were 

weighed into a PTFE beaker and heated with 
10 ml of HNO 3 at about 70 °C for ca. 3 h then 
5 ml of HC10 4 were added, the temperature was 
raised to 120 °C and the solution was heated 
overnight. Subsequently, 10 ml of  HNO 3, 5 ml 
of  HF and 5 ml of HCI were added, followed 
by heating for 24 h at 70 °C and evaporation to 
near dryness. The residue was dissolved by 
adding 5 ml of HNO 3, 5 ml of HC1 and 5 ml of  
HF, followed by heating at 70 °C for 24 h. 
Finally, the solution was evaporated to near 
dryness several times to remove HF and HCI 
(redissolution with HNO3). HCI was removed 
because it attacks the capillary material of the 
thermospray system. A clear solution was ob- 
tained. The contents of the vessels were trans- 
ferred quantitatively into a volumetric flask and 
diluted to 10ml with 0 .14M HNO3. Next, the 
solutions were divided in two equal portions 
and further diluted until the concentration was 
20 g 1-1 for PN and 10 g I-I  for TN. 

2.5.2. HPA digestion 
About 100 mg of  cordierte were weighted into 

a glassy carbon vessel. After adding 1 ml of HF, 
1 ml of  HC1 and 200 /tl of  194pt-enriched spike 
(for isotope dilution), the samples were decom- 
posed in the HPA at the following temperatures 
and with a maximum pressure o f  130 bar: step 
1 temperature ramp from 25 to 120 °C (15 min); 
step 2, 120 min at 220 °C. After cooling, dilute 
aqua regia was added and the samples were 
heated to ensure that all Pt was in the quadriva- 
lent state and to remove HF. Further heating 
and addition of HC1 completely removed the ex- 
cess of HNO3, which otherwise would disturb 
the subsequent adsorption chromatography. The 
contents of  the vessels were transferred quantita- 
tively into a glass vessel and 1 0 M H C I  was 
added to obtain a concentration of  1 M HC1. 

2.6. Adsorption chromatorgraphy 

Pt was preconcentrated as the bis(carboxy- 
methyl)dithiocarbamate chelate on a microcolumn 
packed with XAD-4 [7], and eluted in a small 
volume of  EtOH. Adsorption occurred from strong 
HC1 medium after reduction with SnCi2. The EtOH 
was evaporated and the residue was dissolved in 
0.14 M HNO 3, to avoid problems with the deter- 
mination of Pt in organic solutions by ICP-MS. 
Accurate measurement of Pt in samples after isola- 
tion through enrichment via adsorption chro- 
matography is only possible by isotope dilution 
mass spectrometry, as this method allows a correc- 
tion for the variable yields. The Pt spike was added 
to the sample before digestion. The Pt concentra- 
tion was calculated using the 194pt/195pt ratio. 

3. Results and discussion 

3.1. Spectral interferences due to HfO + 

Since Hf  is present in cordierite, the level of  
oxides formed by Hf  was investigated with both 
Pn and Tn. HfO ÷ species interfere with all Pt 
isotopes (Table 2) and it is therefore necessary to 
assess the importance of  this interference. Hence 
an Hf  standard solution (50/~g 1 -r)  was intro- 
duced via both PN and TN. For  PN the level of 
oxides varied between 0.3% and 0.7%, which is in 
agreement with the results obtained by Vanhaecke 
et al. [12]. After careful optimization of  the mea- 
surement of  H f  with TN (see below), the level of  
oxides was reduced to 0.2-0.3%, owing to the 
better desolvation system used with TN. It was 
found that when measuring 194pt, the apparent Pt 
concentration due to 50/~ g 1- ~ H f  can amount to 
450 ng 1-~ with PN and 250 ng 1-l with TN (see 
Table 3). Table 3 also shows that the formation of 
oxides and hence the apparent Pt concentration 
vary from day to day, because the operating 
conditions change [17]. The other isotopes are also 
to a large extent interfered with by HfO ÷ ions. 

3.2. Study of memory effects 

Memory effects, as encountered for Hg [22,23] 
and Au [24], are insidious in isotope dilution, 
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Table 2 
Abundance of Hf and Pt nuclides and possible interferences on Pt 

225 

Hf and other isotopes Abundance (%) Possible Pt isotopes Abundance (%) 
interference 

I V4Hf 0.18 174Hfl 6 0 
176Hf 5.20 176HfL60 
177Hf 18.5 
~TSHt" 27.2 17SHfl60 

WVHfl60] H 
IV'~Hf 13.8 179HfL60 

17SHf16OL H 

t Sl>Ht" 35.1 IS°Hfl~'O 
~79Hf~¢,O~ H 

I gO w 0.13 I SOW l60 
196Hf 0.15 I'mHg 
Is2W 26.3 182WI60 

ISLTa 99.9 ISlTal"OI H 
19SHg 10.2 I~SHg 

t g°Pt 0.013 
192pt 0.78 

194pt 32.9 

19sPt 33.8 

t'~6Pl 25.3 

~gsPt 7.23 

where the isotope ratios in subsequently measured 
solutions may be very different, A flow injection 
system with a sample loop of 5 ml was used in this 
study. In Fig. l(a) the ~95Pt signal observed be- 
fore, during and after the injection of 10/~g 1 -~ is 
plotted. PN was used for sample introduction and 
0.14 M HNO3 as the rinsing solution. It can be 
seen that the background level is not reached even 
after 5 rain of rinsing. Rinsing with HzO, 1.4 M - 
HNO~, 0.1 M HC1 and 1% aqua regia was also 
not successful. Rinsing with 0.1 M HC1 seemed to 
lead to an acceptable level of the background 
signal, but this was only the result of  a suppres- 
sion of the Pt signal. Only rinsing with 0.1% and 
1% Triton X-100 for 2 3 min resulted in nearly 

Table 3 
Apparent concentration of Pt due to spectral overlap with 
H f O '  (50tlg I ~Hf) with pneumatic (PN) and thermospray 
(TN I nebulization 

Pt isotope Interfering Apparent Pt 
polyatomic ion concentration (ngl ~) 

PN TN 

194pt 178-j-| fl60 260 450 
WTHf~60~ H 

1~sPt 179Hfl60 150 250 
]TSHfl6OI H 

80-250 

50-120 

complete removal of  the Pt signal. Apparently 
Triton effectively wets the walls of the delivery 
tubing and the spray chamber, thus facilitating 
the washing out of Pt. Additional experiments 
showed that all parts of the sample introduction 
system contribute to the memory effect, as was 
mentioned by other workers [25-27]. 

The memory effects for TN, situated in the 
capillary and especially in the desolvation unit, 
were larger than for PN, as can be seen in Fig. 
l(b). Also in this case rinsing with Triton X-100 
decreased the memory effect significantly. When 
using flow injection (200 i~1 loop), the Pt signal 
also drops quickly to the background level [19]. 

1000000 

100000 

10000 

lOOO 

lOO 

lO 

Pt-signal (cps) 

(b) 

0 5 10 15 20 25 

Time (min) 

Fig. 1. Memory effect after introduction of 10/~g t ~ Pt with 
(a) pneumatic nebulization and (b) thermospray nebulization, 
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Fig. 2. Memory effect observed for 10pg 1 -t Hf with ther- 
mospray nebulization. 

Persistent memory effects occur on introducing 
a 10 pg 1 -~ Hf  solution in TN (Fig. 2). These are 
caused by the deposition of  HfO2 near the end of  
the heated capillary [28]. The Hf  oxide precipita- 
tion probably occurs because the traces of  HF 
present in the Hf  solution evaporate in the heated 
capillary. The oxide is then only slowly removed 
by the carrier solution (0.14 M HNO3). Decreas- 
ing the power applied to the capillary or adding 
HF decreased and prevented, respectively, Hf  ox- 
ide precipitation (see Fig. 3(a)and (b)). In order to 
confirm this experiment, solutions of  other ele- 
ments requiring HF for the stability of  their solu- 
tions (e.g. Zr, Nb, Ta and W) were injected and 
were found to cause a similar memory effect to 
Hf. 

SfGNAL (cps) 

(a) 
10 4 -- AIII~.. _, ~a.dJ .. 

10 2 

~ ' s E " l  "' , '~"qr ' f fTg 

loOo I I 1 t I . 
200 400 600 

TIME (s) 

3.3. Analysis of  artificial solutions 

Fig. 4 shows that with the present instrumental 
set-up, the maximum ion signal intensities for 
Hf  ÷, Pt ÷ and HfO ÷ were found at the same 
nebulizer gas flow rate, so that optimisation of the 
gas flow rate, as applied successfully by Van- 
haecke et al. [12] cannot be used to reduce the 
interference. Therefore, two mathematical correc- 
tion methods, using the HfO ÷ /H f  ÷ ratio from a 
standard solution or from standard addition of 
the interferent Hf  to the sample, were applied to 
correct for the HfO ÷ interference. Addition of 
the interferent has already been applied by Munro 
et al. [29] for correction for C10 ÷ interference and 
originally suggested by Henshaw et al. [30]. Both 
mathematical correction methods require a linear 
dependence of the HfO ÷ signal on the Hf  concen- 
tration. In Fig. 5 the measured HfO + signal is 
plotted versus the Hf  concentration. A linear de- 
pendence over two orders of  magnitude can be 
observed (correlation coefficient of  0.998). The 
same conclusions are valid for thermospray nebu- 
lization. In all cases the 195pt + isotope was used 
for calculations, because the interference is less 
severe, as can be seen in Table 3. The signals, 
represented b y / ,  were normalized with the inter- 
nal standard (T1 signal) and were blank sub- 
tracted. 

3.3.1. Correction for the HfO + interference via 
the HfO +/Hf  + ratio 

The HfO + /Hf  + signal ratio was determined in 
a standard solution containing 50 #g 1 ~ Hf  and 
used to correct for the HfO + interference ob- 
served in the sample solution. The following equa- 
tion was used: 

I p t  = I p t . s  - -  ( I H f ,  s R H f o )  (1) 

where I p t  = the corrected Pt signal, I p t , s  = the Pt 
signal measured for the sample solution, Inf.~ = 
the signal for H f  in the sample solution and 
RHf o = the previously determined HfO ÷ /H f  + sig- 
nal ratio. 

Fig. 3. Memory effect observed for 10#g 1 -~ Hf with ther- 
mospray nebulization (a) in 0.1% HF and (b) with decreased 
power applied to the capillary. 

3.3.2. Correction for the HfO + interference via 
standard addition of H f  
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Fig. 4. Dependence of  the signal intensity for 

A known amount of the Hf  interferent was 
added to the sample solution. From the difference 
between the intensities of  the Pt signals measured 
in the Hf  spiked and unspiked sample solutions, 
the interference originating from the added 
amount of Hf  can be calculated. After determina- 
tion of  the concentration of Hf  in the sample, the 
contribution of  HfO + can be subtracted accord- 
ing to the following equation: 

HfO/TI  rat io 
0.02 

0.015 

0.01 

0.005 

0 
0 

/ / ~ r  

I J i I _ _  

20 40 60 80 100 120 

Hf-concentration (pg/I) 

Fig. 5. Dependence of  the HfO + signal on the Hf  concentra- 
tion. 

Pt +, Hf  + and HfO + on the nebulizer gas flow rate. 

CHr.~(Ip, + Hf.s - -  Ipt,s) 
IPt = Ipt,s -- (2) 

Cnr,~ 

where Ipt + nf, s = the signal intensity for Pt in the 
sample solution to which Hf  was added, CHf.s = 
the concentration of Hf  in the sample solution 
and Cnr, a = the H f  concentration corresponding 
to the amount of Hf  added to the sample solu- 
tion. 

3.3.3. Removal of  H f  by chemical separation and 
application of  isotope dilution 

Another method consists in separating Hf  from 
the sample solution. Therefore, the adsorption 
chromatographic procedure proposed by Lee et 
al. [7] for the enrichment of  Pt was applied. Under 
the conditions described in previous work [31], 
most of the matrix elements encountered are not 
strongly retained on the microcolumn used and 
can thus be separated from Pt. Because the Pt 
recovery is not quantitative and not reproducible, 
isotope dilution was used in this work. Isotope 
dilution requires that the measured isotope ratios 
reflect the isotopic composition of the sample, 
mixture or spike and that they are not influenced 
by interferences. By analyzing a standard solu- 
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Table 4 
Determination of  Pt in a solution containing 1 ,ug 1 i Pt and 
50/~g 1- ~ HI'." comparison of  results obtained with pneumatic 
(PN) and thermospray (TN) nebulization and using differen 
methods to correct for the HfO ÷ interference on Pt ÷ 

Correction method Pt found (,ug I -~F 

PN TN 

Via the HfO + / H f  + ratio 1.00 + 0.02 0.99 + 0.04 
Via standard addition of  Hf  1.00 _+ 0.03 1.03 + 0.05 
Separation of  Hf  0.99 + 0.05 1.01 + 0.05 

"With 95% confidence interval. 

tion, containing 50/tg 1 ~ Hf, it could be demon- 
strated that Hf  is separated with 99.9% efficiency. 

To check the accuracy of  the proposed method, 
an artificial solution, containing 50/~g 1 ~ and 
1/tg 1 ~Pt was analyzed and the results are 
shown in Table 4. The concentrations of Pt ob- 
tained with both sample introduction systems, 
after correction for HfO + or separation of Hf, 
are in good agreement with the expected concen- 
tration. The deviations are smaller than 3% and 
within the confidence limits. 

a n d  94Zr160+ were measured and l l S I n +  w a s  

used as an internal standard. 
The mathematical correction procedure using 

the H f O ÷ / H f  + ratio was therefore slightly 
modified and Eq. (1) was adapted to become 

where Rzro.~ = the ZrO +/Zr + ratio for the sam- 
ple solution and Rzr o = the ZrO +/Zr  + ratio for 
the standard solution. 

The results obtained after correction are sum- 
marized in Table 5. It was observed that the 
M O + / M  ÷ oxide ratio varied from sample to 
sample and was very different from that obtained 
with a standard solution (a factor of up to 2.5 was 
observed), as was predicted by other workers 
[17,29,32,33]. This effect could be readily corrected 
for by the use of Zr. TN was not used for sample 
introduction because too severe matrix effects, 
including obstruction of the interface, occurred. 

To alleviate the effects of clogging of  the sam- 
pling device [36,37], flow injection (FI) was also 
applied. Because a large mass region (92 207 u) 

3.4. Analysis of cordierite 

The same correction procedures as used for the 
artificial solutions were applied. However, the sig- 
nal intensity ratios for oxide species and their 
parent atomic ions are known to change with 
variations in matrix [29,32] composition (e.g. the 
acids used for destruction), operating conditions 
[17] and even aging of  the interface [29,33]. Cor- 
rections based on this ratio can be improved by 
the use of  the oxide ratio of a reference element to 
correct for possible changes in the H f O + / H f  ÷ 
ratio [33]. In this work, therefore, an oxide-form- 
ing element, with approximately the same MO 
bond strength as HfO +, was used [34]; Zr (MO 
bond strength 182kcal mol ~ [35]), present in 
cordierite, was chosen. The ZrO ÷/Zr  ÷ ratio mea- 
sured for the sample solution versus this ratio in 
the standard solution was used to correct for the 
matric dependence of  the HfO + /Hf  + ratio. The 
scanning region was set from 92 to 207 u.  94Zr + 

Table 5 
Comparison of  results for the determination of Pt in codierite, 
obtained with pneumatic (PN) and thermospray (TN) nebu- 
lization using continuous nebulization (CN) or flow injection 
(FI), and correction for the HfO + interference on t95pt + with 
different methods 

Correction method Pt found (ngg  ~) 

PN TN 

via the H f O + / H f  + ratio: 
CN 32 + 21 - 
FI 47 __+ 17 - 

Via s tandard addition of  Hf: 
CN 36 _+ 20 - 
FI 34 _+ 9 38 _+ 14 

Separation of Hf: 
CN 37 _+ 3 38 + 4 
FI 37 _+ 8 36 + 3 

The values ( + 95% confidence intervals) are the means  for five 
samples (three in the case of  separation of  HI), each measured 
five times (CN), or four injections (F1). Indicative value: 50 
(SD30) ng g--~ [21]. 
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had to be scanned when Zr was measured simul- 
taneously with Hf and Pt, the mass region be- 
tween 120 and 174 u was skipped. Applying FI, 
no clogging of the cone and skimmer occurred, 
and the sample could also be measured with TN. 

Finally, the Hf was separated by adsorption 
chromatography and both PN and TN were used 
in combination with continuous nebulization 
(CN) and with FI. The results are summarized in 
Table 5. Most obvious is the much better preci- 
sion obtained after Hf separation than with math- 
ematical correction procedures. In fact, 
repeatabilties of about 10% can be achieved. 
When comparing the two mathematical correction 
methods, preference should be given to the stan- 
dard addition of Hf to correct for the interference 
by HfO + . FI seems generally to yield slightly 
more precise results than CN. Our results ob- 
tained with different correction and sample intro- 
duction methods are in good agreement with each 
other and suggest a value of 34 38ng g 1. To 
evaluate the accuracy, comparison with the in- 
dicative value derived by Wegscheider and Zis- 
chka [21] from the results of a round robin study 
on the same sample gives some indication. The 
large uncertainty, 50 (SD 30)ng g 1 in this in- 
dicative value reflects the difficulty of the determi- 
nation. An alternative comparison can be made 
with values reported by Alt and T61g [38] as 
obtained by ICP-MS (42.0ng g i) and by 
GFAAS (46.1 ng g ~) for the same cordierite 
sample. 

4. Conclusions 

The optimization study of the procedure and 
the determination of Pt in cordierite has shown 
the superiority of a chemical separation of Hf to 
avoid the interference of HfO +. Adsorption chro- 
matography yields a nearly quantitative separa- 
tion of Hf and Pt losses during the procedure can 
be corrected for by applying isotope dilution. 
Mathematical correction yields less precise but for 
Hf/Pt ratios up to 50 also accurate results, espe- 
cially when the interference is calculated from an 
addition of Hf interferent to the sample. 

Without chemical separation, flow injection is 
to be preferred in order to avoid severe matrix 
effects including clogging of the sampling device 
and the interface, especially when thermospray 
nebulization is applied. 

Care has to be taken to avoid problems associ- 
ated with memory effects of Pt and precipitation 
of Hf oxide. These effects can be avoided by 
rinsing between solutions with 0.1% Triton X-100 
by addition of 0.1% HF to the sample solution. 
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Abstract 

Surfactant aggregates were formed on alumina surfaces by mixing 100 mg of sodium dodecyl sulfate (SDS) and 1.5 
g of 7-alumina in 50 ml of water. The SDS-coated alumina incorporated water-insoluble metal-ammonium 
pyrrolidinedithiocarbamate complexes over the pH range 2-8 with a recovery of >97%. The metals were quantita- 
tively desorbed from the alumina with 4 mol 1-1 nitric acid, leaving > 99% of SDS on the solid phase. They were 
determined by inductively coupled plasma mass spectrometry or graphite furnace atomic absorption spectrometry. 
The proposed method was successfully applied to the determination of traces of iron, cobalt, nickel, copper, cadmium 
and lead in high-purity alumina. 

Keywords: Alumina analysis; Inductively coupled plasma mass spectrometry; Sorption; Surfactant micelles 

I. Introduction 

Ionic or nonionic surfactant molecules form 
self-aggregate structures called "micelles" in 
aqueous solutions above the critical micelle con- 
centration. The hydrocarbon cores of  the micelles 
give them the ability to solubilize hydrophobic 
organic compounds.  Similar surfactant aggregates 
can be formed on solid surfaces such as alumina 
[1,2] and hydrated iron(Ill)  oxide [3]. They are 
called "hemi-micelles" or "ad-micelles", whose 

* Corresponding author. Tel.: 052-789-3579; fax: 052-789- 
3241; e-mail: hiraide@emerald.numse.nagoya-u.ac.jp 

interior tends to incorporate sparingly soluble or- 
ganic substances (e.g. pentachlorophenol,  toluene, 
p-xylene and trichloroethylene). 

Previously, we studied the potential and utility 
of  hemi- and ad-micelles in inorganic trace analy- 
sis [4,5]. Hydrophobic  chelating agents were intro- 
duced into the micelles for the separation and 
preconcentration of trace elements. For  example, 
dithizone was immobilized on alumina by mixing 
alumina with an ammoniacal  dithizone solution 
(containing sodium dodecyl sulfate (SDS)) and 
acidifying the mixture. During the acidification, 
the SDS was sorbed on the alumina to form 
surfactant aggregates, into which water-insoluble 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02038-3 
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dithizone was incorporated. The color of the 
alumina changed from white to gray-blue. The 
dithizone-coated alumina was useful for the col- 
lection of many trace metals from water [6]. 
One of the problems is the blank value for cop- 
per. In the preparation of the sorbent, copper 
impurities in SDS were complexed with dithi- 
zone and introduced into the alumina. Incom- 
plete desorption (e.g. for cobalt) was another 
problem. 

In the present work, surfactant aggregates 
were first formed on alumina surfaces by cou- 
lombic attraction. Then water-insoluble metal- 
ammonium pyrrolidinedithiocarbamate (APDC) 
complexes were trapped in the aggregates. This 
procedure was simple and effective in eliminat- 
ing the copper blank. Complete desorption of 
heavy metals was achieved with dilute nitric 
acid. The SDS-coated alumina functioned well 
even in solutions containing large amounts of 
aluminum ions. Compared with conventional 
liquid-liquid extraction with APDC, the pro- 
posed sorption method can directly be combined 
with inductively coupled plasma mass spec- 
trometry (ICP-MS) or atomic emission spec- 
trometry (ICP-AES), where the organic 
extractants can cause plasma instability. Sorp- 
tion and desorption and also the preparation of 
the sorbent do not require any toxic organic 
solvents, which is an advantage from the view- 
point of discharge of solvents to the environ- 
ment. The proposed method was applied to the 
determination of metals impurities at the sub-pg 
g i level in high-purity alumina. 

2. Experimental 

2.1. Apparatus 

A Seiko SPQ-6500 ICP-mass spectrometer was 
used for the determination of 59Co+, 58Ni+, 
63Cu+, 114Cd+ and 2°8pb+ under the following 
plasma conditions: r.f. power 1.2 kW; and argon 
flow rates 16 1 min ~ for outer, 0.7 1 min -~ for 
intermediate and 1.0 1 min ~ for carrier. 

A Seiko I&E SAS-760 atomic absorption 
spectrometer equipped with an SAS-715 graphite 

furnace atomizer was employed for the determi- 
nation of iron. The graphite tube was heated for 
20 s to 150°C, held for 15 s and then heated for 
5 s to 900°C and held for 10 s; the tube was 
further heated at a final atomization tempera- 
ture of 2400°C for 2 s; the clean-up stage was 
carried out at 2500°C for 3 s. The wavelength 
and hollow-cathode lamp current were 248.3 nm 
and 10 mA, respectively. 

A Tokyo Rikakikai AU-60C ultrasonic clean- 
ing bath (28 kHz, 210 W) was used for the 
purification of alumina particles. A Tokyo Rika 
NTS-1300S shaker was employed for mixing 
alumina with SDS at a shaking rate of 160 
min-~. 

All separation procedures were carried out in 
a Hitachi ECV-843 BY clean bench. 

2.2. Reagents 

y-alumina (10 50 pm particles, chromato- 
graphic grade, Katayama Chemicals) was ultra- 
sonically washed in 5 mol 1-1 nitric acid for 3 
min and rinsed thoroughly with water three 
times. 

SDS (special grade for water analysis, Nacalai 
Tesque) was used without further purification. 

An APDC solution (0.1%, w/v) was prepared 
by dissolving APDC (special grade for AAS, 
Nacalai Tesque) in water. 

Metal standard solutions (1 pg ml i in 0.1 
mol ! -1 nitric acid) were prepared from com- 
mercial standard solutions and diluted to appro- 
priate concentrations with 0.1 mol 1-1 nitric 
acid immediately before use. 

An aluminum solution (10 mg ml 1) was pre- 
pared by dissolving aluminum sulfate in 0.1 mol 
1-1 hydrochloric acid and purifying by extrac- 
tion with APDC and chloroform [7,8]. The alu- 
minum solution was used for the preparation of 
synthetic samples, which were employed to 
study the separation of trace metals from large 
amounts of aluminum ions. 

All reagents were of analytical grade (Nacalai 
Tesque) unless stated otherwise. Water was 
purified by distillation and ion exchange and 
then passed through a Millipore Milli-Q purifi- 
cation system. 
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Table 1 
Effect of quantity of SDS on a flow rate of 50 ml of water 

SDS sorbed (mg) 1 10 
on alumina 

Flow rate ~' (ml rain t) 7.5 7.9 

25 50 75 100 

8.4 9.2 10.0 12.9 

" Average of three experiments. 

2.3. Preparation of SDS-coated alumina column 

Purified alumina particles (1.5 g) were sus- 
pended in 50 ml of water and mixed with 100 mg 
of SDS. The suspension was acidified to pH 2 
with 4 mol 1 ~ nitric acid and mixed for 15 rain 
with a mechanical shaker. After discarding the 
supernatant solution, the SDS-coated alumina 
was transferred to a Millipore filter holder 
(column size: 15 mm in diameter × 7 mm height). 
A 0.4 /Lm Nuclepore polycarbonate membrane 
filter (25 mm in diameter) was placed on the 
sintered-glass disk to prevent the disk from clog- 
ging with alumina. 

2.4. Recommended procedure for the analysis of 
high-purit.v alumina 

Place a 700 mg alumina sample in a 30 ml 
Teflon pressure decomposition vessel and add 20 
ml of  4 tool 1-~ sulfuric acid. Heat the vessel at 
220°C for 18 h to decompose the sample com- 
pletely. After cooling the solution to room tem- 
perature, dilute it to 100 ml with water. Transfer 
a one-fifth aliquot into a 30 ml beaker and adjust 
the pH to 2.5 3 with 15 and 5 m o l l  -~ aqueous 
ammonia. After adding 1 ml of APDC solution 
and mixing for 30 s, pass the solution through the 
SDS-coated alumina column to collect the meta l -  
APDC complexes. Wash the column with 20 ml 
of 0.005 mol 1 ~ nitric acid. Desorb the desired 
trace metals with 1 ml of 4 mol 1--~ nitric acid and 
collect in a 10 ml volumetric flask. Repeat the 
desorption twice more with 1 ml each of  4 mol 1 
nitric acid and finally wash the column with 5 ml 
of water. Adjust the combined solution to 10 ml 
with water and, after dilution (if necessary), deter- 
mine the desired metals by ICP-MS (for Co, Ni, 
Cu, Cd and Pb) and GFAAS (for Fe). 

Construct the calibration graphs by taking 
nanogram quantities of heavy metals and 3 ml of 
4 tool 1 ~ nitric acid in a 10 ml volumetric flask 
and diluting to the mark with water. 

3. Results and discussion 

3.1. Preparation of SDS-coated alumina 

The anionic surfactant SDS is effectively sorbed 
on the positively charged alumina surfaces to 
form SDS aggregates [1,2,4]. A clear difference in 
the sorption was observed on two types of alu- 
mina particles [6]. 7-Alumina sorbed the surfac- 
tant completely over a wide pH range (1 6), 
whereas u-alumina sorbed very little SDS because 
of  the chemically inert surface. Therefore, 7-alu- 
mina is essential for the preparation of surfactant- 
coated sorbents. 

By shaking 1.5 g of 7-alumina and 100 mg of 
SDS in a slightly acidic solution, tiny alumina 
particles were coagulated to form bulky flocs. All 
SDS was sorbed on the alumina, which was confi- 
rmed by the toluidine blue titration method [6,9]. 
After packing the SDS-coated alumina into a 
column, 50 ml of water were passed to examine 
the effect of SDS on the flow rate. As shown in 
Table 1, the flow rate increased with increase in 
the amount of SDS. The SDS aggregates did not 
clog the alumina column but improved in the flow 
rate of samples. This is favorable for practical use. 

3.2. Sorption of metal APDC complexes on 
SDS-coated alumina 

Previously, we prepared SDS-coated alumina 
sorbents containing dithizone [4,6] and l-nitroso- 
2-naphthol [5]. The dithizone alumina, however, 
often caused 30-50 ng copper blanks (originating 
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from 100 mg of SDS). Incomplete desorption (e.g. 
40-50% for cobalt) was another problem. The 
1-nitroso-2-naphthol-immobilized alumina cannot 
be used for multi-element separation. 

In the present work, SDS aggregates were 
formed on alumina in the absence of chelating 
agents, into which water-insoluble metal com- 
plexes were incorporated. By this procedure, the 
blank value of copper was reduced to less than 1 
ng. APDC [7,8,10] was selected as the chelating 
agent because it reacts with many elements to give 
sparingly soluble complexes in water. Further, it 
is more stable than sodium diethyldithiocarba- 
mate (DDTC) in acidic solutions. 

Incorporation of APDC complexes in SDS ag- 
gregates is illustrated in Fig. 1. The formation of 
hemi- and ad-micelles may depend on the concen- 
tration of SDS. The collection of APDC com- 
plexes was first examined in a batch experiment. 
Copper was complexed with APDC and stirred 
with the SDS-coated alumina for 15 min. By 
analyzing the supernatant solution, it was found 
that nearly complete recovery was obtained for 
the copper. 
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Fig. 2. Sorption of Fe(llI), Co(II), Ni(II), Cu(II), Cd(II) and 
Pb(II) on SDS-coated alumina. 

SDS 
f 
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Positively charged surface 
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Fig. 1. Incorporation of metal-APDC complexes in surfac- 
tant aggregates formed on alumina. 

Next, freshly prepared SDS-coated alumina was 
packed into a column and sorption recoveries 
were measured for different trace metals. Aqueous 
sample solutions (20 ml, pH 1) containing trace 
metals (30 ng ml-1 each of Fe, Co, Ni, Cu, Cd 

Table 2 
Desorption of trace heavy metals from the SDS-coated alu- 
mina 

Trace Amount desorbed with 4 mol 1-1 HNO3 (%) 
metal 

1.0mlx3 1.5mlx2 3 .0mlxl  

Fe(III) 98, 99 89 82 
Co(II) 93, I00 78 80 
Ni(II) 98, 101 85 83 
Cu(II) 94, 102 86 88 
Cd(II) 95, 100 89 86 
Pb(II) 94, 112 83 107 
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Table 3 
Effect of aluminum on the recovery of trace heavy metals 

235 

Aluminum Trace metal recovered (%) 
added 
(mg) Co(ll) Ni(ll) Cu(ll) Cd(ll) Pb(ll) 

50 101 105 100 105 109 
100 97, 98 94, 97 96, 98 98, 100 97, 111 
150 100 97 102 99 98 

and Pb) were adjusted to different pH values with 
1 and 0.1 mol 1 -~ aqueous ammonia. After 
adding 1 ml of  APDC solution and stirring for 30 
s, the solution was passed through the SDS- 
coated alumina column to sorb the APDC com- 
plexes. The effluent from the column was acidified 
to pH 1 and analyzed by ICP-MS to obtain the 
sorption recovery. However, the ICP-MS determi- 
nation of iron at the ng ml-1 level was difficult 
because of an overlap of two spectra (56Fe+ and 
4°Ar160+) .  Therefore, iron was determined by 
GFAAS. 

Fig. 2 shows the percentage of trace metals 
sorbed as a function of the pH of  the solution. All 
trace metals were recovered in >97% yields over 
a wide pH range (2-8).  At basic pH, some metals 
(e.g. Fe and Cu) may exist as hydroxide colloids, 
but these species can also be collected on the 
column. 

3.3. Desorption of  trace metals from SDS-coated 
alumina 

Trace heavy metals at the 30 ng ml -  t level in 20 
ml of water were sorbed on the SDS-coated alu- 
mina column at pH 2.5-3 and then desorbed with 
3 ml of  4 mol 1 ~ nitric acid. As shown in Table 
2, more than 93% of  the metals were recovered 
when three portions of 1 ml of  nitric acid were 
used for the desorption. When 3 ml of nitric acid 
were added at a time, part of the metals still 
remained on the column. 

Compared with conventional liquid-liquid ex- 
traction with APDC and chloroform [7,8,10], the 
proposed sorption method was directly combined 
with ICP-MS, because the final nitric acid solu- 
tion was suitable for the plasma. 

3.4. Separation of trace metals from aluminum 
matrix 

Because APDC does not react with aluminum 
ions [7,8,10], the sorption method was applied to 
the analysis of  high-purity alumina. The recovery 
of  trace heavy metals was studied by using syn- 
thetic aluminum solutions. Because commercial 
aluminum sulfate contained appreciable amounts 
of metal impurities (nominally < 30 pg g-~), the 
reagent was purified by extraction with APDC 
and chloroform. When APDC solution was added 
to the aluminum solution, the solution immedi- 
ately turned brown. Extraction with chloroform 
was therefore repeated three times. 

Aluminum ions precipitated as hydroxide above 
ca. pH 4, hence the sorption was carried out at 
pH 2.5-3. Trace metals at the 30 ng ml ~ level in 
20 ml of  aluminum solution (containing 50-150 
mg of aluminum) were sorbed, desorbed and de- 
termined by the recommended procedure. Table 3 
shows that the SDS-coated alumina is useful for 
quantitative separation from the aluminum ma- 
trix. The amount of  aluminum accompanying the 
desired trace metals was 2 -3  mg when a sample 
containing 100 mg of  aluminum was treated by 
the recommended procedure. 

Further, a large volume of aluminum solution 
(200 ml; containing 1.0 g of  aluminum and trace 
metals at the 30 ng mi - l  level) was introduced on 
to the SDS-coated alumina column and desorp- 
tion and determination were carried out. Nearly 
complete recoveries were obtained for the trace 
metals examined. 

Because 100 mg of SDS was used for the prepa- 
ration of the alumina sorbent, the behavior of 
SDS in the desorption should be checked. The 
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Table 4 
Determination of  heavy metal impurities in high-purity alumina 

Sample Amount Aliquot Concentration 
No. '~ weighed taken in sample (/~g g ~) 

(mg) 
Fe Co Ni Cu Cd Pb 

1 700 

2 700 

1/5 2.64 0.053 
1/5 2.79 0.055 
l/5 2.60 0.064 
Av. 2.68 0.057 

1/5 2.43 0.336 
1/5 2.36 0.329 
1/5 2.50 0.350 
1/5 2.21 0.343 
Av. 2.38 0.340 

0.431 1.01 ND b 0.579 
0.397 1.03 ND 0.624 
0.424 1.16 ND 0.743 
0.417 1.07 ND 0.649 

0.636 1.57 0.629 2.71 
0.607 1.79 0.529 2.57 
0.664 1.86 0.707 3.00 
0.629 1.79 0.714 3.07 
0.634 1.75 0.645 2.84 

" Purity: 99.9% (No. 1) and 99.995% (No. 2). 
b Not detected. 

SDS in the final solution was determined by the 
toluidine blue method [6,9] and found to be 0.4- 
0.9 mg. In other words, more than 99% of SDS 
was still strongly sorbed on the alumina. There- 
fore, no interference occurred in the determina- 
tion by ICP-MS and GFAAS. 

3.5. Analysis of high-purity alumina 

Generally, it is difficult or impossible to deter- 
mine impurities at sub-/~g g 1 levels in alumina. 
For example, direct analysis by ICP-AES after 
sample decomposition [11,12] caused a decrease in 
the signal intensity and an increase in the back- 
ground. Fusion followed by coprecipitation with 
zirconium hydroxide [13] resulted in high blanks 
and an increase in the background in ICP-AES. 
Extraction with dithizone and APDC [14] re- 
quired large amounts of ammonium tartrate to 
mask the hydrolysis of aluminum, which can 
cause appreciable contamination. Analysis of an 
alumina suspension by AAS [15] needed accurate 
background correction and tedious preparation of 
a standard alumina suspension. 

Although ICP-MS offers a highly sensitive 
multi-element determination technique, the mass 
analyzer is seriously contaminated if large 
amounts of matrix element are introduced. There- 
fore, trace elements should be separated from the 

aluminum prior to the determination. Table 4 
shows the analytical results for two samples of 
high-purity alumina obtained by the recom- 
mended procedure. Trace metals at low/tg g ~- 
ng g 1 levels were determined with relative 
standard deviations of <10%. It is interesting 
that the contents of metals sought in sample No. 
1 (99.9%, a-alumina) were almost same as or 
lower than those in sample No. 2 (99.995%, 
corundum). For accurate evaluation of the purity 
of alumina, the determination of other elements 
(especially boron, sodium, silicon and calcium) 
may be required. Unfortunately, these elements 
cannot be determined because they do not react 
with APDC. However, considering the well estab- 
lished APDC chemistry, we hope that the SDS- 
coated alumina could easily be employed for the 
separation and preconcentration of trace heavy 
metals in a wide range of applications. 
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Abstract 

A simple and low-cost amperometric sensor for amines has been developed using a cobalt wire electrode working 
in alkaline solution. The sensor may be used as a detector for high-performance liquid chromatography (HPLC) that 
avoids the need for derivatization or post-column reaction. Experimental conditions for flow injection analysis (FIA) 
and HPLC separation, including the applied potential, pH and concentrations of organic modifier and carrier 
solution, were optimized. A cobalt wire electrode, in the constant potential amperometric mode, gives an excellent 
response toward amines in ion-exclusion chromatography in unbuffered solution. The sensitivities of the detection 
and separation of amines on the column are affected by flow rate, the concentration of the mobile phase and the 
concentration of organic solvent in the mobile phase, whereas the applied potential only affects the sensitivity of the 
detector. A cobalt electrode is more sensitive than a copper electrode, and comparable in sensitivity to a UV detector 
for most amines tested. The detection sensitivity is comparable to that obtained with GC methods, but the procedures 
are far simpler. The detection limits of the order of nanomoles obtained under the chromatographic conditions used 
offer an alternative for the determination of amines in a variety of matrices, such as in environmental, biomedical and 
pharmaceutical samples. 

Kevwords: Amines; Amperometric detection; Cobalt electrodes; Ion-moderated partition chromatography 

1. Introduction 

The determination of amines by gas chro- 
matography, when effective, is a sensitive tech- 
nique [1] ,  but derivatization is required for 

* Corresponding author.Fax: (61)2-9385-6141. 

non-volatile amines and the polar nature of 
amines may cause severe tailing of peaks [2]. In 
the last decade, several electrochemical ap- 
proaches have been explored to detect amines 
after separation by high-performance liquid chro- 
matography (HPLC). HPLC methods for the sep- 
aration of biogenic amines tend to use 
reversed-phase sorbents with pre-or post-column 
derivatization and UV detection. However, this 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02039-5 
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procedure adds complexity and may lead to 
problems associated with side-reactions of the 
derivatizing compound. HPLC on ion-moder- 
ated partition columns with sodium hydroxide 
as eluent has been reported to separate up to 
10 volatile and non-volatile amines [3]. Electro- 
chemical detection has employed polarography, 
square-wave voltammetry, pulsed amperometry 
and biosensors. The last method used avocado, 
mushroom and potato tissue on a Clarke oxy- 
gen electrode [4]. However, the most favourable 
electrochemical detectors for these compounds 
are limited to carbon-based electrodes [5-7]. 
Drawbacks of electrochemical detectors are a 
high overpotential for the oxidation of amines, 
which leads to poor selectivity, and the use of 
derivatization procedures or post-column reac- 
tions, which also complicates the method [5-7]. 

Metal or oxidized metal electrodes are pre- 
ferred to carbon-based electrodes in many re- 
spects. They are simpler in construction, robust 
and have lower oxidation potentials for many 
redox compounds, and therefore have greater 
sensitivity and selectivity. As a consequence, 
there has been extensive exploration of metal/ 
metal oxide electrodes for the constant-potential 
amperometric detection of organic compunds, 
including Pt, Au, Cu, Ni, Ag, Pd, Rh, Ir, Fe 
and W [8-15]. 

Cobalt, as the phthalocyanine, has also been 
used as a material for the construction of 
chemically modified carbon-paste electrodes for 
many compounds, including amines [16-18]. 
However, there has been no report on the use 
of cobalt wire for the constant-potential amper- 
ometric detection of these compounds. As 
metallic wire electrodes respond to complexing 
agents only in alkaline solution (pH ~>6) 
[12,19,20,21], our attempts were focused on the 
use of an alkaline solution as carrier. We re- 
port here the performance of cobalt wire as a 
simple and low-cost amperometric detector for 
the determination of amines after HPLC sepa- 
ration using an ion-exchange column (Aminex 
HPX-72-O) with sodium hydroxide as eluent. 
Its action is compared with that of a copper 
electrode. 

2. Experimental 

2. I. Apparatus 

The cyclic voltammetric study was performed 
with a BAS-100B potentiostat equipped with Ag/ 
AgCI (3 M NaC1) reference and platinum wire 
auxiliary electrodes. An EG&G Princeton Applied 
Research Polarograph, type 174, was used for 
constant-potential amperometric detection with a 
single-line flow injection analysis (FIA) manifold 
and HPLC systems. The output was recorded and 
processed by a Macintosh II VX microcomputer. 

The flow cell used in both FIA and HPLC 
detection was made from a Perspex block (5 × 
3 × 1 cm) with a 1.2 mm channel allowing the 
analyte first to contact the working electrode (1 
mm diameter wire) along a 1 cm length and then 
flow away past auxiliary and reference electrodes 
[22]. The Ag/AgCI reference electrode, prepared 
by electrolysis at a silver wire electrode in 1.0 M 
KC1, was coated with 1.0 M KCI in 4% agar gel 
and was located out of the flowing stream. Each 
electrode was polished with emery paper and 
rinsed with deionized water before use. After pre- 
treatment (see below), the potential was kept fixed 
at the optimum level. Only after a stable baseline 
current had been obtained in the supporting elec- 
trolyte were analytes added and their peak cur- 
rents determined. 

The separation of amines was performed using 
a Model 510 HPLC pump, U6K injection valve, 
and Model 484 tunable absorbance detector, all 
from Waters (Milford, MA, USA) with a resin- 
based, modified partition column (Aminex HPX- 
72-0,300 mm×7.8  mm i.d. x 11 mm o.d.) 
purchased from Bio-Rad Laboratories (Sydney, 
Australia). 

2.2. Chemicals and solutions 

All chemicals were of analytical grade and were 
used without further purification. Methylamine 
(me), n-propylamine (pro), n-butylamine (but), 
trimethylamine (tma), cysteamine hydrochloride 
(cys) and benzylamine (ben) were purchased from 
Sigma Chemical (St. Louis, MO, USA). Stock 
solutions of the amines 10 mM were prepared in 
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Milli-Q water and diluted to the required concen- 
trations before use. The solutions were filtered 
through a Millipore 0.45 pm membrane filter and 
degassed in an ultrasonic bath prior to use. All 
water was distilled and passed through a Milli-Q 
water purification system. 

2.3. Procedure 

Cyclic voltammetric studies (10 cycles) were 
performed with a potential scan rate of 50 mV 
s -1. In the flow injection system, the carrier solu- 
tion was continuously pumped through the detec- 
tor cell at a constant flow rate until a stable 
baseline current was obtained. All experiments 
were performed at room temperature with sodium 
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Fig. 1, Cyclic voltammograms at (A) cobalt and (B) copper 
wire electrodes in 0.1 M NaOH (dotted line) and after addition 
of 1 mM methylamine (solid line). Sweep rate, 50 mV s -~. 
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Fig. 2. FIA peak height of 25 nmol (cobalt electrode) and 20 
nmol (copper electrode) of  methylamine as function of applied 
potential. Carrier solution, 0.1 M NaOH: flow rate, 0.75 ml 
min ~. 

hydroxide solution as a carrier. The hydrody- 
namic voltammograms were obtained in the flow- 
through cell, point-by-point, allowing for 
stabilization of the current. 

In HPLC, the effects of eluent concentration, 
electrode pretreatment, addition of organic sol- 
vent and flow rate on the electrode response were 
investigated by applying each parameter at vari- 
ous levels. The electrochemical detector perfor- 
mance of a cobalt electrode was compared with 
that of a copper electrode and UV detection. The 
wavelength used for UV detection recommended 
by Bio-Rad (210 nm) [23] was chosen with a 

Table 1 
Effect of  pretreatment on the slope of the FIA of methylamine 
standards at cobalt and copper wire electrodes. 

Treatment Slope (nA nmol t) 

Cobalt Copper 

None b 4.50* 4.07* 
Cycled 10 times 4.48* 4.06* 
+2  V for 2 min 4.27** 3.89** 
+2  V for 10 min 1.41"** 3.71"** 

a ,  ** and *** are statistically significant (95%) groupings by 
analysis of variance (ANOVA) and least significant difference. 
b Apply potential at optimum level directly after rinsing with 
water. 
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Table 2 
Effect of mobile phase concentration on the resolution of the 
most overlapping peaks (methylamine and propylamine) 

NaOH (mM) Resolution a 

25 0.68 
50 0.69 
75 0.73 

100 1.35 

Flow rate, 0.75 ml min-~; sensor, cobalt at +0.40 V vs. 
Ag/AgC1. 

Average of three replicates. 

sensitivity setting of  0.1 a.u.f.s. (absorbance units 
full-scale). All experiments were performed at 
room temperature with 0.075 M sodium hydrox- 
ide solution as the mobile phase. The injection 
volume was 20/11. 

3. Results and discussion 

3.1. Principles of electrode response 

The effect of amines on the electrochemistry at 
a cobalt surface is twofold. At more positive 
potentials at which Co TM is formed ( >  0.5 V vs. 
Ag/AgC1, 0.075 M NaOH), a so-called catalytic 
oxidation may occur, in which the amine is oxi- 
dized by Co m, which is regenerated electrochemi- 
cally [8-11,14-17]. Schematically the reactions 
are 

Co "~ + a m i n e ~ C o  II + amine oxidation products(I) 

Co ~I ~ Co HI + e (2) 

The species present at the surface include oxides 
and hydroxy compounds such as CoO, Co(OH)2 
and CoO(OH) [24,25]. Nickel has been shown 
recently to participate in these types of  reaction 
[9]. The cyclic voltammograms in Fig. 1 demon- 
strate this effect for both cobalt and copper in 
the presence of  methylamine, above +0.5 V. 

In constrast to the above mechanism, amines 
may absorb at potentials below that at which 
they are oxidized, blocking the surface and lead- 
ing to a reduction in the oxidation current of the 
metal. As an example of this behaviour, Luo et 

al. [11] reported that the addition of glucose and 
lactic acid reduced the oxidation current of  cop- 
per wire electrodes. Hui and Huber [26] also 
reported that the oxidation current of  a nickel 
electrode was reduced by 100 nA after addition 
of 1.0 mM glycine at an optimum potential of 
0.55 V. Similarly to the published cyclic voltam- 
mograms of glucose, lactic acid and glycine at 
copper electrodes [11,26], our results show that 
the oxidation currents of cobalt and copper wire 
in 0.1 M NaOH (dotted lines, Fig. 1), were di- 
minished at low potentials ( < +0.5 V) with the 
addition of  1 mM of methylamine (solid lines, 
Fig. 1). The broad oxidation peak of cobalt at 
+0.4 V was significantly reduced when 1.0 mM 
of  methylamine was added. A similar trend was 
observed at a copper electrode with significant 
depression at the maximum in the oxidation cur- 
rent (+0.05 V). 

There is a difference between the dynamic na- 
ture of  cyclic voltammetry and constant-potential 
amperometry. However, a similar trend was ob- 
tained at a constant potential, with a decrease in 
the current as the amines were introduced into 
the system at a cobalt wire held at +0.4 V, and 
an increase in current at a copper wire held at 
+0.7 V. The behaviour is consistent, and we 
note that for cobalt at +0.4 V the baseline was 
maintained constant over many hours of opera- 
tion. 

3.2. Selection of working potential 

Flow-injection studies were carried out to de- 
termine whether cobalt and copper electrodes 
could be used with ion-exclusion chromatogra- 
phy. Methylamine standards were injected into a 
single-line FIA system using NaOH as the carrier 
solution and the FIA conditions were optimized 
for high sensitivity with acceptable precision. 
First the current was recorded as a function of  
the applied potential to determine the working 
potential giving the highest response. Amounts 
of 25 nmol (cobalt electrode) and 20 nmol (cop- 
per electrode) of  methylamine were injected into 
the flow system at applied potentials between 0.0 
and + 0.7 V. 
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The results (Fig. 2) show consistency between 
FIA and cyclic voltammetry, but the changes in 
current were greater in the flow system. The great- 
est reduction in current due to injection of  methy- 
lamine at a cobalt wire occured at +0.40 V. At a 
copper electrode the FIA peaks steadily increased 
with increase in applied potential. They were 
poorly reproducible and the baseline noise was 
high, giving poor precision when used to calibrate 
for amines. Subsequent work was therefore con- 
centrated on the use of a cobalt electrode for 
practical analysis of amines. 

3.3. Electrode pretreatment and position 

Stitz and Buchberger [9] reported that the sensi- 
tivity of a nickel electrode for the detection of  
carbohydrates and related compounds is strongly 
influenced by the pretreatment of  the electrode 
surface. Procedures affecting the amount of oxide 
on the electrode are likely to affect the sensitivity. 
In this experiment, after polishing with emery 
paper and rinsing with dionized water, the elec- 
trodes were pretreated with four different proce- 
dures as follows: (1) the potential was kept fixed 
at the optimum working level: (2) the electrodes 
were cycled initially in the blank solution over the 
desired potential range ( - 0 . 4  to 1.1 V), for 10 
cycles; (3) a potential of  + 2  V was applied for 2 
min; (4) a potential of +2  V was applied for 10 
min. 

Table 1 shows that the highest sensitivity was 
achieved by applying the optimum potential di- 
rectly after polishing with emery paper and rins- 
ing with deionized water. The same sensitivity was 
shown when the electrode was cycled 10 times. 

Table 3 
Effect of organic modifier (methanol) on the peak height and 
the resolution of the most overlapping peaks (methylamine 
and propylamine) 

Methanol Peak height (nA) 
concentration 
(%) Methylamine Propylamine 

Resolution 

0 15 3.4 0.73 
0.25 7.4 2.0 1.07 
0.5 4.6 1.3 1.08 

A 

8.5 nA 6 nmol 

4 ITUn. 

I 

6 nmol ~ 9 nA 

Fig. 3. Typical FIA peaks of the methylamine standards de- 
tected at (A) cobalt and (B) copper electrodes. Carrier solu- 
tion, 0.075 M NaOH; flow rate, 0.75 ml min ~ ~; potential, 0.4 
V (cobalt) and 0.5 V (copper). 

The sensitivity was reduced significantly when the 
electrode was pretreated by oxidation at 2 V. The 
longer the oxidation at a cobalt electrode, the 
lower was the sensitivity. Completing a thick layer 
of oxide by this treatment would leave little to be 
affected by an absorbed amine. 

3.4. Concentration of NaOH in the mobile phase 

The effect of  the concentration of the mobile 
phase on the detection response was examined to 
obtain a compromise between maximum sensitiv- 
ity and solute retention on the chromatographic 
column. Since only two amines were overlapped 
(methylamine and propylamine), we focused on 
the separation of these two compounds. 

Table 2 shows the effect of the concentration of 
NaOH in the range 0.025-0.100 M on the resolu- 
tion of selected amines. The retention times of 
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compounds increased slightly as the concentration 
of sodium hydroxide increased, which improved 
the resolution. The best overall resolution of six 
compounds was achieved by using 0.075 M 
sodium hydroxide as the mobile phase. The reso- 
lution of methylamine and propylamine increased 
from 0.68 to 1.35 on increasing the NaOH con- 
centration 0.025 to 0.10 M (Table 2). Similar 
observations have been reported where the con- 
centration of ion-interaction reagent in the mobile 
phase increased, leading to a corresponding in- 
crease in solute retention [3,13]. 

An optimum concentration of alkaline medium 
is essential to develop the oxide film on the sur- 
face of the electrodes to respond sensitively to 
amines. Detailed studies by UV-visible reflec- 
tance spectroscopy and FTIR spectrometry at a 
nickel electrode surface showed that the main 
requirement for sensitive detection consists in the 
formation of a nickel(III) oxide-hydroxide layer 
in alkaline medium [9]. The same conditions may 
also be expected to apply to cobalt and copper 
electrodes. At low alkaline concentration, the oxi- 
dation process may not fully develop, and the 
oxide film is not sufficient to respond to the 
addition of amines. At high alkaline concentra- 

A 

4.5hA I 

6hA 

4 n'lJll. 

Fig. 4. FIA peaks showing the precision for 12 mmol methy- 
lamine detected at (A) cobalt and (B) copper electrodes. 
Carrier solution, 0.075 M NaOH, flow rate, 0.75 ml min-~; 
potential, 0.4 V (cobalt) and 0.5 V (copper). 

tion, however, an unfavourable response occurs 
because of increasing participation of the equi- 
librium involving hydroxide ions. We found that 
the lowest detection limit was achieved at the 
optimum NaOH concentration of 0.075 M. Stulik 
et al. [13] also reported that copper electrodes 
respond to complexing agents only in a solution 
of pH > 6.0, and that the sensitivity increases with 
increasing pH and decreasing ionic strength. 

3.5. Flow rate 

Decreasing the flow rate improves the resolu- 
tion of the overlapping peaks, and the best com- 
promise between resolution and retention time 
was achieved at a flow rate of 0.75 ml min ~. At 
higher flow rates, propylamine moves in and 
masks the methylamine peak. These results sup- 
port the previous report [22] that the optimum 
flow rate was achieved at 0.6 ml min -1. Mass 
transfer in Aminex columns is slow, requiring a 
commensurately low flow rate to avoid band 
broadening. 

3.6. Concentration of organic solvent 

As the sensor is used in conjuction with the 
HPLC system, the effect of added organic solvent 
was studied. The addition of solutions of 
methanol between 0.1% and 2% to the carrier 
solution decreased the response of the cobalt wire 
electrodes to amines. The result is in agreement 
with those described in previous studies [13]. Ac- 
cording to Stulik et al. [13], the presence of or- 
ganic solvent suppresses the solubility of the 
passivating film and the interaction of the test 
substances with the passivating film. This in turn 
decreases the relative permittivity in the carrier, 
which generally causes a decrease in the rate 
constants for complex reactions. In contrast to the 
above, we found a positive response at a copper 
wire electrode when amine was injected into a 
carrier solution containing methanol. This result 
is also consistent with several reports on the am- 
perometric detection of organic compounds by a 
copper wire electrode in an alkaline medium 
[9,11,13], in which direct oxidation yielding posi- 
tive currents occurs. 
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Table 4 
Comparison of stability of  cobalt and copper electrodes 

Relative response (%) 

Injection number or time Cobalt Copper 

10 100.0 100.0 
20 99.5 99.0 
50 102.4 74.4 
After 3 h 99.2 55.0 
After 6 h 100.8 42.5 
After 9 h 99.4 
RSD ('V,,) (n = 10)" 1.3 1.9 

Electrode potential (vs. Ag/AgC1), Co +0.94 V and Cu +0.5 
V: sample, 12 nmol methylamine. 
~ (For the first 10 injections). 

Although the FIA experiments at cobalt sug- 
gested that the addition of methanol signifi- 
cantly reduced the peak height, we invesitgated 
whether the addition of a low methanol con- 
centration could improve the resolution of the 
amine peaks. An organic modifier penetrates 
and swells the organic backbone of the resin, 
so that decreased osmotic pressure decreases the 
intra-particle water volume. This to some extent 
may affect the resolution of the peaks. 

The results in Table 3 show that the im- 
provement in resolution of ovelapping peaks 
was not significant when methanol was added 
to the mobile phase. On the other hand, the 
peak heights were significantly reduced and the 
baseline was drifting. Therefore, the addition of 
organic modifier is not recommended with this 
method. 

The effect of atmospheric oxygen in the solu- 
tions was studied, since the dissolution of cop- 
per in complex-forming media often depends on 
the presence of oxidants. However, no change 
occurred when oxygen was removed by passage 
of nitrogen for 30 min. Therefore, we conclude, 
in agreement with Stulik et al. [13], that the 
presence of atmospheric oxygen does not affect 
the detection. 

Fig. 3 shows typical peaks obtained in the FIA 
system when responding to methylamine using 
both metallic cobalt and a copper wire electrode 
as detectors. Various structural types of amines 
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were also investigated. Aliphatic primary, sec- 
ondary and tertiary and aromatic amines can be 
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Fig. 5. Chromatograms of a mixture of aliphatic amines sepa- 
rated by ion-moderated partition chromatography and de- 
tected by (A) cobalt electrode, (B) copper electrode and (C) 
UV detector: Peaks 1= methylamine: 2 -  propylamine: 3 = 
butylamine; 4 = cysteamine hydrochloride; 5 = trimethy- 
lamine; 6 = benzylamine. 
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Table 5 
HPLC calibration data for selected amines with amperometric detection at a cobalt electrode at +0.4 V (vs. Ag/AgCI) 

Analyte Linear concentration Slope (nA nmol-~) r 2" LOD (nmol) b 
range (nmol) 

Methylamine 2.6 130.0 1.65 0.989 0.46 
n-Propylamine 3.4-101.0 0.77 0.984 0.98 
n-Butylamine 5.4-135.0 0.65 0.987 1.15 
Trimethylamine 4.2- 91.0 0.79 0.989 1.92 
Benzylamine 9.2 - 166.2 0.12 0.999 6.30 

Mobile phase 0.1 M NaOH; flow rate 0.75 ml min -~ 
Coefficient of determination (the fraction of variance accounted for by the linear model). 

b LOD (limit of detection) = concentration that yields a current of three times the standard deviation of the background noise. 

detected by this method. The sensitivity de- 
creased with increasing chain length and with 
increasing number  of  substituents on the nitro- 
gen atom. 

3. 7. Prec&ion and s tabi l i ty  

The precision of  the electrode response was 
examined by injecting a sequence of  10 repli- 
cate samples of  12 nmol methylamine under the 
opt imum conditions, using both cobalt and 
copper electrodes (Fig. 4). The mean values of  
the peak heights recorded were 23.0 and 14.3 
nA with relative standard deviations (RSDs) of  
1.3 and 1.9% for the cobalt and copper elec- 
trodes, respectively. 

The stability of  the electrode was tested by 
injection of  10, 25 and 50 replicate samples af- 
ter 3,6 and 9 h  without resurfacing the elec- 
trodes. The results in Table 4 indicate that 
good stability is obtained particularly with the 
cobalt electrode. The response eventually begins 
to decrease after 3 - 4  days of  use but the for- 
mer sensitivity was easily restored by cycling 10 
times between - 0 . 4 0  and +2.6  V. The long- 
term stability of  the reference electrode must 
also be monitered. Redox processes at each of  
the electrodes may lead to poisoning and loss 
of  performance. 

The great stability offered by these systems 
may be due partly to the principle of  detection, 
i.e. oxidation at a reversible layer consisting of  
high-valent metal oxide and metal hydroxide. 
The response thus results from the interaction 

of the analyte with higher valent metallic ions 
contained in the outer layer. This layer can be 
converted very rapidly to and from a layer of  
lower valence metal oxide, electrochemically or 
chemically thus renewing itself. 

The detector cell design, which eliminates 
possible reactions with the Ag/AgCl reference 
electrode, may also contribute to the good sta- 
bility of  these sensors. 

m 
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30 
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1 0  2 0  3 0  4 0  

UV result/nmol 

Fig. 6. Amperometric sensor with cobalt wire compared with 
UV spectrophotometric detection for amines. UV wavelength, 
275 nm, carrier solution, 0.1 M NaOH; flow rate, 0.75 ml 
min 1. 
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3.8. Analytical performance of  the electrodes in the 
HPLC system 

Typical chromatograms of six amines under the 
optimum chromatographic conditions, using an 
amperometric detector with cobalt and copper 
electrodes and a UV detector for comparison, are 
shown in Fig. 5. The amines separated in order of 
elution were methylamine, propylamine, buty- 
lamine, cysteamine hydrochloride, trimethylamine 
and benzylamine, with retention times of 10.1, 
12.2, 19.8, 24.3, 39.0 and 67.9 min, respectively. All 
peaks were resolved sufficiently to allow the HPLC 
system to be of practical use for determining the six 
amines. 

A good separation of the six amines was 
achieved in this system using only a 0.075 M 
NaOH carrier, without pre- or post-column deriva- 
tization. The retention times of isopropylamine 
and isobutylamine are identical with those of 
n-propylamine and n-butylamine, which suggests 
that the isomeric amines cannot be separated with 
this method. 

The order of elution suggests that the less polar 
compounds (benzylamine) are retained more 
strongly than more polar compunds (methy- 
lamine), which shows that a reversed-phase parti- 
tion is involved in this separation. 

The detectors used, amperometric with cobalt 
and copper wire electrodes and a UV detector, 
gave similar chromatograms, with reasonable base- 
line separations of the amines tested. The RSDs of 
the retention times are < 2.5%, which is good for 
an HPLC method. 

3. 9, LineariO,, sensitivity and limit of detection 

The calibration data for selected amines with 
amperometric detection at cobalt are shown in 
Table 5. The calibration graphs exhibit good lin- 
earity (correlation coefficients ranging from 0.984 
for n-propylamine to 0.999 for benzylamine). The 
linear range of the voltammetric detector was 
between 30 (for benzylamine) and 300 (methy- 
lamine) times the limit of detection. 

There was also a difference between the sensitiv- 
ities of the various compounds shown by the 
amperometric sensors: the simpler the amines, the 

higher was the sensitivity. Their detection limits 
were consistent with their sensitivity which follows 
their degree of structural complexity. Methylamine 
could be detected at levels as low as 0.5 nmol 
whereas benzylamine could not be detected until 
about 6.3 nmol was present. The cobalt electrode 
exhibited higher sensitivities than the copper elec- 
trode for all amines tested. Compared with the 
electrode resonse in FIA, the amperometric re- 
sponse toward separated amines with a metallic 
electrode is lower. This discrepancy is probably 
due to the higher dispersion in the HPLC system 
and the difference in dynamic conditions between 
the two experiments. 

Satisfactory precision (the RSD of the peak 
height was < 2%) was obtained with five repli- 
cates, even at the lowest measured concentrations. 
Compared with a chemically modified electrode 
(CME) and mercury/gold amalgam electrodes, a 
cobalt electrode is more stable. A newly resurfaced 
gold amalgam electrode may operate efficiently for 
only a few minutes or hours. Using a CME, after 
some time the response is reduced. Some of the 
decrease in the electrode response is due to the 
gradual leaching of the modified chemicals from 
the CME surface. In fact, some decrease in re- 
sponse has been observed previously even for 
conventional carbon paste electrodes in electro- 
chemical detection in liquid chromatography upon 
long-term exposure to a binary mobile phase con- 
taining a small fraction of organic components. 

The design of the Ag/AgCI reference electrode 
may also contribute to the stability of this sensor. 
In this cell design, the silver wire which has been 
electrolysed with KCI solution was covered with 
solid agar gel containing 1.0 M KC1. The function 
of the solid agar gel containing 1.0 M KC1 is 
similar to that of the Ag/AgCI reference electrode 
with a double junction. 

The retention times are comparable to those 
achieved by Stamler and Loscalzo [27] using capil- 
lary zone electrophoresis for separation. As deriva- 
tization is not necessary, our method is simpler and 
cheaper. To our knowledge, this represents the first 
report on the use of cobalt and copper electrodes 
for constant-potential amperometric detection in 
conjunction with ion-moderated partition HPLC 
for the determination of amines. 
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3. I0. Comparison with UV spectrophotometric 
detection 

The performance in amine determination of a 
cobalt electrode was compared with that of a 
copper electrode and UV detection using the 
wavelength suggested by the instrument manu- 
facturer [23]. Fig. 6 demonstrates the close 
agreement between amperometric detection with 
a cobalt electrode and UV detection. 

Fig. 5 shows that compared with a UV de- 
tector, the cobalt electrode is more sensitive for 
the detection of methylamine and butylamine 
but less sensitive for propylamine, trimethy- 
lamine and benzylamine. Benzylamine absorbed 
UV radiation more strongly than other amines 
which are not aromatic. The UV detector 
placed prior to the amperometric detector also 
caused more dispersion. The constraints of 
working at UV wavelengths is that severe inter- 
ference by organic compounds other than 
amines may occur. 
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Abstract 

The possibility of the utilization of the copper(II)-neocuproine spectrophotometric method, which has previously 
been shown to permit the determination of various reducing agents, to the determination of vitamin E was 
investigated. The molar absorptivity for vitamin E was found to be (2.1 + 0.1) × 104 1 mol-  i cm-  ~ and Beer's law was 
obeyed between 2.4 × 10 _ 6  and 9.0 × 10 s M concentrations of ~-tocopherol. The relative standard deviation of the 
slope of the absorbance vs. concentration plot was 2.1%. The results obtained by the copper(II)-neocuproine method 
were compared with those achieved by both the standard HPLC and the widely used iron(III)-bathophenanthroline 
method by means of a t-test which showed that the precision of the developed method was not essentially different 
from those of the others. The developed method was successfully applied to three commercial samples, two in drag6e 
and one in ampoule form. The c~-tocopheryl acetate contained in the samples, which did not respond directly to the 
Cu(II)-neocuproine reagent, was subjected to alkaline hydrolysis prior to the analysis of the hydrolysis product, i.e., 
~-tocopherol. The molar absorptivity due to Cu(I)-neocuproine at 450 nm against a reagent blank indicated a 
two-electron oxidation of vitamin E by Cu(II)-neocuproine, which may be slightly enhanced by solvent effects. 
Copper(II)-neocuproine is an oxidant of strength comparable to that of Fe(III)-bathophenanthroline. The developed 
method, although less sensitive, is easy to use in conventional laboratories, unlike the Fe(III)-bathophenanthroline 
method, which requires specially prepared reagents and solvents. The method is free from interferences from such 
common reductants as ascorbic acid and Fe(II) salts, found in pharmaceutical formulations, after washing the 
formulation with water and collecting vitamin E in the ether extract for subsequent analysis. 

Keywords: Copper(II)-neocuproine reagent; Spectrophotometry: ~-Tocopherol; Vitamin E 

1. Introduction 

Vitamin E, also known as ~-tocopherol ,  is an 
impor tan t  vitamin found  largely in plant materi- 

* Corresponding author. FAX: 90-212-591 1997. 

als, e.g. wheat germ, corn, sunflower seed, rape- 
seed, soybean oils, alfalfa and lettuce. Its complex 
biological functions may include antisterility, an 
ant ioxidant  role, i.e. prevention o f  peroxide at tack 
on unsaturated fatty acids in membrane  lipids, 
and a cofactor  between cy tochrome b and c in the 
respiratory chain. The beneficial role o f  vitamin E 
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in preventing degenerative physiological pro- 
cesses and ageing is still being investigated. 

Although vitamin E intake in normal diets 
usually meets the daily requirement of children 
and adults, there is a constant commercial de- 
mand for this vitamin especially by elderly cus- 
tomers. Thus, the development of simple and 
sensitive methods other than the more expensive 
HPLC [1-3] and voltammetric [4] techniques for 
the determination of this vitamin in pharmaceu- 
tical preparations has always been a matter of 
concern. 

The existing spectrophotometric methods for 
vitamin E determination make use of the oxi- 
dizability of the 6-hydroxychroman ring of ct- 
tocopherol to the corresponding quinone, i.e., ~- 
tocopherylquinone, by oxidizing agents finally 
giving coloured products. The official method 
utilizes the Fe(III)-bipyridyl [5] or bathophen- 
anthroline [6] complex reagent as the oxidiz- 
ing agent. The Fe(III) in these reagents is re- 
duced by vitamin E to the corresponding Fe(II) 
complex, the absorbance of which is measur- 
ed at 520 and 534 nm. Derivative spectro- 
photometric methods [7], which are not as spe- 
cific as direct methods, have also been intro- 
duced. 

In recent years, copper(II)-neocuproine 
reagent has been developed for determining a 
number of reducing agents in ammonium ac- 
etate-buffered solution [8], and biologically im- 
portant reductants such as hydrogen peroxide, 
ascorbic acid and cysteine [9] have been assayed 
by the use of this reagent. This work was un- 
dertaken in order to establish the copper(II)- 
neocuproine spectrophotometric procedure as a 
standard method for analysing vitamin E solu- 
tions and pharmaceutical preparations. 

7-Tocopheryl acetate, which is practically un- 
affected by the oxidizing influence of air, day- 
light and UV radiation, is more stable than the 
parent vitamin, ~-tocopherol [10]. Since the ac- 
etate derivative is preferentially used in the for- 
mulation of pharmaceutical preparations, the 
conditions for the hydrolysis of this compound 
to c~-tocopherol also need to be investigated for 
establishing a thorough assay method for vita- 
min E. 

2. Experimental 

2.1. Chemicals and reagents 

ct-Tocopheryl acetate was supplied by Roche 
(Turkey). Absolute ethanol and light petroleum 
(b.p. 60-71°C) were prepared from 95% techni- 
cal alcohol and technical light petroleum (b.p. 
60-80°C), respectively [11]. Bathophenanthroline 
was obtained from Sigma, technical alcohol 
from Turkish Monopolies, light-petroleum from 
Delta Chemicals (Turkey) and nitrogen gas 
(bomb) from Haba~ (Turkey). All remaining 
chemicals were supplied by Merck and were of 
analytical reagent grade. Rovigon and Supradyn 
drag6es and Ephynal ampoules (Roche), the ac- 
tive ingredient of which is ~-tocopheryl acetate, 
were freely purchased in the Turkish market. 

2.2. Instrumentation 

The molecular absorption spectra and ab- 
sorbances at selected wavelengths were recorded 
with a Hitachi 220 A UV-visible spectrophoto- 
meter equipped with quartz cells of 1 cm light 
path. The pH of solutions was measured with a 
Metrohm E-512 pH meter using a glass elec- 
trode. The chromatograph was from Cecil In- 
struments (Cambridge, UK), and consisted of a 
pump (CE 1100 HPLC pump), a 20 /~1 injection 
valve (Model 7125, Rheodyne, Cotati, CA, 
USA), an analytical stainless-steel column 
packed with Spherisorb S5ODS1 (25 cm x 4.6 
mm i.d.) from Hichrom (Berkshire, UK) and a 
variable-wavelength UV detector (CE 1220). De- 
tection was effected at 292 nm for 7-tocopherol. 
Chromatograms were obtained using an integra- 
tor (HP 3395 from Hewlett-Packard). Injections 
were made with a 25 /~1 syringe from Hamilton 
(Reno, NV, USA). 

2.3. Solutions 

~-Tocopherol solution was prepared at 2.46 × 
10 - 4  M concentration in diethyl ether and abso- 
lute ethanol and diluted as necessary. 

Neocuproine (2,9-dimethyl- 1,10-phenanthro- 
line) and bathophenanthroline (4,7-diphenyl- 
1,10- 
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phenanthroline) were prepared separately in 
ethanol and absolute ethanol, respectively, at a 
concentration of 3.0 × 10 -3 M. 

The pH 7.0 buffer was a 1.0 M solution of 
ammonium acetate in water. Solutions of 1.0 x 
10 2 M CuC12.2H20 and concentrated KOH 
(160 g per 100 ml) were also prepared separately 
in water. The Iron(III) chloride solution of con- 
centration 2 .0x  10 3 M was prepared from 
FeCI3.6H20 in absolute ethanol. Phosphoric 
acid solution contained 0.172 M H3PO 4 in abso- 
lute ethanol. 

A light petroleum-absolute ethanol mixture 
was prepared by diluting 600 ml of light 
petroleum (b.p. 60-71°C) to 1.0 1 with absolute 
ethanol. 

The mobile phase for HPLC analysis was ace- 
tonitr i le-chloroform-2-propanol-water  (73:15: 
3.5:8.5, v/v). 

2.4. Procedures 

2.4. I. Hydrolysis of  ot-tocopheryl acetate to 
~-tocopherol [6] 

A 1.10 g amount of ~-tocopheryl acetate was 
dissolved in 4.5 ml of absolute ethanol and 0.33 g 
of ascorbic acid was added. The mixture was 
brought to boiling under a nitrogen atmosphere in 
a round-bottomed flask (equipped with a reflux 
condenser) immersed in a water-bath. A 1.1 ml 
volume of concentrated KOH solution was added 
and the mixture was refluxed for 15 rain. 

The flask was rapidly cooled, 25 ml of water 
were added and the mixture was extracted with 
three successive portions of 30 ml of diethyl ether. 
The ether phase was successively washed with 
water until the aqueous phase was neutral to 
phenolphthalein, dried with anhydrous sodium 
sulfate, filtered, concentrated to 5 ml under a 
nitrogen atmosphere by gentle heating and finally 
diluted to 10 ml with diethyl ether. 

The purity and hydrolysis efficiency of the 
product were determined by comparison of the 
UV spectra of the hydrolysate and standard mix- 
tures of ~-tocopherol and ~-tocopheryl acetate 
prepared in various proportions until the A292 of 
the hydrolysate matched that of a standard mix- 
ture. The hydrolysate was further subjected to 
HPLC analysis by the method of Kaplan et al. [1]. 

The hydrolysis conditions described above were 
optimized by changing one of the hydrolytic 
parameters while keeping the remaining three 
parameters constant, i.e. initial amount of ~-toco- 
pheryl acetate, volumes of absolute ethanol and 
concentrated KOH solution and amount of ascor- 
bic acid. Since any remaining ascorbic acid from 
the hydrolysis procedure would interfere with the 
analysis of the reaction product (~-tocopherol) 
using the copper(II)-neocuproine reagent [8], the 
hyrolysis was repeated with a reagent blank not 
containing ~-tocopheryl acetate. 

2.4.2. Determination of  ~-tocopherol by the 
Fe(III)-bathophenanthroline method [6] 

An aliquot of x ml (0.2 ~< x <~ 0.4 ml) of ~-toco- 
pherol in diethyl ether or preferentially in abso- 
lute ethanol was placed in a test-tube and 4 . 0 -  x 
ml of light petroleum-ethanol and 1.0 ml of 
bathophenanthroline solution were added. The 
mixture was agitated, 0.5 ml of FeC13 solution 
was added dropwise and the solution was reagi- 
tated. After 15 s, 0.5 ml of H3PO 4 solution was 
added. The absorbance of the solution at 534 nm 
against a reagent blank was measured after 3 rain, 
and the colour was stable for 90 min. The proce- 
dure was repeated for ~-tocopherol hydrolysed 
from the acetate derivative, and applied to the 
analysis of Rovigon and Supradyn drag6es and 
Ephynal ampoules. 

2.4.3. Determination of  ~-tocopherol by the 
Cu( H)-neocuproine method 

In a test-tube were placed 1.0 ml of CuCI2 
solution, 2.5 ml of neocuproine solution, 3 . 0 -  x 
ml of ethanol, 1.0 ml of ammonium acetate buffer 
and x ml (0.3 ~< x ~< 0.6 mi) of ~-tocopherol solu- 
tion (in diethyl ether or preferentially in absolute 
ethanol), in that order. The mixture was agitated 
and its absorbance was measured after 30 min at 
450 nm against a reagent blank containing 
Cu(II)-neocuproine, solvent and buffer (the 
colour was stable for at least 90 more min). It is 
recommended to run three standards along with 
the sample for each determination. The procedure 
was applied to the analysis of the hydrolysis 
product, Rovigon and Supradyn drag6es and 
Ephynal ampoules. 
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2.4.4. Preparation o f  pharmaceutical preparations 
for analysis 

Eleven Rovigon drag6es were finely ground in 
an agate mortar and five samples each containing 
approximately 110 mg of 7-tocopheryl acetate 
were taken. Each of the samples was extracted 
with four successive portions of absolute ethanol 
and hydrolysed using the standard procedure. 

The contents of eight Ephynal ampoules were 
thoroughly mixed and five samples each contain- 
ing approximately 110 mg of ~-tocopheryl acetate 
were taken and subsequently hydrolysed. 

Three Supradyn drag6es, each having a de- 
clared content of 10 mg of vitamin E equivalent, 
were finely ground, washed with 60 ml of distilled 
water and dried in an oven at 50°C. The residue 
was extracted with 30 ml of diethyl ether, evapo- 
rated and the residue dissolved in 10 ml of abso- 
lute ethanol. The ethanol solution was analysed 
by HPLC and hydrolysed using the standard hy- 
drolysis procedure except for the amounts of 
ascorbic acid and KOH solution, which were cho- 
sen as 0.033 g and 0.03 ml, respectively, owing to 
the low vitamin E content. The ether solution of 
the hydrolysis product was diluted to 10 ml and 
diluted 20-fold with absolute ethanol such that 
the final solution contained 5% (v/v) of ether. 

The spectra of the hydrolysis products (except 
Supradyn) were compared with that of standard 
c¢-tocopherol. The hydrolysis products were 
analysed by both spectrophotometric procedures 
and HPLC for c¢-tocopherol, and the original 
0~-tocopheryl acetate contents of the pharmaceuti- 
cal preparations were calculated by taking the 
efficiency factor of hydrolysis into consideration. 

3. Results and discussion 

The colour (i.e. A45 o against the reagent blank) 
of the Cu(I)-neocuproine complex formed as a 
result of vitamin E oxidation stabilized after 30 
rain and remained the same for at least a further 
90 min following complex formation. 

The UV spectra of ~-tocopherol and ~-toco- 
pheryl acetate (both 2.46 × l 0  - 4  M )  in ethanol is 
shown in Fig. 1. Since Beer's law was obeyed for 
both compounds at 292 nm within the concentra- 

tion range of interest, the hydrolysis efficiency of 
the corresponding 7-tocopheryl acetate solutions 
was estimated by comparing the absorbances at 
292 nm of the hydrolysate and binary standard 
mixtures at this wavelength. This efficiency was 
found to be 93%, confirmed by HPLC, and was 
exploited in the analysis of pharmaceutical prepa- 
rations of ~-tocopheryl acetate. 

In the hydrolysis procedure, half to twice as 
much 7-tocopheryl acetate was not affected by an 
excess of KOH; e.g. 1.1 ml of concentrated KOH 
solution was sufficient to hydrolyse efficiently 2.20 
g of 7-tocopheryl acetate. KOH at levels up to 10 
times the usual amount did not have a negative 
effect on hydrolysis. 

It was also confirmed that ascorbic acid, intro- 
duced for the protection of ~-tocopherol from 
oxidation during the hydrolysis of tocopheryl ac- 
etate, could be completely removed from the reac- 
tion product by thoroughly washing the organic 
(ether) phase with successive portions of water. 
Analysis of the hydrolysed ~-tocopherol using the 
Cu(II)-neocuproine reagent revealed that not 
even a detectable amount of the ascorbic acid, 
which would normally show a positive interfer- 
ence in the method [8], accompanied the analyte. 
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Fig. 1. UV spectrum of 2.46 x 10 .4 M ~-tocopherol and 
e-tocopheryl acetate in absolute ethanol. 
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The molar absorptivity, the concentration range 
for the validity of  Beer's law and the precision of 
the developed method were found by the aid of 
absorbance measurements (at 450 nm) of  stan- 
dard ~-tocopherol solutions. The spectrophoto- 
metric measurements were made on six-analyte 
sampling groups (whose absorbances (A4~o) varied 
between 0.2 and 0.8) on three different occasions 
selected with 1 week time intervals. The within - 
and between-run precisions, also known as re- 
peatability and reproducibility [12], respectively, 
were found by regression analysis of A45o vs. 
concentration curves, and expressed as the relative 
standard deviation (RSD, %) of the slope [13], i.e. 
of  the molar absorptivity, of the absorbance vs. 
concentration regression lines. 

The mean molar absorptivity was ~= 2.1 x 
104 [ tool ' cm ' with the RSD on each occasion 
being 2.3, 4.2 and 5.3% (repeatability). The over- 
all linear equation relating the absorbance (A) 
and concentration (C in mol 1 l) of eighteen 
values at the 95% confidence level was 

A =(2.1 +0.1)  x 104C+(0.68_+ 1.7) x 10 2 

with an RSD of the slope of  2.1% and a correla- 
tion coefficient of  the linear plot r = 0.996 (repro- 
ducibility). Beer's law was obeyed between 
2.4 × 10 6 and 9.0 × 10 5 M concentrations of  
c~-tocopherol. The corresponding linear equation 
for calibration of the Fe(III ) -bathophenanthro-  
line method was found to be 

A = (4 . 1_+0 . 4 )×  104C+(1 .4+4 .4 )  x 10 2 

at the 95% confidence level with an RSD of 3.8% 
and r = 0.996. The latter method was slightly less 
reproducible and definitely more laborious (with 
respect to the preparation of reagents and sol- 
vents) than the developed method.  

When the precisions of the developed Cu(II) -  
neocuproine and the standard HPLC method [1] 
using a slightly polarized mobile phase were com- 
pared (95% confidence level, 20 degrees of  free- 
dom), a pooled estimate of the standard 
deviation, s, may be calculated from the two 
individual standard deviations, s~ and s2, of the 
developed and reference methods (see Table 1): 

s 2 = [ ( n , -  1)s~ + ( n 2 -  l)s2]/(n, + n 2 -  2) (1) 

Table 1 
Comparison of the developed and reference methods for z-to- 
copherol determination 

Sample number (n~ Amount of 
~-tocopherol found (/~g)" 

Cu(II) neocuproine HPLC 

l 54.5 54.9 
2 53.0 50.O 
3 53.2 52.4 
4 53.2 511.6 
5 53.4 51.9 
6 52.6 5].7 
7 51.9 511.4 
8 51.3 52.4 
9 51.1 54.7 

10 49.8 52.8 
11 56.2 52.8 

Standard deviation s~ = 1.74 s~= 1.59 
Mean .?~ = 52.7 x, - 52.2 
Degrees n, + n 2 - 2 - 20 
of freedom 
Critical t-value 2.09 [14] 
(95% confidence level) 

aAmount of c~-tocopherol present = 53 l~g. 

t = (~fl + Y:2)/[s(1/nl + l/n2) 12] (2) 

where t has n, + n 2 - 2 = 20 degrees of freedom 
[14]. By applying Eqs. (1) and (2) to the data in 
Table 1, s was calculated as 1.67 and t was 0.70. 
Since this t value is smaller than the critical value, 
to.95, i.e. 0.70 < 2.09, there is no significant differ- 
ence between the developed and reference meth- 
ods at the 95% confidence level, and the null 
hypothesis [14] is accepted. 

Following the hydrolysis of :~-tocopheryl ac- 
etate in commercial Rovigon and Supradyn 
drag6es and Ephynal ampoules, inspection of the 
hydrolysates by UV and HPLC (only the latter 
applicable for Supradyn) confirmed that the hy- 
drolysis product was essentially ~-tocopherol. The 
analyses of these commercial preparations by 
HPLC and the two spectrophotometric methods 
are depicted in Table 2. Five samples of each 
preparation were analysed. The results confirm 
that the developed method is not inferior in preci- 
sion to the literature spectrophotometric and 
HPLC methods, even in a complex multivitamin 
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Table 2 
Comparison of  analysis results of commercial formulations of vitamin E (after hydrolysis) 

Sample a Form ct-tocopheryl 
acetate declared (mg) 

Amount of  vitamin E found (mg) 

HPLC Cu(l l)-neocuproine Fe(lll) 
- bathophenanthroline 

Rovigon Drag6e 70 65 +- 2 66 + 2 
Ephynal Ampoule 100 102 +- 3 103 +- 3 
Supradyn Drag6e 30 b 21 +- I 23 +- 2 

66,-+3 
103 + 4  
20--+2 

a All from Roche. 
b Amount of  ~-tocopheryl acetate before alkaline hydrolysis was found to be 22 + 1 mg by HPLC. 

and mineral combination such as Supradyn (con- 
taining 11 essential vitamins, five minerals com- 
prising the reducing FeSO4 and three 
oligo-elements of Cu(II), Zn(II) and Mo(VI)). 

Since the observed molar absorptivity of the 
Fe(III)-bathophenanthroline method for vitamin 
E is approximately twice that of the literature 
value for this complex reagent [6,15], it may be 
deduced that vitamin E undergoes a two-electron 
oxidation with this reagent, possibly to ~-toco- 
pherylquinone [16]. In the original paper intro- 
ducing the copper(II)-neocuproin reagent [8], the 
authors showed that a two-electron oxidation of a 
reducing analyte would normally be expected to 
exhibit a mean molar absorptivity of 1.6 × 104, 

although higher values were encountered such as 
those of glutathione (e= 8.5 × 10 3, le oxidation) 
and hydroxylamine (e= 1.8 × 10 4, 2e oxidation), 
depending on the nature of the analyte [8], and 
solvent effects may also cause some enhancement 
[17] owing to the affinity of the [Cu- 
neocuproine)2] + cation, i.e. the reduction product 
of Cu(II)-neocuproine, to add a solvent molecule 
as ligand in the charge-transfer excited state, 
thereby increasing the molar absorptivity to a 
certain extent. When the standard reduction po- 
tentials of the two complex reagents are consid- 
ered, the [Cu(neocuproine)2] 2+' '+ couple has 
been reported to exhibit a potential of E ° = 0.603 
V [17-19], while the oxidizing power of Fe(III)- 
bathophenanthroline is considerably weaker than 
that of Fe(III)-phenanthroline (E°= 1.2 V), 
which is reflected in the observation that Fe(III)- 
bathophenanthroline is not as easily reduced as 
the Fe(III)-phenanthroline analogue [20]. The 

Fe(III)-bathophenanthroline reagent should be 
an even less potent oxidant in the presence of 
phosphoric acid (as described in Section 2.4), 
because it is known that the 0.77 V standard 
potential of the uncomplexed Fe 3 +'2 + redox cou- 
ple is reduced to 0.44 V in 0.3 M H3PO 4 medium 
[21]. Thus, both the Cu(II)-neocuproine and 
Fe(III)-bathophenanthroline reagents are oxidiz- 
ing agents of comparable strength under the ex- 
perimental conditions employed, and it is 
reasonable to assume that both reagents lead to 
2e oxidation of ~-tocopherol as accomplished 
with other oxidizing reagents such as tris(2,2'- 
bipyridyl)iron(III), FeC13 and Fe(CN)63- [16]. 

Although the molar absorptivity of the Fe(III)- 
bathophenanthroline method is greater than that 
of the developed method, allowing the achieve- 
ment of greater sensitivity with the former, the 
Cu(II)-neocuproine method is less laborious and 
shows the potential to work better in complex 
formulations. Moreover, the introduced reagent 
performs its action in a neutral medium, i.e. am- 
monium acetate-buffered solution of pH 7.0, 
where some common potential interferents such 
as glucose (and reducing sugars with the--  
(CHOH)n--CHO group) and oxalate would not 
be oxidized [8], unlike in acidic media where most 
oxidants should function, thereby adding some 
selectivity to the proposed method. As vitamin E 
is not soluble in water, pharmaceutically common 
interferents which are reducing agents, e.g. ascor- 
bic acid and iron(II) sulfate, would also not inter- 
fer after a preliminary aqueous extraction stage. 
The method is capable of differentiating ~-toco- 
pherol from the pharmaceutically desired ana- 
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logue, ~-tocopheryl acetate, where the latter may 
respond to the method only after hydrolysis. 

Both the developed and alternative spectropho- 
tometric methods have the advantage of working 
in the visible range, permitting the use of simple 
colorimeters where required instead of the more 
expensive spectrophotometers. The developed 
method has a slight superiority in that all solu- 
tions of this method except neocuproine are 
prepared in water while the Fe(III)- 
bathophenanthroline method requires the prepa- 
ration of absolute EtOH and a certain boiling 
range fraction of light petroleum. Both methods 
have similar precision and, in addition, the 
Cu(II)-neocuproine reagent in a routine analyti- 
cal laboratory, lacking more expensive HPLC and 
GC instruments, handling other reducing sub- 
stances [8,9] would be more versatile. 
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Abstract 

The presence of' a micellar medium of cetylpyridinium bromide (CPB) causes, in relation to the aqueous medium, 
important bathochromic shifts in the excitation spectra of a considerable number of polycyclic aromatic hydrocarbons 
(PAHs). Furthermore, the CPB acts as a quencher, provoking inhibitions of the fluorescence intensity emitted by 
PAHs. The micellar inhibition factors show that, generally, the quenching affects alternant hydrocarbons to a greater 
extent. Some interesting relationships between the hydrocarbon structure and both the characteristic wavelengths of 
fluorescence spectra and the values of A2 are established. 

Keywords: Cetylpyridinium bromide; Fluorescence quenching; Micelles; Polycyclic aromatic hydrocarbons 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) form 
a family of  compounds widely found in the envi- 
ronment as common pollutants of the atmo- 
sphere, earth and water. The PAHs most studied, 
for their mutagenic or carcinogenic characteris- 
tics, are those which possess between three and six 
rings. Among those which contain a greater num- 
ber of rings, only some show carcinogenic activ- 
ity. Although it has not been demonstrated, such 
activity can be related to their low solubility. 
Consequently, it is frequently necessary to deter- 

* Corresponding author. 

mine PAHs at low concentration in a wide variety 
of sample matrices. The techniques most used in 
the analysis of PAHs can be split into two large 
groups: chromatographic and spectroscopic. Usu- 
ally, the hydrocarbons are analysed by gas chro- 
matography [1 3], high-performance liquid 
chromatography [4 7] and supercritical fluid 
chromatography [8,9]. However, spectroscopic 
methods have shown strong development in this 
field owing to their sensitivity, selectivity, rapidity, 
low cost and possibility of automation. Among 
these, conventional and synchronous spec- 
trofluorimetry stand out [10-19]. 

Mixtures of environmental importance rarely 
contain a single component. The majority of mix- 
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tures commonly encountered contain several iso- 
meric pairs or structurally similar PAHs, which 
emit in approximately the same spectral regions. 
Use of selective fluorescence quenching agents 
simplifies observed emission spectra by eliminat- 
ing signals from undesired chemical interferences 
having only slightly different molecular structures, 
so providing a greater selectivity to the analytical 
methods based on the measurement of fluores- 
cence emission. 

Micellar systems form microenvironments that 
can produce significant changes in the excitation 
and emission spectra of many molecules, as well 
as in the emitted fluorescence intensity. There are 
different factors that may explain these changes 
[20,21]. Among others, the following can be cited: 
the greater protection of the singlet state against 
collisional deactivation, the increase in the viscos- 
ity of the medium, the protection against 
quencher agents and the capacity of micelles to 
reorder reagents at molecular level and to enhance 
the interaction between analytes and reactives, 
quenchers and substrates. 

Studies of quenching in micellar medium have 
been directed preferentially to show that solutes 
incorporated to a micellar phase are protected 
against the action of certain quenchers of fluores- 
cence. Thus, it has been demonstrated in systems 
such as: anthracene-sodium dodecyl sulphate io- 
dide [22], naphthalene-sodium dodecyl sulphate- 
bromide [23] and anthracene cetyltrimethyl- 
ammonium bromide-pyridinium chloride [22]. 
On the other hand, Lissi et al. [24] have shown 
that the quenching of pyrene and 1-methylpyrene 
by iodide is enhanced by the incorporation of 
hydrocarbons in cetyltrimethylammonium chlo- 
ride micelles. 

Thus far, very few reports [25] have discussed 
analytical applications based on the fluorescence 
inhibition of PAHs in which the quencher is, 
furthermore, a substance capable of forming mi- 
cellar aggregates in solution. With the use of a 
quencher/surfactant such as cetylpyridinium bro- 
mide (CPB), in the present work the conventional 
and synchronous spectrofluorimetric characteris- 
tics of an important number of PAHs in a micel- 
lar medium of CPB were established, the 
magnitude of the fluorescence inhibition was 

quantified and predictions of analytical interest 
were made. Likewise, and with the purpose of 
attempting to establish generalized behaviours, 
the conventional and synchronous signals are re- 
lated to the structure of PAHs. 

2. Experimental 

2. I. Apparatus 

Fluorescence measurements were made with a 
Perkin-Elmer LS-50 luminescence spectrometer 
equipped with a xenon discharge lamp and con- 
nected via an RS232C interface to an Epson 
PCAX2e computer. The control of the spectrome- 
ter was accomplished using Fluorescence Data 
Manager software. The fluorescenc measurements 
were made in standard 1 x l cm quartz cells, 
thermostated at 25_+0.1°C with a Selecta Frig- 
itherm S 382 ultrathermostat. 

2.2. Reagents  

The PAHs used (naphthalene, anthracene, 9- 
methylanthracene, phenanthrene, 2-methyl- 
phenanthrene, pyrene, benz[a]anthracene, 
perylene, dibenz [a,h]anthracene, benzo[a]pyrene, 
fluorene, acenaphthene, acenaphthylene, fluo- 
ranthene and benzo[b]fluoranthene) were supplied 
by Aldrich Chemical. Stock solutions (5 x 10 4 
M) of each PAH were prepared in ethanol 
(Merck). Stock solutions (5 x 10 2 M) of CPB 
(Sigma Chemical) were prepared in deionized wa- 
ter. All chemicals used were of analytical reagent 
grade. 

2.3. Procedures 

The conventional and synchronous fluorescence 
spectra of the PAHs in an aqueous medium were 
made with solutions incorporating 0.5% (v/v) 
ethanol. The representatives of the micellar 
medium corresponded to solutions containing 
CPB at a concentration of 2.6 x 10 -3 M (0.1%, 
w/v), above its critical micellar concentration 
(cmc) (7.32 x 10 4 M). This value was determined 
conductimetrically under experimental conditions 
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Table l 
Spectrofluorimetric characteristic of PAHs in micellar medium of CPB 

Compound 2~ (nm) a 2era (nm) ~' D~ D .... 

Alternant PAHs: 
Naphthalene 
Anthracene 
9-Methylanthracene 
Phenanthrene 
2-Methylphenanthrene 
Pyrene 
Benz[a]anthracene 
Perylene 
Dibenz[a,h]ant hracene 
Benzo[a]pyrene 

Non-alternant PAHs: 
Fluorene 
Acenaphthene 
Acenaphthylene 
Fluoranthene 
Benzo[h]fluoranthene 

28~ 301 321, 334 67 0 
326, 33Z 358 378, 400, 422 87 - I 
335, 348, 365 390, 413, 435 111 - I  
284, 293, 323 346, 363, 383 43 0 
29~ 326 357, 366, 384 42 0 
318, 332 372, 382, 392 92 I 
28Z 341 386, 409 1 0 
391, 412 443,(469 472) 160 3 
301, 350 396, 403, 422 45 I 
296, 364, 384 405, 428 88 0 

298 311 89 9 
292 321, 335, 352 67 0 
292, 303 336, 320, 345, 352 68 1 
28~ 323, 342, 360 456 77 1 
295, 303, 353 431 59 II 

"The values in italics correspond to the excitation and emission maxima. 

s imilar  to those used in fluorescence measure-  

ments.  

To calcula te  the micel lar  inhib i t ion  fac tor  
(M1F),  s t ra ight- l ine  ca l ib ra t ion  graphs  for  each o f  

the P A H s  were ob ta ined  by measur ing  the fluores- 
cence intensi ty at  the m a x i m u m  exci ta t ion and 

emission wavelengths ,  in bo th  aqueous  and  micel-  

lar  media .  The  so lu t ions  used were p repa red  with 

the quant i t ies  o f  P A H  and e thanol  necessary to 
reach the desired concen t ra t ion  o f  P A H  and 0.5°/,, 

(v/v) o f  the organic  solvent,  to which was added  
the vo lume o f  CPB solu t ion  required so that  the 
final so lu t ions  were 0 or  2.6 x 10 3 M in the 

surfactant ,  accord ing  to whether  it was aqueous  

or  micellar ,  respectively,  and  di luted with deion-  

ized water.  
To s tudy the influence o f  sur fac tan t  concent ra -  

t ion on the f luorescence intensi ty o f  PAHs ,  mea-  
surements  o f  f luorescence intensi ty were made  at  

the m a x i m u m  exci ta t ion  and emission wave-  
lengths co r r e spond ing  to the aqueous  med ium,  in 

so lu t ions  p repa red  in 25 ml ca l ibra ted  flasks with 

volumes  o f  10 2 M CPB solu t ion  and conta in ing  
a final concen t ra t ion  o f  2 x 10 7 M P A H  and 

0.5% (W'V) o f  e thanol .  

Three -d imens iona l  spect ra  were ob ta ined  by the 
e l abo ra t ion  o f  a Basic p r o g r a m  within the O B E Y  
app l ica t ion  o f  the Fluorescence  Da ta  M a n a g e r  
software.  This  p r o g r a m  al lows successive scanning 
o f  several emission or  synchronous  spectra  with 
different  exci ta t ion wavelengths  or  A2, respec- 
tively, and  t rans forms  them into a mat r ix  o f  
exper imenta l  data .  The  file con ta in ing  this mat r ix  
is used as input  in the commerc ia l  p rog ra m 
S U R F E R  to ob ta in  th ree-d imens iona l  pro jec t ions  
and con tou r  maps.  

3. Results and discussion 

3.1. C o n v e n t i o n a l  f l u o r e s c e n c e  

Exci ta t ion  and emission spect ra  o f  15 P A H s  in 
aqeuous  and  micel lar  med ium of  CPB were ob-  
tained.  Table  1 summar izes  some character is t ics  
o f  the conven t iona l  f luorescence spectra  o f  P A H s  
in the micel lar  med ium and the shifts exper ienced 
by the wavelengths  o f  the max ima  o f  the excita-  
t ion (Dex) and  emission (Oem) spect ra  on passing 
f rom an aqueous  to a micel lar  medium.  Upon  
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comparing the results, it is observed that in the 
micellar medium: 
(1) The wavelengths of the emission maxima are 

similar to those which are obtained in 
aqueous medium, except for fluorene and ben- 
zo[b]fluoranthene. 

(2) The excitation maxima of all PAHs present 
wavelength values higher than those of 
aqueous medium. These observed differences 
can be attributed to the disappearance, pro- 
voked by the micellar medium of CPB, of the 
signals corresponding to the lower wavelength 
zones in the excitation spectra, the region in 
which the maxima of aqueous medium tend to 
be found. 

With regard to the relationship between the 
fluorescence spectral characteristics in the micellar 
medium and the structures of polycyclic aromatic 
hydrocarbons, some general trends were found, 
among which the following are notable: 
(1) For a given number of aromatic rings, the 

linear systems fluoresce, generally, at longer 
wavelengths than non-linear systems. That is 
to say, a deviation at smaller wavelengths is 
produced when the aromatic system is 
branched. 

(2) The methylation of an aromatic system tends 
to produce deviations to longer wavelengths. 

(3) As the degree of conjugation increases, a shift 
to wavelengths longer than the emission max- 
ima is observed. This phenomenon is some- 
times associated with an increase in the 
emitted fluorescence intensity. 

(4) For an aromatic system formed by a series of 
rings fused in a straight linear chain, the 
excitation and emission bands exhibit increas- 
ing wavelenths as the number of rings and 
conjugated double bonds increase. 

(5) The excitation and emission spectra of the 
hydrocarbons formed by benzenic rings joined 
by a five-membered ring are similar to those 
shown by systems that only contain benzenic 
rings. 

Irrespective of the process of quenching, these 
relationships between spectrofluorimetric and 
structural characteristics of the PAHs were similar 
to those reported by others for various PAHs in 
hexane [26]. 

From emission spectra, in aqueous and micellar 
media of CPB, the values of fluorescence intensity 
between the 0-0 band and the big vibrational 
band (which is frequently known as the I~/I3 or 
I/III relation [27,28]) were established for all those 
hydrocarbons that present in the micellar medium 
a sufficient resolution in their emission spectra. 
The smallest values correspond to the micellar 
medium, which confirms the lower polarity of that 
medium compared with the aqueous medium. 
This fact and the hydrophobic nature of PAHs 
explain, generally, the increase in their water solu- 
bility in the presence of micelles. 

3.1.1. Influence of surfactant concentration 
The variation of the fluorescence intensity emit- 

ted by hydrocarbons as a function of CPB con- 
centration is illustrated in Figs. 1 and 2. 
Generally, at concentrations below the cmc, the 
fluorescence of PAHs decreases suddenly on in- 
creasing the surfactant concentration, whereas at 
concentrations above the cmc, the fluorescence 
does not vary significantly. In these figures, the 
effect of a non-micelle-forming pyridinium deriva- 
tive on the fluorescence inhibition is also com- 
pared with that with CPB. These experiments 
show the important effect of the micellar system 
and the formation of premicellar clusters on the 
fluorescence inhibition of PAHs in the presence of 
CPB. These exponential decreases in the fluores- 
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Fig. 1. Influence of  the pyridinium salt concentrat ion on the 
fluorescence intensity of  2 x 10-7 M 9-methylanthracene solu- 
tions and 0.5°/,, (v/v) EtOH. Slits: 5 rim. 
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Fig. 2. Excitation (1,3) and emission (2,4) spectra of  2 x 10 ~ 
M 9-methylanthracene solutions and 0.5% (v/v) EtOH. (1,2) 
Aqueous medium: 2.6 x 10 -~  M pyridine hydrochloride. (3,4) 
Micellar medium: 2 . 6 x  10 3 M CPB. (1 ,3) ) .~m=413 nm; 
(2,4)) .~ = 365 nm. Slits: 3 nm. 

cence, whose intensity varies in a regular way with 
the quencher concentration, can be considered 
typical of quenching processes. 

The intersection point of lines tangential to the 
initial and final zones of the curves of  fluorescence 
intensity versus CPB concentration could be con- 
sidered representative of  the phenomenon of  mi- 
cellization and, consequently, it would have to 
represent the cmc of CPB. However, the values 
obtained, which oscillate between 2.0 x 10 6 and 
3.77 x 10 4 M, are always below the cmc of CPB. 
It has been described [29] that the coexistence of  
hydrocarbon molecules and surfactants can in- 
duce the formation of micelles and, in this way, a 
decrease in the cmc of  the surfactant is produced. 
However, the great differences lead us to think 
that fluorescence inhibitions of  the PAHs studied 

in this work are produced, to a large extent, by 
the intervention of premicellar clusters. 

3.1.2. Quantification of fluorescence inhibition 
In order to quantify the fluorescence inhibition 

that PAHs experience in the micellar medium, we 
used the term micellar inhibition factor (MIF), 
which relates the behaviour of PAHs in both 
media. Instead of measurements of fluorescence 
intensity, we have preferred to employ analytical 
sensitivities to calculate this factor. Thus we 
defined this factor as 

MIF = B~,,'B,~ 
where Bm and B, represent the slopes of the 
calibration graphs obtained in the presence and 
absence, respectively, of 2.6 x 10 3 M CPB. The 
values of B,,, and Ba were obtained using the 
wavelengths of the optimum excitation and emis- 
sion maxima in each medium. The values of the 
MIF found for each one of the PAHs considered 
in this study are shown in Table 2. 

It must be indicated that even though for some 
PAHs, such as benz[a]anthracene and 2- 
methylphenanthrene, the high values of MIF are 
associated with the smallest values of analytical 
sensitivity in the micellar medium, tbr other 
derivatives, such as 9-methylanthracene and ben- 
zo[a]pyrene, the high values of MIF are a conse- 
quence of the high sensitivity that these 
hydrocarbons present in an aqueous medium. 

Considering PAHs as a whole, we can conclude 
that alternant hydrocarbons experience, generally, 
greater inhibitions that non-alternant hydrocar- 
bons. Although the inhibition processes are com- 
plex, this fact could be related to the reduction 
potentials of PAHs [30], which for non-alternant 
derivatives are about 0.4 V more positive than for 
alternant hydrocarbons. Consequently, the latter 
are better electron donors [31]. 

The efficiency of a quenching process is a mea- 
sure of the inhibition that the fluorescence inten- 
sity emitted by a fluorophore experiences in the 
presence of a given quencher concentration or, on 
the contrary, it can represent the concentration of 
quencher that produces a fixed decrease in the 
fluorescence of a fluorophore. Consequently, the 
efficiency of the quenching (EQ), in relative terms, 
can be defined by the equation [32] 
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Table 2 
Quantification of the inhibition of the fluorescence of PAHs in micellar medium of CPB 

Compound Calibration graphs 

Linear range (M × 10 6) b × 10 6 r 

MIF (CcpB)90 (M × 10 4) 

Alternant PAHs: 
Naphthalene 0- l 0 
Anthracene 0-4 
9-Methylanthracene 0-4 
Phenanthrene 0 10 
2-Methylphenanthrene 0 40 
Pyrene 0 2 
Benz[a]anthracene 0-10 
Dibenz[a,h]anthracene 0-2 
Benzo[a]pyrene 0-10 

Non-alternant PAHs: 
Fluorene 0-4 
Acenaphthene 0- 2 
Acenaphthylene 0-40 
Fluoranthene 0 2 
Benzo[b]fluoranthene 0 2 

5.61 0.992 97.5 5.0 
2.21 0.999 800.0 4.0 
3.95 0.999 1234.6 1.3 
1.41 0.945 406.5 4.9 
0.35 0.997 1098.9 4.3 
3.80 0.998 584.8 7.0 
0.59 0.976 1190.5 8.0 
3.63 0.987 2.5 9.8 
0.96 0.987 1612.9 12.2 

18.90 0.999 66.7 5.0 
14.80 0.999 148.6 8.6 
0.36 0.999 123.2 13.0 

13.50 0.999 6.1 6.2 
25.40 0.997 7.9 8.6 

E Q  = 1 - -  F / r o  

where F and Fo represent the fluorescence intensi- 
ties of  each of  the hydrocarbons in the presence 
and absence of the quencher, respectively. We 
express this efficiency as the cetylpyridinium bro- 
mide concentration necessary to produce an inhi- 
bition of  90% (EQ=0.90) in the fluorescence 
emitted by PAHs. 

Table 2 shows that the CPB concentrations 
necessary to reach inhibitions of 90% are, gener- 
ally, lower or close to the cmc of  the surfactant, 
except in the case of  the hydrocarbons 
dibenz[a,h]anthracene, benzo[a]pyrene and ace- 
naphthylene. 

For the CPB concentration used (2.6 × 10 -3 
M), generally, virtually total inhibition of  the 
fluorescence emitted by naphthalene, anthracene, 
9-methylanthracene, phenanthrene, 2-methyl- 
phenanthrene and pyrene was obtained, whereas 
for the remaining PAHs the fluorescence de- 
creased in relation to that observed in the absence 
of  CPB, which exceeded 90% in all cases. 

3.1.3. Considerations o f  analytical interest 
From the study of the influence of the micellar 

medium of CPB on the spectrofluorimetric char- 

acteristics of  PAHs, some predictions of analytical 
interest can be made. Thus, the important shifts 
observed in the excitation spectra of PAHs can 
favour the development of  a selective method for 
their determination. In the same way, the great 
differences existing in the MIF values could show 
the potential usefulness of the micellar medium to 
eliminate interferences in the determination of 
those PAHs whose fluorescence is less affected by 
the presence of  CPB. This would be the case for 
non-alternant PAHs that, except for acenaph- 
thylene, possess higher analytical sensitivity and 
lower MIF than the alternant. The contour map 
in Fig. 3 shows the possibility of  obtaining differ- 
entiated signals for complex mixtures of PAHs in 
the micellar medium of CPB. 

Also, it is possible to predict the selective deter- 
mination of some PAHs by conventional spec- 
trofluorimetry. Thus: 
(1) Benzo[b]fluoranthene and fluoranthene pre- 

sent characteristic emission spectra between 
400 and 540 rim, formed by several bands. 
Their excitation at short wavelengths and the 
measurement of  fluorescence intensities at 
emission wavelengths longer than 430 nm 
could allow one to obtain differentiated sig- 
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nals from those corresponding to the rest of 
the PAHs. 

(2) The use of excitation wavelengths between 
270 and 300 nm and emission wavelengths 
between 300 and 320 nm could lead to repre- 
sentative spectra of fluorene, which is slightly 
affected by the presence of other PAHs, with 
the exception of acenaphthene and naph- 
thalene. 

(3) The maximum emission wavelength of 
perylene is only comparable to those of fluo- 
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Fig. 3. Contour  maps of a 2.6 × l0 3 M CPB solution and of 

an equimolar mixture of 15 PAHs in 2.6 × 10 3 M CPB 
corrected to subtract the blank. 

ranthene and benzo[b]fluoranthene. On the 
other hand, the micellar medium causes a shift 
in the maximum excitation wavelength of 
perylene, being located more than 100 nm 
above that corresponding to the other two 
derivatives. The selective determination of 
perylene by conventional spectrofluorimetry 
can be thought of in this way. 

3.2. Synchronous fluorescence 

Synchronous spectra of the PAHs under study 
were obtained under the conditions indicated in 
the experimental section. Table 3 shows their 
main characteristics. Comparison of the micellar 
medium with the aqueous medium shows that the 
presence of CPB micelles does not produce impor- 
tant modifications in the Stokes shifts, except for 
naphthalene, anthracene, dibenz[a,h]anthracene 
and benzo[b]fluoranthene. The general trend ob- 
served could indicate that the micellar medium 
does not lead to important changes in the en- 
ergetic distribution of the PAH molecules or that 
its effect is to stabilize the excited singlet states of 
the hydrocarbons. 

Synchronous spectra must bear a certain rela- 
tionship to conventional fluorescence spectra. For 
the purpose of comparison, the values of A2 
representing the differences between the wave- 
lengths of the emission and excitation maxima of 
conventional spectra, and also the corresponding 
values of the wavelength of excitation maxima 
and the Stokes shifts, can be obtained from Table 
1. It can be observed that the values of A,;~ that 
produce the maximum intensity peaks of" the syn- 
chronous spectra are near the A2 value obtained 
from conventional spectra. Furthermore, these A,~ 
values almost coincide with the Stokes shift estab- 
lished for the hydrocarbons pyrene, perylene, ben- 
zo[a]pyrene, acenaphthene, acenaphthylene and 
fluorene. Likewise, it is observed that the wa~e- 
lengths of the synchronous bands with the great- 
est intensity for each PAH are almost coincident 
with the wavelengths of the excitation maxima in 
conventional spectra for most of the PAHs. Only 
anthracene, with a difference of 19 nm, deviates 
from the general behaviour. 
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Table 3 
Synchronous spectrofluorimetric characteristics of PAHs in a micellar medium of CPB 

Compound ~).~.,, (nm)" A2 ()J~,ex) (nm) b 

AIternant PAHs: 
Naphthalene 45 
Anthracene 2 
9-Methylanthracene 24 
Phenanthrene 22 
2-Methylphenanthrene 31 
Pyrene 37 
Benz[a]anthracene 44 
Perylene 33 
Dibenz[a,h]anthracene 109 
Benzo[a]pyrene 21 

Non-alternant PAHs: 
Fluorene 13 
Acenaphthene 31 
Acenaphthylene 34 
Fluoranthene 97 
Benzo[b]fluoranthene 102 

50 (285), 70 (279), ~ 100 (227) 
20 (360), 50 (356), 70 (335), 160 (241) 
25 (367), 50 (366), 70 (347), 175 (240) 
50 (295), 60 (294) 
50 (298), 60 (296) 
40 (334), 60 (334) 
100 (289) 
30 (414), 50 (416), 60 (412) 
50 (353), 100 (303), ~ 125 (~300) 
20 (386), 50 (357), 130 (299) 

7 (299), 50 (297) 
30 (292), 40 (295), 50 (288) 
30 (292), 50 (288) 
50 (365), ~93 (362), ~ 110 (345), ~ 168 (289) 
50 (372), 85 (351), 130 (304), 145 (294) 

Stokes shift in the absence of CPB. 
b The values in italics correspond to the maximum fluorescence intensity. 

The changes observed in the behaviour of the 
PAHs, together with the characteristics of the 
synchronous spectra, with regard to spectral sim- 
plification, small bandwidth and narrow spectral 
ranges, can provide satisfactory conditions for 
obtaining important selectivities in the individual 
determination of  PAHs or in the resolution of  
their mixtures. 

To select the optimum values of A2, syn- 
chronous contour maps were used instead of  
three-dimensional spectra. These maps were ob- 
tained by plotting fluorescence intensity as a func- 
tion of  the excitation wavelengths (horizontal 
axis) and of the difference (A2) between the emis- 
sion and excitation wavelengths (vertical axis). 
Thus a set of  contour lines that connect points of  
equal fluorescence intensity was obtained. Al- 
though the optimum values of A2 can also be 
selected through contour maps obtained from 
conventional spectra, the synchronous contour 
maps [19,33] can supply more selective informa- 
tion. 

3.2. I. Consideration o f  analytical interest 
From the synchronous contour maps (Fig. 4), 

we were able to make some predictions of analyt- 
ical interest. The most interesting and numerous 
applications would be obtained at A2 < 50 nm. 
Among these, the possible selective determination 
of perylene at A2 < 37 nm, with Zs.ex'° around 430 
nm, or fluorene at A2 ~< l0 nm, with o 2 .... = 290- 
300 nm, may be mentioned. With regard to the 
possible resolution of mixtures, Fig. 5 is a repre- 
sentative example of the potential that the combi- 
nation of synchronous spectrofluorimetry and the 
micellar medium of CPB has for the analysis of 
complex mixtures of PAHs. 

3.2.2. Relationship between synchronous signals 

and structure o f  P A H s  in the micellar medium o f  
C P B  

As the synchronous signals of each PAH are 
confined to a limited number of bands within a 
definite spectral range, one can construct graphi- 
cal representations which supply useful informa- 
tion about the relationship existing between 
characteristics of the synchronous spectrum of a 
PAH and its structure. Thus, Fig. 6 shows the 
wavelength value of  the excitation (2°0 and emis- 
sion ~o (Zem) peaks of PAHs, which present the 
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highest and lowest values, respectively. As is 
known, both wavelengths limit the synchronous 
signal of each compound. From Fig. 6 we estab- 
lish some interesting generalizations. Thus: 
(I) Each PAH is identified by a point and signifi- 

cant differences are observed among most of 
them. The broken lines, representative of dif- 
ferent values of A2, show that it is possible to 
obtain synchronous spectra of solutions con- 
taining complex mixtures of PAHs which 
would present characteristic bands for some 
hydrocarbons or groups of them. 

(2) The signal of the 0-0 band of a hydrocarbon 
increases with increase in the number of rings 
of the PAH. 

(3) Between the wavelengths 2°x and 20m for all 
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Fig, 6. Correlation between the structure of  PAHs and syn- 
chronous signal. (A) Alternant PAHs; (B) non-alternant 
PAHs. 
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Fig. 5. Synchronous spectrum at A)~ = 10 nm of  a mixture of  
15 PAHs in a micellar medium of  CPB. CpAH = 55.6 ng ml -a ;  
Ccp B = 2.6 x 10 -3  M. Slits: 5 - 6  nm. (1) Fluorene; (2) ace- 
naphthene and naphthalene; (3) anthracene and 9-methylan- 
thracene; (4) perylene. 

the hydrocarbons considered, a good correla- 
tion (r = 0.870) exists, which improves consid- 
erably when the alternant PAHs are grouped 
(A) and when, the non-alternant PAHs are 
grouped (B). The correlation coefficients are 
0.950 and 0.991, respectively. Also, the slopes 
of these lines can be considered as distinguish- 
ing parameters of both groups of PAHs. 

It has already been mentioned [7] that there are 
certain relationships between the wavelengths in 
conventional fluorescence spectra and the struc- 
ture of the respective PAHs. The data obtained 
from synchronous spectra show that also in this 
case, for a given A2 value, certain relationships 
are found which allow one to correlate values of 
2s°~x with hydrocarbon aromaticity. For compara- 
tive purposes, Table 3 shows the wavelengths of 
the synchronous emission maxima o (2 .... ) at differ- 
ent A2, corresponding to the different PAHs stud- 
ied in a micellar medium of CPB. 

From the experimental conditions used, some 
conclusions can be drawn, among which we 
would emphasize the following: 
(1) Alternant PAHs: 

Among these PAHs, which have only benzene 
rings, we can distinguish between: 

(a) PAHs with a linear chain. Among the compo- 
nents of this subgroup, which have no sub- 
stituents, an important bathochromic effect is 
observed when the number of aromatic rings 
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in the molecule increases. This was observed 
for naphthalene and anthracene. 
The substitution of a methyl group in these 
PAHs leads to a slight bathochromic shift. 
This happens with 9-methylanthracene. 

(b) PAHS with a non-linear chain. For an equal 
number of  aromatic rings, the non-linear hy- 
drocarbon shows a smaller wavelength of  the 
synchronous maximum that the linear hydro- 
carbon. This is the case for anthracene and 
phenanthrene. 

Also, among non-linear PAHs with an 
equal number of aromatic rings, a 
bathochromic shift is produced when the de- 
gree of condensation increases. This was ob- 
served for dibenz[a,h]anthracene, benzo[a]- 
pyrene and perylene. 
With respect to the influence of  the sub- 
stituent, in the case studied, the introduction 
of a methyl group in phenanthrene does not 
lead to a considerable shift in the synchronous 
band of 2-methylphenanthrene. 

(2) Non-alternant PAHs: 
The substitution of an aromatic ring by an- 
other with a cyclic nature induces a hyp- 
sochromic shift. This was observed with 
anthracene and fluorene. 
The introduction of  a five-membered ring be- 
tween two aromatic rings induces a low hyp- 
sochromic shift. This is the case for 
naphthalene and fluorene. 
The introduction of a five-membered ring at 
the ~, ~'-position of  naphthalene hardly in- 
duces any shift in the value of ,0 /~ s,ex" 

The addition of  one or two aromatic rings to 
a non-alternant PAH leads to bathochromic 
shifts. This occurs for acenaphthene, fluorene, 
fluoranthene and benzo[b] fluoranthene. 
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Abstract 

The flame atomic absorption spectrometric determination of copper, zinc, calcium, magnesium and iron in fresh 
eggs using a microvolume injection technique is described. The capillary tube and glass impact bead were removed 
from the nebulizer and a polypropylene tube was installed in the inlet of the capillary tube of the nebulizer as the 
interface for microvolume injection. The injection volume was 10 I~1 and calibration was carried out using aqueous 
standards. Beer's law was obeyed in the concentration ranges of 0.1-1.5, 0.1-3.0, 0.2-4.0, 0.5-4.0 and 1.0-6.0 mg 
1-~ for Cu, Zn, Ca, Mg and Fe, respectively, and the detection limits were 0.016, 0.016, 0.035, 0.010 and 0.10 mg 1 1, 
respectively. The reliability of the measurements was confirmed by analyzing a certified reference material, GBW 
08551 Pork Liver. The precision was 2.6, 2.9, 3.0, 1.3 and 2.5% for Cu, Zn, Ca, Mg and Fe, respectively. The recovery 
with the standard additions method was good, ranging from 96.2 to 100.0%. 

Keywords: Flame atomic absorption spectrometry; Fresh eggs; Metals; Microvolume injection 

I.  Introduction 

Cu, Zn, Ca, Mg and Fe are essential elements 
in the human body and occur naturally in most 
fresh vegetables, meats, grains and eggs. The 
study of essential elements in foodstuffs is of  
great importance since they play a definitive role 
in the intrinsic mechanisms regulating vital bio- 
logical processes [1-3]. Fresh eggs are among 

* Corresponding author. 

the most important  and nutritious foods in the 
daily diet. Many methods have been developed 
for the determination of essential elements in 
eggs, such as spectrophotometry and atomic ab- 
sorption spectrometry [4-6]. These methods usu- 
ally include several tedious steps including 
preseparation and preconcentration. Addition- 
ally, the amount  or volume of sample must be 
large owing to the low sensitivity of  determina- 
tion. Hence, they are time consuming, compli- 
cated and costly in application. 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02044-9 
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The purpose of the present investigation was 
to develop a simple and sensitive method for the 
determination of these essential elements in fresh 
eggs by flame atomic absorption spectometry 
(FAAS) with microvolume injection. The pro- 
posed method is based on the use of a 
polypropylene tube installed in the inlet of the 
capillary tube of the nebulizer as the interface 
for microvolume injection. The volume injected 
was 10 ~tl. The accuracy of this method was 
tested by the analysis of a certified reference 
material. The method is accurate, rapid and eco- 
nomical. The contents of these essential elements 
in fresh eggs from different districts of China 
are reported. 

2. Experimental 

2. I. Instrumentation 

A Model WFX-1 F2 (Beijing, China) atomic 
absorption spectometer was used throughout. A 
metal-free Eppendorf adjustable-volume digital 
pipette was applied for microvolume injection. A 
polypropylene tube was coupled to the inlet of 
the capillary tube of the nebulizer (the capillary 
tube had already been removed) as the interface 
for microvolume injection. 

The equipment used, polypropylene vessels, 
polytetrafluoroethylene (PTFE) calibrated flasks, 
pipettes and micropipette tips were throughly 
cleaned by soaking for 24 h in freshly prepared 
15% HNO3, rinsed with doubly distilled, deion- 
ized water and dried at 40°C in a dust-free envi- 
ronment. 

Table 1 
Optimum analytical parameters 

3@ ttart - " 4  
r I J m m  I 

I 5 0 m m  t 

+1 
IL 

I I 
b 

Fig. 1. Microvolume injection installation, a, Acetylene; b, 
drain; c, air; d, polypropylene tube; e, burner, f, nebulizer;, g, 
spray chamber. 

2. I. Reagents and materials 

The certified reference material used was 
GBW 08551 (Pork Liver) from the National Bu- 
reau of Environment Protection (Beijing, China) 
with certified values of 17.2 + 0.75, 172 __+ 8.5, 
197+9.0, 747+20 and 1050_+35 ~tg g - '  for 
Cu, Zn, Ca, Mg and Fe, respectively. All 
reagents were of analytical-reagent grade or bet- 
ter. Aqueous solutions were prepared with dou- 
bly distilled, deionized water. High-purity metal 
salts were used to prepare 1000 mg 1-' of stock 
standard solutions, which were stored in pre- 
cleaned polypropylene bottles. Working standard 
solutions were freshly prepared by successive di- 
lution of the stock standard solution to the de- 
sired concentration using 0.2% HNO3. 

2.3. Installation of  microvolume injection 

Some improvements to the instrument were 
made for the determination of elements with mi- 
crovolume injection. The capillary tube and 

Parameter Cu Zn Ca Mg Fe 

Wavelength (nm) 324.7 213.9 422.7 285.2 248.3 
Slit width (nm) 0.2 0.2 0.2 0.2 0.2 
Lamp current (mA) 2.0 2.0 2.0 1.0 2.0 
Integration time (s) 1.5 1.5 1.5 1.5 1.5 
Flame gases: 

Air (1 min ') 6.8 6.8 6.5 6.5 6.5 
Acetylene (1 min 1) 1.0 1.0 1.0 1.0 1.0 



S. Shang, W. Hong / Talanta 44 (1997) 269 274 271 

Table 2 
Linear regression equation and sensitivity of the calibration graphs 

Parameter Cu Zn Ca Mg Fe 

Analytical range (mg 1 -I) 0.1 0.5 0.5-1.5 1.0 4.0 1.0 4.0 1.0-4.0 

Linear regression equation ~ A =0.04 C A =2.49+0.092 C A =0.5+8.64 C A =2.0+0.13 C A =2.0 +7.5 C 
Correlation coefficient 1.0000 0.9998 0.9999 0.9993 1.0000 
Sensitivity (mg 1-~) 0.073 0.071 0.22 0.024 0.49 

" Absorbance: C (mg 1 -~) = concentration of element in standard solution. 

glass impact bead were removed from the nebu- 
lizer. A polypropylene tube was installed in the 
inlet of the capillary tube of the nebulizer as the 
interface for microvolume injection (as shown in 
Fig. 1). The metal-free Eppendorf adjustable-vol- 
ume digital pipette was used to draw the standard 
solution or sample solution and inject it into the 
polypropylene tube. 

The nebulizer was rinsed with doubly distilled, 
deionized water and the pipette tips were replaced 
after each injection. The injection volume was 10 
lal for standard solutions and sample solutions. 
The concentrations of  Cu, Zn, Ca, Mg and Fe in 
the sample solutions were obtained from their 
respective calibration graphs. After the blank cor- 
rection, the levels of  Cu, Zn, Ca, Mg and Fe 
present in the sample were calculated. 

2.4. Analytical conditions and calibration 

The optimum analytical parameters used for 
the determination of the elements studied by 
FAAS with an air-acetylene flame are given in 
Table 1. 

The light sources were single-element hollow- 
cathode lamps whose operating parameters were 
those recommended by the manufacturer. 

Table 3 

Calibration against standard solutions was per- 
formed for all elements and the calibration graphs 
were linear in the ranges 0.1-1.5, 0.1-3.0, 0 .2-  
4.0, 0.5-4.0 and 1.0-6.0 mg 1-~ for Cu, Zn, Ca, 
Mg and Fe, respectively. The correlation coeffi- 
cients were > 0.999 for all calibration graphs. By 
considering the level of  the elements in fresh egg 
samples and the convenience of determination, we 
chose narrower linear ranges for the determina- 
tion of elements in fresh egg samples and the 
linear regression equations along with the sensitiv- 
ity of the calibration graphs are listed in Table 2. 

The limits of detection were calculated as twice 
the standard deviation of  the mean blank value. 
Blank absorbance values were monitored 
throughout the period of  the experiment and were 
subtracted from the readings before the results 
were calculated. 

2.5. Digestion and measurement 

The certified reference material was treated as 
follows: 1 g of sample was weighed accurately and 
placed in a PTFE bomb with 3 ml of HNO 3 and 
1 ml of H20  2. The PTFE bomb was then placed 
in a microwave oven and irradiated for 10 min at 
300 W. After cooling to ambient temperature, the 

Levels of Cu, Zn, Ca, Mg and Fe found in certified reference material of GBW 08551 (Pork Liver) 

Parameter Cu Zn Ca Mg Fe 

Certified value ~ (,u g g- ~ ) 17.2 + 0.8 172 -+_ 9 197 + 10 747 _ 19 1050 -+ 35 
Found b (,ug g i) (n=7) 16.7+0.5 167_+5 191 +6 738+10 1080+30 
Precision (RSD, %) (n = 15) 2.6 2.8 3.0 1.3 2.5 

~' With 95% confidence limit. 
b Mean value + standard deviation. 
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Table 4 
Recovery of Cu, Zn, Ca, Mg and Fe added to an egg sample (each result is the mean of seven measurements) 

Parameter Cu Zn Ca Mg Fe 

Diluent sample (#g 1 - t )  0.17 1.67 1.26 0.24 5.28 
Amount added (/~g 1 ~) 0.15 1.42 2.26 0.28 2.57 
Amound found (/tg 1 ~) 0.31 3.01 3.52 0.50 7.84 
Recovery (%) 96.9 97.4 100.0 96.2 99.9 

digest was diluted to 10 ml with doubly distilled, 
deionized water in a calibrated PTFE flask. 

The egg samples were treated as follows: seven 
eggs were taken at random, broken and mixed in 
a homogenizer for a few seconds, then 1 g of 
sample was weighed accurately in a 50 ml glass 
beaker containing 3 ml of HNO3 and 1 ml of H202. 
The beaker was placed on an electric heating plate 
and heated at 180-190°C. The dried digest was 
dissolved in doubly distilled, deionized water and 
transferred into a 5.00 ml PTFE calibrated flask 
and diluted to the mark for the determination of 
Cu, Fe, Ca and Mg. Another 0.25 g of sample was 
weighed accurately and placed in a PTFE bomb 
with 3 ml of HNO3 and 1 ml of H 2 0  2. The PTFE 
bomb was then placed in a microwave and irradi- 
ated for 7 min at 300 W. After cooling to ambient 
temperature, the digested was diluted to 2 ml with 
doubly distilled, deionized water in a calibrated 
PTFE flask for the determination of Zn. 

The metal-free Eppendorf adjustable-volume 
digital pipette was used to draw the standard and 
sample solutions, which were then injected into the 
polypropylene tube (Fig. 1) and immediately aspi- 
rated from the polypropylene tube into the nebu- 
lizer by suction (venturi action) caused by the rapid 
flow of support gas (air) past the capillary tip. The 

Table 5 

nebulizer was rinsed with doubly distilled, deion- 
ized water and the pipette tip was replaced after 
each injection. The injection volume was 10 #1 for 
standard and sample solutions. The concentrations 
of Cu, Zn, Ca, Mg and Fe in the sample solution 
were obtained from their respective calibration 
graphs. After the blank correction, the levels of Cu, 
Zn, Ca, Mg and Fe present in the sample were 
calculated. 

2.6. Analytical quality validation 

In order to validate the accuracy of the proposed 
method, the procedure was applied to a certified 
reference material (GBW 08551 Pork Liver). The 
results are shown in Table 3. The standard addi- 
tions method was used for recovery studies of the 
elements determined and the results are listed in 
Table 4. 

3. Results and discussion 

3. I. Effect of  integration time 

It took 1.5 s for a 10 #1 sample to reach a 
steady-state signal in the flame and it was also 

Determination of essential elements in fresh eggs from four districts in China (each result (/~g g ~) is the mean of seven 
measurments). 

District Cu Zn Ca Mg Fe Cu/Zn Ca/Mg 

Baoding 0.61 11.38 563.03 194.76 20.99 0.054 2.89 
Beijing 0.67 10.96 497.52 210.34 23.21 0.061 2.36 
Tianjing 0.56 12.33 627.42 190.07 26.78 0.045 3.30 
Nei Monggol 0.64 11.91 580.45 201.63 24.56 0.054 2.88 
RSD a (%) 3.7 0.9 3.4 1.6 2.7 

a The mean of RSD for all four districts. 
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Table 6 
Comparison of analytical results obtained in the normal nebulization mode with those obtained by the microvolume injection 
technique (n = 7) 

Parameter '' Cu Zn Ca Mg Fe 

N 0.62 +_ 0.02 11.45 + 0.07 559.46 + 15.7 195.02 ± 2.1 20.51 ± 0.4 
M 0.61 ± 0.03 11.38 + 0.08 563.03 ± 16.9 194.76 ± 2.8 20.99 ± 0.5 
t, b 2.45 2.45 2.45 2.45 2.45 
6 ~ 0.94 1.87 0.43 0.23 2.24 
Ftb 4.28 4.28 4.28 4.28 4.28 
F~ b 2.25 1.13 1.16 1.78 1.56 

a Mean ± SD (ltg g ~)- N, normal nebulization mode; M, microvolume injection technique; t t = value from the statistical analysis 
= . - ~ , _ - - i ,  /n table; F, = value from statistical analysis table; t c t~ = 1. N XMI S,,' ~nM.nN + n~; F~ = S-m~x"S-mm; X = mean of measurements: 

s = standard deviation. 
b 95% of confidence level. 

found that the largest signal was obtained when 
the integration time was chosen as 1.5 s. Consid- 
ering the sensitivity of the determination, the inte- 
gration time was set as 1.5 s. 

3.2. Effi, ct of  injection volume 

The influence of the injection volume was stud- 
ied. The same results for the relationship between 
the integrated absorbance value and the injection 
volume were obtained for all five elements. For 
the five elements tested it was found that the 
integrated absorbance value increased with in- 
creases in the injection volume in the range 5-75 
/~1. If the injection volume was over 75 /~1, the 
integrated absorbance value decreased because the 
amount of element exceeded the linear range of 
Beer's law. Moreover, the injection of large vol- 
umes produced serious contamination of the neb- 
ulizer and caused high background signals. Since 
an injection volume of 10 ill was sufficient for the 
determination of the elements studied, 10/~1 was 
chosen as the injection volume for the analysis of 
standard and sample solutions. 

3.3. E[.]bct of  temperature of  spray chamber 

The temperature of the spray chamber had no 
influence on the analytical results and it was 
found that if the temperature of the spray cham- 
ber was increased contamination of the spray 
chamber became very serious, especially for the 

determination of Mg and Fe. Hence the spray 
chamber was not heated. 

3.4. Effect of glass impact bead 

In the normal nebulization mode the sample 
uptake rate is usually 3-8 ml min ~ and a glass 
impact bead is used to improve the dispersion of 
liquid droplets to produce fine aerosol particles in 
conventional FAAS. Since the volume of sam- 
pling is just 10 pl, the fine aerosol particles were 
formed without using the glass impact bead. We 
also attempted to use the glass impact bead to 
obtain finer aerosol particles, but it was found 
that this decreased the sensitivity of the microvol- 
ume injection method and produced scattered an- 
alytical results. This is due to the contamination 
of elements determined on the surface of the glass 
impact bead, which became more serious for a 10 
p l sampling volume corresponding to the general 
volume of sampling (i.e. ml level) in the normal 
nebulization mode. Therefore, the glass impact 
bead was removed to increase the sensitivity and 
repeatability of analysis. 

The accuracy was verified by analyzing the 
certified standard reference material, as shown in 
Table 3. For all elements, the precision (R.S.D.) 
was better than 3.0%. The reliability of the analyt- 
ical method was further assessed through recovery 
studies, by performing seven replicate spectromet- 
ric determinations of the elements under consider- 
ation in real samples with the standard additions 
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method. The average recoveries were better than 
96% for all elements, as shown in Table 4. 

3.5. Applications of  the method 

The proposed method was applied to the de- 
termination of Cu, Zn, Ca, Mg and Fe in fresh 
egg samples from four districts in China. The 
number of determinations for each element was 
seven and the analytical data treated statistically 
(P=0.05). No significant skin-color difference 
was found and the Cu/Zn ratios also did not 
show significant differences for the eggs from 
the four districts, but the Ca/Mg ratios showed 
obvious differences due to the different sources 
of feed. The results are listed in Table 5. 

The comparison of analytical results obtained 
in the normal nebulization mode with those ob- 
tained by the microvolume injection method are 
listed in Table 6. The fresh egg samples were 
from the city of Baoding. The results of com- 
parison using statistical analysis (P = 0"05) 
showed that there were no significant differences 
for the standard deviations (F c < F  t) and the 
mean values (to < tt) of the two methods. 

In conclusion, the FAAS microvolume injec- 
tion technique described is a economical, simple 
and rapid means for the determination of trace 
elements in fresh eggs. The injection volume was 
just 10 /~I for the determination of the elements 
studied. It is suitable for the routine determina- 
tion of elements in foodstuffs. The method 
could be of interest in poultry and nutriology 
research and can be recommeded for routine 
analyses. The proposed method can also be ap- 
plied to the determination of elements in other 
types of matrices. 
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Abstract 

The complexation reaction between a macrocyclic polyether, 18-crown-6 (18C6), and potassium ion was studied in 
methanol (MeOH)-acetonitrile (AN), dimethylformamide (DMF)-AN and propylecarbonate (PC)-DMF binary 
solvent systems at different temperatures using a conductometric method. It was found that the stability of the 1:1 
complex formed between K ÷ ion and this ligand increases with decreasing temperature. Standard enthalpies and 
standard entropies of the complex formation were obtained from the temperature dependence of the stability 
constant. In all cases negative AH~ and AS¢ ° values characterize the formation of 18C6-K + complex. The results 
obtained show that the stability of the complex is governed by the solvent medium and the thermodynamic 
parameters AH~, AS°c and AG% are sensitive to the composition of the mixed solvents. In addition, it was found that 
the stability constant of the resulting 1:1 complex among various neat solvents used varies in the order PC > 
MeOH > AN > DMF. 

Keywords: Conductometry; 18-Crown-6; Mixed nonaqueous solvents; Potassium ion; Thermodynamic parameters 

I. Introduction 

Crown ethers have been demonstrated to be 
highly selective complexing agents for many metal 
ions and can potentially be applied in thier sepa- 
ration [1-4] and determination. Thermodynamic  
studies of  macrocyclic complexation reactions 
with metal ions not only result in important  infor- 
mation on the thermodynamics of  complexation 

* Corresponding author. 

reaction, but also lead to a better understanding 
of  the high selectivity of  these ligands towards 
different metal cations. 

While macrocyclic complexes of  alkali metal 
cations have been extensively investigated in 
aqueous solutions and in a wide variety of  neat 
non-aqueous solvents [5-7], the complexation re- 
actions of  these complexes in mixed solvent sys- 
tems have been investigated only to a very limited 
extent [7-10]. It is well known that the stability 
and selectivity of complexations strongly depend 
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on the solvating ability of the solvent. It was of 
interest to us, therefore, to investigate the depen- 
dence of  the stability constant and thermodynamic 
parameters of  the 18-crown-6 (18C6)-K ÷ complex 
on the composition of  several binary solvent mix- 
tures in order to see how the thermodynamics of 
complexation are affected by the solvent composi- 
tion. 

A large number of physico-chemical techniques 
such as NMR  spectrometry [11-18], calorimetry 
[19-22], polarography [23,24], spectrophotometry 
[25-27], conductometry [28-35] and potentiome- 
try [36-39] have been used to study the complex 
formation between macrocyclic polyethers and al- 
kali metal cations in solutions. Among these vari- 
ous methods, the conductometric technique is a 
sensitive and inexpensive method with a simple 
experimental arrangement for such investigations. 

In the present study, the formation constant of 
the 18C6-K ÷ complex in acetonitrile (AN)-  
methanol (MeOH), AN dimethylformamide 
(DMF) and propylene carbonate (PC) D M F  bi- 
nary solvent systems was determined at different 
temperatures by the conductometric method. 

2. E x p e r i m e n t a l  

2.1. Reagents  and solvents 

All compounds were obtained from Merck. 18- 
crown-6 was recrystallized from acetonitrile and 
dried under vacuum for 72 h at room temperature 
[40]. Potassium perchlorate was recrystallized from 
deionized, distilled water three times, dried at 
150°C and then kept in a vacuum desicinator over 
P205 for 48 h. The solvents were refluxed for 2 days 
over  P20s dehydration agent, and then fractionally 
distilled. The middle 70% of the distillate was used. 
The conductivity of the final product was 2 x 10 -7 
f~- ' c m -  ] at 25°C. 

The experimental procedure to obtain the for- 
mation constant of  the 18C6 K ÷ complex was as 
follows. A solution of  potassium perchlorate (5 × 
10 -4 M, 200 cm 3) was placed in a titration cell, 
thermostated at a given temperature, and the 
conductance of the solution was measured. A 
step-by-step increase in the crown ether concentra- 

tion was effected by a rapid transfer from crown 
ether solution prepared in the same solvent (2.5 x 
10-3-1.5 x 10 -3 M) to the titration cell using a 
microburet, until the total concentration of the 
crown ether was approximately five times higher 
than that of potassium perchlorate. The conduc- 
tance of the solution was measured after each 
transfer. 

2.2. Apparatus 

The conductance measurements were performed 
on a Metrohm (Herisau, Switzerland) Model 9100, 
conductometer in a water-bath ultrathermostat 
with a constant temperature maintained within 
+0.05°C. The electrolytic conductance was mea- 
sured using cells consisting of two platinum elec- 
trodes to which an alternating potential was 
applied. Two cells with cell constants of 0.64998 
and 0.71699 cm ] were used throughout. 
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Fig. 1. Molar conductance-mole ratio plots for 18C6 K + 
complex in MeOH-AN (75:25) at different temperatures. 
Concentration of KC104 = 5 × 10 -4 M. 
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Table 1 
Formation constants  of  18C6 K + complex in AN, DM F ,  MeOH, PC and their binary mixtures at different temperatures 
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Medium Log K~ + SD a 

15°C 25°C 35°C 45°C 

Pure AN 6.22 + 0.08 5.90 _+ 0.08 5.6 _+ 0.1 
75% AN 25% D M F  5.80 + 0.07 5.50 _+ 0.06 5.18 +_ 0.07 
50% AN-  50% D M F  5.39 + 0.08 5.10 +_ 0.05 4.80 _+ 0.08 
35% AN 65% D M F  5.19 _+ 0.05 4.90 _+ 0.08 4.61 _+ 0.09 
25% AN 75% D M F  5.0 + 0.1 4.71 _+ 0.07 4.42 + 0,05 
15'7,, AN 85% D M F  4.83 _+ 0.07 4.52 _+ 0.07 4.23 _+ 0,09 

Pure D M F  4.59 _+ 0.08 4.30 +_ 0.07 4.03 + 0.09 
Pure MeOH 6.39 _+ 0.04 6.07 _+ 0.03 5.76 _+ 0,05 
75% MeOH 25% An 6.36 + 0.08 6.04 _+ 0.06 5.72 +_ 0~06 
50% MeOH 50'7,, AN 6.31 + 0.06 5.99 _+ 0.07 5.7 _+ 0,1 
25% MeOH 75% AN 6.3 + 0.1 5.95 _+ 0.05 5.63 + 0.08 

Pure PC 6.43 + 0.07 6.17 + 0.06 5.85 _+ 0.05 
75% PC 25% D M F  6.00 + 0.06 5.70 + 0.08 5.39 _+ 0.06 
50% PC 50% D M F  5.45 + 0.09 5.2 + 0.1 4.94 + 0.08 
25% P C - 7 5 %  D M F  5.06 +__ 0.08 4.77 + 0.06 4.5 + 0.1 

5.26 _+ 0.09 
4.88 _+ 0.09 
4.49 _+_ 0.06 
4.30 +_ 0.09 
4.13 _+ 0.07 
3.95 _+ 0.08 

3.74 _+ 0.08 
5.44 _+ 0.06 
5.41 +_ 0.07 
5.36 _+ 0.08 
5.32 _+ 0.09 

5.55 + 0.05 
5.09 + 0.06 
4.64 _+ 0.09 
4.18 + 0.07 

~' SD = standard deviation. 

3. Results 

The variation of molar conductance versus the 
[18C6]/[K +] mole ratio for the 18C6-K + crown 
ether complex in AN DMF,  M e O H - A N  and 
P C - D M F  binary mixtures were studied at differ- 
ent temperatures. As a typical example, the molar 
conductance-mole  ratio plots for the 18C6-K + 
complex in M e O H - A N  (75:25) is shown in Fig. 
I. Similar behavior was observed with the other 
systems. 

Since the 18C6 concentration was kept low 
(~<2.5 x 10 3 M) during these experiments, cor- 
rections for viscosity changes were neglected. It 
was also assumed that the association between the 
potassium ion and perchlorate ion in An, PC, 
DMF, MeOH and their binary mixtures is negligi- 
ble under these highly dilute experimental condi- 
tions and that 18C6 forms a 1:1 complex with 
potassium ion in these non-aqueous solvents sys- 
tems. 

A conductometric method for the determina- 
tion of the stability constants of complexes of  
crown ethers with metal ions has been used by 
several investigators [29-35]. The 1:1 binding of 

an alkali metal cation (M +) with the crown ethers 
can be represented by the following equilibrium 
equation: 

M + + L ~ - - M L  + 1) 

a[M]t[L] , -  (1 - a)[M],(1 - ~)[M]t 

where M +, L, ML + and a are the alkali metal 
ion, the crown ether, the complex and the fraction 
of the free alkali metal ion, respectively. The 
complex formation constant in terms of the molar 
concentration can be expressed as 

[ML +] 1 - 
kML+ = [M+][L~ -- ~[L] (2) 

The observed conductivity, k, at each point in the 
titration can be written as [35] 

k = KMCIO 4 -~- KMLCI04 (3) 

where KMCI0 4 and KMLO04 are the conductivities 
of the alkali metal perchiorate and alkali metal 
crown ether perchlorate, respecitvely. The molar 
conductivities are given by 

KMCI04 KMC104 
~MC104 = [ M + ]  --  ~ [ M ] t  (4)  
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KMLCI04 -- gMtfl04 (5) 
~'-~MLC104 = [ML +] (1 - ~)Mt 

where ~"~MCIO 4 and ~'~MLC104 a r e  the molar conduc- 
tivities of the alkali metal perchlorate and alkali 
metal crown ether perchlorate, respectively. As a 
consequence of Eqs. (4) and (5), Eq. (3) can be 
transformed into 

K 
fi - [M]~ - C~QMC'°' + (1 - ~ ) ~ M L C , 0 4  (6) 

Substituting from Eq. (6) into Eq. (2) gives the 
following equation: 

KML 

where 

~')MC104 - -  ~') 

(~ -- f~MC104)[L] 
(7) 

[L] = [L]t [M]t(~MC'°4 -- ~) 
~-~MCI04 - -  ~"~MLCI04 
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Fig. 2. Van't Hoff plots for 18C6-K + complex in AN and 
DMF and their binary mixtures. 

The procedure for obtaining the K M L +  value is 
as follows. The value o f  ~e~MLCI04 is estimated from 
the ~ values at points of large [L]t to [M]t ratios. 
The molar conductance data obtained from com- 
plexation studies were fitted non-linearly to the 
Eq. (7), using the Genplot package from Com- 
puter Graphic Service [41]. The KML+ and the 
estimated ~"~MLCI04 at large [L]t ratios were used as 
variables until best convergence was obtained. 

All calculated normal stability constants K~ for 
the l:l 18C6-K + complex in various solvent 
systems are listed in Table 1. Assuming that the 
activity coefficients of potassium and 18C6 ions 
have the same value, K~ is a thermodynamic 
equilibrium constant on the molar concentration 
scale, related to the Gibbs standard energy of the 
complexation reaction, AG °, on the same scale. 

Van't Hoff  plots of log Kf vs. 1/I for all the 
systems investigated were constructed. A typical 
example of these plots is shown in Fig. 2. The 
changes in the standard enthalpy (AH~ °) for the 
complexation reaction were obtained from the 
slopes of the van't Hoff  plots and the changes in 
standard entropy (As~ °) were calculated from the 
re la t ionship  AGc°,298 --- AH ° - 298.15AS 2. The re- 
sults are summarized in Table 2. 

4. Discussion 

Macrocyclic ligands such as crown ethers have 
been used successfully for diverse processes such 
as ion transport across artificial and biological 
membranes, ionic separation and extraction, de- 
sign of ion-selective electrodes and in the under- 
standing of some natural processes through 
mimicry of metalloenzymes [42-45]. Their selec- 
tivity for specific ions suggests that they may be of 
utility in the treatment of metallurgical waste 
streams. Most applications of crown ethers are 
based on their selective binding with certain 
cations in solutions. 

The stabilities and selectivities on complexation 
are mainly governed by the solvent medium and 
the relative sizes of the cation and crown ether 
cavity. During the complexation step, the ligand 
should be able to replace as completely as possible 
the solvent molecules in the first solvation shell of 
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Table 2 
Thermodynamic  parameters for 18C6 K + complex in AN,  DMF,  MeOH, PC and their binary mixtures 
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Medium Log K~ _+ SD"(25°C) - A G ~  4- SD~(25°C) +AH~ 4- SD" -z%S ° _+ SD" 
(kJ mol 1) (kJ mol - I )  (J mol i K L) 

Pure AN 5.90 4- 0.08 33.7 _+ I).1 55.7 4- 0.l 73.9 +_ 0.5 
75% An 25'¼, D M F  5.50 ± 0.06 31,40 4- 0.07 53.6 4- 0.2 74.5 4- 0.6 
50% AN 50% D M F  5.10 4- 0.05 29,11 _+ 0.06 52.3 4- 0.2 77.7 +_ 0.8 
35% AN 65% D M F  4.90 4- 0.08 27.85 _+ 0.09 51.5 ± 0.4 79.00 4- 1.00 
25% AN - 75'¼, D M F  4.71 _+ 0.07 26.89 4- 0.09 50.9 _+ 0.4 81.00 _+ 1.00 
15% AN 85%, D M F  4.52 4- 0.07 25.70 4- 0.09 50.9 4- 0.2 84.6 4- 0+8 
Pure D M F  4.30 _+ 0.07 24.6 4- 0.1 49.0 4- 0.4 82.0(/4- 1.00 

Pure MeOH 6.07 _+ 0.03 34.71 _+ 0.09 55.3 _+ 0.3 69.1 _+ (1.9 
75% MeOH 25'¼, AN 6.04 4- 0.06 34.48 4- 0.08 55.3 4- 0.3 70.00 4- 1.00 
50% M e O H - 5 0 %  AN 5.99 + 0.07 34.2 _+ 0.1 55.2 4- 0.3 70.00 _+ 1.00 
25'¼, M e O H -  75% AN 5.95 ± 0.05 33.97 4- 0.09 55.1 _+ 0.3 71.011 4- 1.00 

Pure PC 6.17 4- 0.06 35.22 4- 0.05 54.0 4- 0.2 63.0 4- 0.8 
75% PC 25%, D M F  5.70 4- 0.08 32.54 +_ 0.09 52.9 4- 0.1 68.1 4- 0.6 
50% PC • 50%, D M F  5.2 4- 0.1 29.91 4- 0.06 52.3 +_ 0.2 75.0 4- 11.6 
25% PC 75% D M F  4,77 _+ 0.06 27.23 4- 0.06 51.3 _+ 0.2 80.8 4- 0.8 

" SD - standard deviation. 

the cation. As a result, variations in the nature of 
the solvent produce significant changes in the 
binding properties of  the macrocyclic ligand, so 
that the stability and selectivity for a certain 
cation over others may be greatly altered accord- 
ing to the nature of  the solvent. 

Valuable chemical information could be ob- 
tained from thermodynamic studies of  the interac- 
tions between macrocyclic crown ethers and ions 
in solutions. It was of interest to us to investigate 
the dependence of complex stabilities and thermo- 
dynamic parameters on the composition of  several 
binary solvent mixtures in order to see how varia- 
tions of the solvent composition affect the stabil- 
ity of  complexation. For  our initial studies we 
selected the K + ion as the probe cation and used 
conductometric measurements to determine the 
stability constant of the potassium complex with 
18C6 at different temperatures. 

It is obvious from Fig. 1 that addition of the 
ligand to K + ion in solution causes a continuous 
decrease in the molar conductance, which begins 
to level off at mole ratios > 1. The slope of the 
corresponding mole ratio plots changes sharply at 
the point where the ligand to cation mole ratio is 
1, indicating the formation of  a relatively stable 
1:1 complex. 

However, in the case of pure D MF  (Fig. 3), a 
gradual decrease in the molar conductance of K+ 
ion on addition of the ligand is observed which 
does not exhibit any considerable change in cur- 
vature at a mole ratio of ca. 1, indicating that a 
weaker 1:1 complex is formed. 

The solvation of the ligand and metal cation is 
influenced by the donor ability and dielectric con- 
stant of the solvent and by the shape and size of 
the solvent molecules. Generally, we expect that 
in solvents with a high donor ability and dielectric 
constant, the stability constant of the complex 
should decrease owing to the competition between 
the ligand and the solvent molecules for the metal 
ion. However, it has been shown that the donor 
ability of the solvent plays the most important 
role in the behaviour of alkali meta l -crown ether 
complexes in non-aqueous solvents [46]. The re- 
sults obtained in this work fit this generality with 
the exception indicated above. 

As an example, the variation of the stability 
constant with the composition of the MeOH--AN 
binary system is shown in Fig. 4. Similar behavior 
was observed in the other sytems, i.e. as the mole 
fraction of  MeOH, AN and PC increases in AN 
MeOH, AN D MF  and P C - D M F  binary mix- 
tures, the stability constant of the 18C6 K + 
complex increases linearly at all temperatures. 
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As is obvious from Table 1, the stability con- 
stant of  the 18C6-K + complex among various 
neat solvents decreases in the order P C >  
MeOH > AN > DMF. This behavior reflects the 
much stronger cation solvation by DMF,  com- 
pared with the other solvents, with which the 
polyether has to complete. D M F  (Donor Num- 
ber = 26.6 K.cal mol ~) with a high donor ability 
can solvate the K + ion strongly and, therefore, 
compete with the ligand for the potassium ion. 
Therefore, in this solvent the formation of  the 
18C6 K + complex is weakened. 

In strong solvating sovents, such as DMF,  the 
complex formation is poor, whereas in solvents 
with medium donicites, such as PC and AN, a 
more stable complex is formed. It is interesting 
that although D M F  and AN have comparable 
dielectric constants, the formation constant of  the 
complex in AN, a poor  donor  solvent, is much 
higher than that in DMF,  which has a larger 
donor number. This indicates that the dielectric 
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Fig. 4. Variations of stability constant of 18C6-K + complex 
with the composition of the AN DMF binary system at 
different temperatures. 

constant of  the solvent is not a dominant factor in 
this complexation reaction. 

Although the donor ability of MeOH is greater 
than that of AN, the stability constant of  the 
crown e t h e r - K  + complex in AN is lower than 
that in MEOH. This behaviour may be due to the 
fact that the AN molecules form a molecular 
complex with 18C6 [24]. 

The normal stability constant (K~) of the com- 
plex is related to the net changes of standard free 
energy, AG~ °, standard enthalpy, AH~ °, and stan- 
dard entropy, AS~ °, of complexation. From these 
functions, important conclusions may be drawn 
about the various factors governing complex for- 
mation, such as solvation effects, the character of  
the coordinating bond and the changes in the 
structure that often take place during complex 
formation. 

The thermodynamic parameters for complex 
formation are given in Table 2. As expected, the 
values of  AH~ ° and ASc ° depend strongly on the 
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nature of  the medium used. The value and the 
sign of the standard entropy changes are ex- 
pected to vary with different parameter, such as 
changes in flexibility of  the macrocyclic ligands 
during the complexation processes and the ex- 
tent of  cation-solvent,  crown ether solvent and 
complex solvent interactions. 

Experimental values of AH 0 and AS ° for the 
18C6-K + system in A N - D M F ,  AN MeOH 
and PC D M F  show that in all cases the com- 
plexes are enthalpy stabilized but entropy desta- 
bilized. On the other hand, the thermodynamic 
parameters (AG °, AH ° and AS °) are sensitive 
to the composition of  the mixed solvents. 

It seems reasonable to assume that the de- 
crease in entropy on complexation is related to 
a change in the conformational entropy of the 
ligand. It is known that macrocyclic ligands are 
fairly flexible in free state, and therefore the 
negative entropy changes may be attributed to 
the increased ligand rigidity on coordination. It 
should be stressed, however, that the conforma- 
tional change of the ligand is not the only fac- 
tor governing the change in entropy of  
complexation. The complexation reaction in- 
volves not only a change in the solvation of  
the cation, but also that of  the ligand. The rel- 
ative enthalpy and entropy changes can be un- 
derstood if ligand solvation is taken into 
consideration. Information on the interaction of 
macrocyclic ligand with the solvent molecules is 
sparse, and addtional studies on the ligand-sol- 
vent interaction are necessary before the ther- 
modynamic behavior of macrocyclic complexes 
in non-aqueous solvents can be better under- 
stood. 

The data in Table 2 show that in D M F - A N  
and DMF  PC binary mixtures, lowering the 
concentration of  DMF results in a decrease in 
AG ° and AH0 but an increase in ASc °. In a 
strong solvating solvent such as DMF the sol- 
vation of  the metal ion (and probably that of 
the ligand) will be stronger than in solvents of 
lower solvating ability such as AN and PC. 
Therefore, less energy is necessary for desolva- 
tion step of the cation (and probably of the 
ligand) in the case of  AN and PC than D M F  
solutions. 
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Abstract 

This paper deals with the development and standardization of procedures for the determination of uranium on a 
routine basis in various process streams of a uranium extraction plant, covering a wide range of concentrations from 
350 g 1-1 down to 5 mg 1-1 using only a spectrophotometric technique. The self-absorption of uranyl ion in dilute 
phosphoric acid and the violet-blue colour of the UOz 2+-Arsenazo III complex in 4 M HCI were exploited for high 
and low concentrations of uranium, respectively. The methods described were applied to samples of varying nature 
such as aqueous, organics and solids, involve minimal sample preparation and do not require prior separation of 
uranium from impurities. The interfering impurities in different process streams were also studied. Large quantities 
of silica as undissolved material poses a serious interference in the case of UNS and UNF. Considerable quantities 
of iron in UNS, UNF,  UNR and UNRC cause interference. Possible remedies in these cases are suggested. Problems 
with the direct spectrophotometric measurement of organic samples is discussed. The effect of the presence of large 
quantities of ammonium nitrate and sodium nitrate in WD samples on the determination of uranium is also discussed. 
The results are compared with those obtained by volumetry and X-ray fluorescence spectrometry for higher 
concentrations of uranium and by extraction-spectrophotometry (ethyl acetate-thiocyanate method) for lower 
concentrations. Relative standard deviation of 1% and 5% for high and low concentrations, respectively, were 
obtained, which are adequate as far as process stream samples are concerned. The compared results are in fair 
agreement. The problems associated with the determination of uranium in these process streams are discussed. 
Experimental results for 10 different process streams normally encountered in a uranium extraction plant are 
tabulated. 

Keywords: Process streams; Spectrophotometry; Uranium 

1. Introduction 

U r a n i u m  d ioxide  p o w d e r  is a s tar t ing mate r i a l  

*Corresponding author. Fax: (91) 40-621-305; e-mail: for the manufacture of  fuel pellets which are  
jvm@nfc.hcu.emet.in, widely used in nuclear  power  reactors .  Its p roduc-  
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tion involves various steps: leaching of uranium 
from the ore with sulphuric acid [1], purification 
using anion exchange [2], precipitation of uranium 
as magnesium diuranate (MDU), purification 
through solvent extraction [3], precipitation of 
uranium as ammonium diuranate (ADU) [4], dry- 
ing, calcination and reduction to uranium dioxide. 
In our uranium extraction plant, MDU is dis- 
solved in nitric acid and uranium is extracted with 
tri-n-butyl phosphate (TBP) in kerosene and after 
stripping is precipitated as ADU. In this process, 
one encounters various process streams such as 
uranyl nitrate slurry (UNS), uranyl nitrate feed 
(UNF), uranyl nitrate pure solution (UNPS), 
uranyl nitrate pure solution evaporated (UNPE), 
uranyl nitrate extract (UNE), uranyl nitrate lean 
solvent (UNLS), uranyl nitrate raffinate (UNR), 
uranyl nitrate raffinate cake (UNRC) and waste 
disposals (WD1 and WD2). The monitoring of 
the concentration of uranium in these process 
streams is essential, each for a different purpose. 
For example, the knowledge of concentration of 
uranium in UNR is important for evaluating the 
efficiency of extraction, in UNE for effective uti- 
lization of the extractant and in UNLS for the 
efficiency of stripping. Some of these process 
streams, such as UNS, UNF, UNR and UNRC, 
contain a host of impurities which originate from 
the eluate in the anion-exchange purification stage 
as it contains some of the impurities present in the 
ore and those picked up due to the addition of 
calcined dolamite to precipitate uranium as 
MDU. Thus, the determination of uranium in 
these process streams on a routine basis, covering 
a wide range of concentrations and without its 
separation from the impurities, by a single tech- 
nique having the advantages of simplicity, rapid- 
ity, sensitivity, adequate accuracy and precision 
and cost effectiveness is highly desirable. 

There are various techniques, such as gravime- 
try [5], volumetry [6a], fluorimetry [7], poten- 
tiometry [8] polarography [9], coulometry [10], 
X-ray fluorescence spectrometry (XRF) [ll] and 
spectrophotometry [12,13], for the determination 
of uranium, spanning very high to very low con- 
centrations. Gravimetric methods require, in gen- 
eral, the absence of or prior separation of 
interfering elements. Also, they are used for high 

concentrations of uranium and are time consum- 
ing. Volumetric methods involve a number of 
steps and the use of many chemicals. Fluorimetry, 
being a sensitive technique, is applicable to low 
levels of uranium. Electroanalytical techniques, in 
general, are not preferred on a routine basis. 
XRF, especially the wavelength-dispersive 
method, is not sensitive for estimations at low 
levels and is not cost effective. 

Spectrophotometry is increasingly employed in 
process control owing to its simplicity and adapt- 
ability for automation [14,15]. Hence it was de- 
cided to exploit this technique for the present 
purpose. A study of the available information 
revealed that most of the spectrophotometric 
methods for low levels of uranium involve prior 
separation of uranium from impurities by solvent 
extraction and reduction of Fe(III) to Fe(II) to 
avoid its interference, followed by the addition of 
chromophoric reagents such as thiocyanate [16], 
hydrogen peroxide [17] or hexacyanoferrate(II) 
[18] to the organic phase. The methods for the 
determination of macro amounts of uranium in 
various mineral acids such as HCI [19] and HNO 3 
[20] and the determination of uranium directly in 
TBP are applied mainly to pure solutions and to 
the extracts obtained with analytical reagent 
grade TBP [21a], respectively. Also, the informa- 
tion is scattered in various publications and does 
not emphasize the applicability of the methods to 
industrial solutions such as the process streams 
mentioned above. Hence a systematic study was 
undertaken to develop and standardize proce- 
dures for the determination of uranium, on a 
routine basis, in industrial solutions, where the 
concentration spans the range from 350 g 1 -~ to 
as low as 5 mg 1 -~, using only a spectrophotomet- 
ric technique. 

For this purpose, the low molar absorptivity of 
the self-absorption of uranyl ion and the selectiv- 
ity of Arsenazo III (3,6-bis[(arsenophenyl)azo]- 
4,5-dihydroxy-2,7-naphthalenedisulphonic acid) 
towards uranyl ion in 2 -4  M HCI and the high 
molar extinction coefficient of the UO22+ -Arse- 
nazo III complex were exploited for high and low 
concentrations of uranium, respectively. 
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2. Experimental 

2.1. Reagents  

All the reagents used were of analytical grade. 
Demineralized (DM) water was used for dilution 
wherever it is not specified. Phosphoric acid (1:1) 
was taken as a dilute acid. 

To prepare 0.1% Arsenazo III solution, 0.1 g of 
Arsenazo III and 0.5 g of sodium acetate were 
dissolved in 100 ml of water. The solution was 
stored in an amber-glass bottle. 

A standard solution of uranium was prepared 
as follows. Nuclear grade uranium metal turnings 
were degreased with carbon tetrachloride, pickled 
with 1:1 nitric acid and washed with 1:3 hy- 
drochloric acid followed by DM water and finally 
with acetone. A weighed quantity (ca. 500 rag) of 
the cleaned uranium metal turnings were dis- 
solved in nitric acid and evaporated to dryness. 
The residue was dissolved in water and diluted to 
100 ml. This solution was used as a stock stan- 
dard solution and the requisite working standard 
solutions were obtained by appropriate dilution. 

2.2. Ins trumenta t ion  

Absorption measurements were carried out on 
a Shimadzu UV-240 Graphicord UV-visible 
recording spectrophotometer. Matched glass cells 
of  1 cm path length were used. The baseline and 
digital absorbance readings were adjusted to 0.000 
for a reagent blank before each set of measure- 
ments. 

2.3. Procedure~ 

The procedures for the various process stream 
samples is described under the respective head- 
ings. In all cases, the concentration of uranium in 
the sample was calculated by the method of  stan- 
dard additions against a reagent blank. 

In the following samples, the absorbance of the 
final solution was measured at 420 nm for sam- 
ples 1, 2 and 3(a) and at both 422 and 500 nm for 
samples 3(b) and 4. 

(1) UNS/UNF.  A 10 ml volume of  the sample 
was pipetted into a 250 ml volumetric flask and 

diluted to volume. A portion of solution was 
centrifuged and to 20 ml of this solution 5 ml of 
dilute phosphoric acid were added and made up 
to 50 ml. 

(2) UNPS/UNPE.  To 5 ml of sample, 5 ml of 
dilute phosphoric acid were added and made up 
to 50 ml. 

(3) UNE. Two different methods were followed 
in this case. 

(a) Method 1. To 1 ml of sample, 5 ml of 
concentrated nitric acid and 2 ml of perchloric 
acid were added. The organic matter was de- 
stroyed completely by heating the mixture on a 
hot-plate, capable of achieving temperatures of 
about 200 250°C and provided with heat control, 
for about 30 rain. The clear yellow solution, after 
cooling to room temperature, was transferred 
quantitatively into a 50 ml volumetric flask. To 
this solution, 5 ml of dilute phosphoric acid were 
added and made up to volume. 

(b) Method 2. A 5 ml volume of sample was 
stripped with 50 ml of 1 M phosphoric acid and 
the aqueous phase was centrifuged for about 10 
rain on a REMI centrifuge (220/230 V a.c., 50 Hz) 
at 3500 rpm. The centrifuged solution was used 
for absorbance measurements. 

(4) UNLS. A 10 ml volume of the sample was 
stripped with 20 ml of 1 M phosphoric acid and 
the aqueous phase was centrifuged for ca. 10 min 
and used for absorbance measurements. 

In the following samples, the absorbance of the 
final solution was measured at 655 nm against a 
reagent blank. In the case of WD samples the 
reagent blank was prepared by taking 10 ml of the 
respective nitrate solution (100 g 1 ~ ammonium 
nitrate in the case of WDI,  250 g 1 t sodium 
nitrate in the case of WD2 samples) and 1 ml of 
sulphamic acid was added. After a few minutes 
about 5 ml of 4 M HC1 followed by 2 ml of 0.1% 
Arsenazo III solution were added and diluted to 
25 ml with 4 M HC1. 

(5) UNR. To a l ml aliquot of the filtered 
sample in a 25 ml volumetric flask, 1 ml of 
sulphamic acid was added and after a few minutes 
about 5 ml of 4 M HC1 followed by 2 ml of 0.1% 
Arsenazo III reagent were added and made up to 
volume with 4 M HC1. 
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(6) UNRC. The sample (as received) was accu- 
rately weighed and digested with 20 ml of concen- 
trated nitric acid on a hot-plate (ca. 15 min). The 
digested slurry was transferred quantitatively into 
a 100 ml volumetric flask and diluted to volume 
and filtered. Taking 2 ml of filtrate, the procedure 
described for UNR was followed. 

(7) Waste disposal (WD1 and WD2). The pro- 
cedure followed was the same as that for UNR, 
but with a sample aliquot of 10 ml from a filtered 
solution of the sample. 

An outline of the experimental procedure(s) for 
the outer methods follows for comparison of re- 
suits. 

2.3. I. Volumetric method [6b] 
U(VI) in the sample was reduced to U(IV) in 

phosphoric acid medium using Fe(II). The excess 
of Fe(II) present in the solution was destroyed 
with a mixture of sulphamic acid and nitric acid 
in the presence of a Mo(VI) as catalyst. U(IV) 
was oxidized back to U(VI) in sulphuric acid 
medium. Uranium was determined by titrating the 
Fe(II) generated (which is quantitatively equiva- 
lent to uranium) with standard potassium dichro- 
mate solution using barium diphenylamine 
sulphonate as indicator. 

2.3.2. X-ray fluorescence method [21b] 
A PW 1404 wavelength-dispersive X-ray spec- 

trometer (Philips, Eindhoven, The Netherlands) 
with X44 software was used for the determination 
of uranium concentration. In this method, the 
primary X-rays were generated from a rhodium 
target and an LiF220 crystal was used for the 
diffraction at a 20 angle of 37.235 °. Measure- 
ments were carried out by exposing standards and 
samples in a liquid sample cell with a Mylar film. 
The concentration of uranium in the sample was 
calculated using a calibration graph of concentra- 
tion of uranium versus count rate. The necessary 
normalization was performed to avoid matrix in- 
terferences and the required dilutions were made 
to keep the uranium concentration within the 
linear dynamic range of the present system (ura- 
nium concentrations up to 30 g 1-1). 

2.3.3. Extractive spectrophotometric method 
In this method, the uranium present in the 

sample aliquot was extracted with ethyl acetate in 
the presence of aluminium nitrate as a salting-out 
agent followed by colour development with am- 
monium thiocyanate in ethanol-ethyl acetate 
medium. The interference from iron was avoided 
by reducing it to Fe(II) using tin(II) chloride. 

3. Results and discussion 

A typical chemical analysis of MDU is given in 
Table 1. It is clear that MDU contains a host of 
impurities. These impurities are present in some of 
the process streams such as UNS, UNF, UNR 
and UNRC, and silica and iron become problem- 
atic or cause serious interference during the deter- 
mination of uranium in these samples. Silica 
present as suspended particles in solution and iron 
present as coloured complexes lead to positive 
errors. 

The flow sheet for the extraction process of 
uranium with the sampling points for the various 
process streams is shown in Fig. 1. The typical 
ranges of concentration of uranium and free nitric 
acid in these streams are given in Table 2. The 
high concentrations of uranium in UNS, UNF, 
UNPS, UNPE, UNE require dilution. Although it 
appears to involve a dilution error, especially in 
the case of UNS/UNF samples, calculations re- 
vealed that the error is within the precision. It 
may be of relevance to note that the same degree 

Table 1 
Typical analysis of magnesium diuranate 

Compound/ Concentration Compound/ Concentration 
element (%, w/w) element (%, w/w) 

U306 68.6 P205 0.06 
CI 0.09 CuO 0.004 
F 0.02 Na 2.6 
SO42- 1.2 V205 0.03 
CO32 1.6 MoO 3 < 0.01 
Fe203 0.44 As <0.01 
SiO 2 4.1 ThO 2 0.005 
CaO 0.90 Acid insolubles 4.6 
MgO 10.3 Moisture 5.4 
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Fig. 1. Flow sheet of uranium extraction process. 

of dilution is involved in the other alternative 
techniques such as XRF and volumetry. 

The self-absorption of uranium is used for its 
determination after removing the interferences 
due to nitrate ions and other impurities such as 
iron and silica if they are present in the sample 

Table 2 
Typical range of concentrations of uranium and free acidities 
in various process streams 

Process Concentration Free nitric 
stream of uraniumacid 
(g I :) (M) 

UNS 350-375 0.5 3.0 
UNF 240-300 2.0-2.5 
UNPS 90 110 0.2-0.3 
UNPE 115 145 0.3-0.5 
UNE 110 120 - 
UNLS 6 12 - 
UNR 0.1 1.5 2-3  
UNRC 0.1 1.5 - 
WDI 0.01 0.04 
WD2 0.005 0.01 - 

(Table 3). Nitrate ions do not interfere at 420 nm, 
as they absorb below 350 nm. While uranyl ions 
are known to form a series of nitrate complexes 
depending on the nitric acid concentration, each 
having a different characteristic absorption spec- 
trum [22], it appears that the variations in the free 
nitric acid concentration in a sample affect the 
absorbance of uranium. However, the nitric acid 
concentration decreases to less than 0.1 M on 
dilution of the sample and the absorbance re- 
mains unaffected. This is confirmed by the invari- 
ance of absorbance of uranium at this wavelength 
in its standard solutions in different concentra- 
tions of nitric acid up to 0.5 M. 

The concentrations of iron in UNS and UNF 
samples are 2.5-3 and 1.6 2 g 1-', respectively. 
Even after dilution, its interference is significant 
and causes a positive bias of as high as 10% in 
terms of the concentration of uranium. However, 
in the presence of phosphoric acid, Fe(III) is 
effectively masked by phosphate, thus eliminating 
its interference. Although UNPS and UNPE do 
not contain iron, phosphoric acid is added even to 
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Table 3 
Typical concentrations of various interfering impurities in 
different process streams 

Table 4 
Comparison of results obtained for UNS samples (values in 
g l  1) 

Process 
stream 

Concentration of impurity (g 1-i)  

Fe SiO 2 Ca Mg Th 

UNS 3 25 37 4 0.03 
U N F  2 19 28 3 0.02 
UNPS 0.01 0.003 0.025 0.01 0.003 
UNPE 0.01 0.003 0.025 0.025 0.003 
U N R  3 Traces 9 22 0.001 
U N R C  soln. 0.5 Traces 2 5 0.0002 

WD1 A m m o n i u m  nitrate: 100 120 
WD2 Sodium nitrate: 250-300 

Sample Present Volumetry XRF 
code method 

UNS-I1B 341 342 341 
UNS-I1C 326 326 324 
UNS-952 249 249 249 
UNS-971 326 326 325 
UNS-11D 318 315 315 
UNS-522 254 255 255 
UNS-955 374 374 373 
UNS-954 356 356 357 
UNS-951 319 319 320 

Calcium and magnesium do not interfere in a spectrophoto- 
metric determination as they do not possess any colour and do 
not form coloured complexes with the reagents used. However, 
it puts a restriction on the method that the colour development 
should not be in the (sensitive) pH region. In the case of U N E  
and UNLS samples, the colour imparted due to the repetitive 
use of 35% TBP (in kerosine) in a counter-current extraction 
system causes interference in the determination of uranium. 

these samples in order to maintain a uniform 
procedure for the determination of uranium on a 
routine basis. 

The presence of undissolved silica in UNS and 
UNF samples is removed by filtration through 
Whatman filter-paper (No. 540, pore diameter 1.6 
#m). This can even be achieved by centrifugation. 
The form of silica in these samples is such that its 
presence in the solution as undissolved material 
can easily be identified by simple visual inspection 
of the solution after filtration/centrifugation. 
Therefore, no chemical estimation is necessary for 
its identification. The concentration of dissolved 
silica in these samples was observed to be about 
0.5 g 1 -~. This was estimated by a gravimetric 
method involving dehydration of silica followed 
by hydrofluorination. However, for the determi- 
nation of uranium by the present spectrophoto- 
metric method, the presence of dissolved silica 
does not cause any interference and need not be 
determined. Comparison of the results obtained 
by the present method with those obtained by 
volumetry and XRF for UNS, UNF, UNPS and 
UNPE show excellent agreement (Tables 4 7). 

Measurement of the absorbance of uranium 
directly in organic streams such as UNE/UNLS is 
not possible because of the serious interference 
from the coloration in these samples due to the 
prolonged use of TBP-kerosene in nitric acid. 
Therefore, pre-separation of uranium by stripping 
or destruction of organic matter becomes neces- 
sary. Normally, the estimation is done by redox 
titrimetry after multi-stage stripping of uranium 
with a solution of sodium carbonate [23]. This 
method is tedious and undesirable on routine 
basis. Alternatively, in one case, the organic mat- 
ter is completely destroyed by non-hazardous wet 
chemical oxidation of organic matter using 
perchloric acid in combination with nitric acid 
[24]. At about 86°C, nitric acid boils, forming a 
black solution. On further heating (at about 

Table 5 
Comparison of results obtained for UNF (values in g 1 ~) 

Sample Present XRF Volumetry 
code method 

UNF-510 296 295 296 
UNF-952 249 249 249 
UNF-520 271 272 270 
UNF-535 258 261 260 
UNF-512 178 178 179 
UNF-513 246 248 247 
UNF-516 281 282 283 
UNF-518 287 287 288 
UNF-521 251 253 251 
UNF-599 253 253 254 
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Table 6 
Compar ison of results obtained for UNPS (values in g 1 -~) 

Sample Present %RF Volumetry 
code method 

UNPS-77 125 128 126 
UN PS-98 l 15 115 114 
UNPS-105 93 91 92 
UNPS-117 90 83 90 
UNPS-134 85 89 86 
UNPS-135 89 90 89 
UNPS-157 92 94 93 
UNPS-158 94 95 94 
UNPS-164 96 96 95 
UNPS-165 101 101 100 

Table 8 
Compar ison of results obtained for UNE with those by non- 
hazardous wet chemical oxidation method (values in g 1 ~) 

Sample Present Volumetry 
code method 

EXT-411 110 112 
EXT-409 112 112 
EXT-408 113 115 
EXT-407 115 113 
EXT-406 117 119 
EXT-405 I 19 120 
EXT-403 111 113 
EXT-402 114 114 
EXT-400 124 125 
EXT-399 116 115 

204°C), the boiling perchloric acid oxidizes car- 
bon and the solution becomes clear yellow. The 
clear solution is taken for absorption measure- 
ments. The results obtained for the UNE samples 
by the present method are in good agreement with 
those obtained by volumetry (Table 8). However, 
in UNLS samples, the low concentration of ura- 
nium (6 12 g 1-i) demands a large sample aliquot 
(ca. 10 ml) and this procedure therefore becomes 
cumbersome. In the second case, the sample is 
stripped with 1 M phosphoric acid and the ab- 
sorbance of  the centrifuged aqueous phase is mea- 
sured at the wavelength of interest. 

Single stripping of the organic phase with 1 M 
phosphoric acid has been observed to yield about 
99% of uranium in the aqueous phase. It has been 
observed that the efficiency of  stripping is inde- 

Table 7 
Comparison of results obtained for UNP E  (values in g 1 t) 

Sample Present Volumetry 
code method 

UNPE-407 115 116 
UNPE-406 115 116 
UNPE-403 123 124 
UNPE-402 132 132 
UNPE-401 114 113 
UNPE-40O 130 131 
UNPE-399 143 143 
UNPE-P1 125 125 
UNPE-P2 131 130 
UNPE-P3 112 112 

pendent of the concentration of uranium in the 
range of concentrations of interest. This was ver- 
ified by taking different synthetic standards in 
35% TBP (in kerosene) having uranium concen- 
trations between 100-130 g 1 ~ and 5 15 g 1 
and stripping with a suitable volume of 1 M 
phosphoric acid, keeping the organic to aqueous 
ratios at 1:10 and 1:2, respectively, as is the case 
with UNE and UNLS. In both these cases excel- 
lent linearity was obtained. Therefore, once the 
calibration is established, the amount of uranium 
that has been actually stripped into the aqueous 
phase becomes irrelevant as far as the determina- 
tion of  uranium is concerned. 

The baseline in the absorption spectrum of the 
aqueous phase obtained by stripping a UNLS 
sample with 1 M phosphoric acid has been shifted 
considerably. This shift was thought to be due to 
the uniform dispersion of traces of organic matter 
in the aqueous phase. Interestingly, however, such 
a baseline shift was not observed in the absorp- 
tion spectrum of  an aqueous phase obtained by 
stripping a synthetic UNLS sample (prepared us- 
ing fresh 35% TBP (in kerosene)) with 1 M phos- 
phoric acid. It is observed that the prolonged use 
of 35% TBP in a counter-current extraction sys- 
tem of a uranium extraction plant imparts a char- 
acteristic colour due to nitration, and when the 
sample is stripped with phosphoric acid this 
colour is slightly carried away into the aqueous 
phase, which is responsible for the considerable 
absorbance over a wide range of wavelength re- 
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gion and hence for the baseline shift. Also, careful 
visual observation of  the aqueous phase reveals 
slight haziness in the solution which also must be 
contributing towards the baseline shift. It was 
thought that centrifugation of  the aqueous phase 
might help in the removal of  the haziness and 
eliminate the baseline shift. Centrifugation of the 
aqueous phase did make the solution clear and 
the magnitude of  the baseline shift also decreased 
significantly (ca. 70%). However, the baseline shift 
did not disappear completely even after prolonged 
centrifugation; rather, it remained constant at a 
particular value irrespective of  the centrifugation 
time. This led us to conclude that the shift is due 
more to physical reasons. 

Visual inspection of  the spectrum of  the uncen- 
trifuged aqueous phase revealed that in the wave- 
length region 325-500 nm, the whole spectrum is 
shifted above the baseline and within this wave- 
length region at no wavelength is the absorbance 
less than than at 500 rim. Under these circum- 
stances, it was thought that it is justified to sub- 
tract the absorbance at 500 nm from that at 422 
nm in order to correct it for the additional ab- 
sorbance due to the baseline shift and to obtain 
the actual absorbance of  uranium. 

The absorption spectra of  the uncentrifuged 
and centrifuged aqueous phase obtained by strip- 
ping a UNLS sample with 1 M phosphoric acid 
are shown in Fig. 2. The molar absorptivity 
(e422 ,m) of uranyl ion in 1 M phosphoric acid 
under the experimental conditions is 16.4 1 mo1-1 
cm -1. The concentrations of  uranium calculated 
based on the corrected absorbances agree well 
with those obtained by volumetry (Tables 9 and 
10). 

The concentration of  uranium in UNR, UNRC 
and WD samples is very low (Table 2 ) and hence 
its self-absorption cannot serve the purpose for its 
determination. Also, the presence of the main 
interfering impurity iron, both in UNR and in the 
solution obtained from UNRC, in high concen- 
trations (2-3  g 1 - l )  and large amounts of  ammo- 
nium nitrate (100-120 g l -~) in WD1 and sodium 
nitrate (250-300 g l -~) in WD2 samples lead to 
further complications. Therefore, the use of  a 
suitable chromophoric agent becomes mandatory. 

1.100 

0.55(] 

0.000 . . . .  

350.0 425.0 500.0 
Wavelength [nz.) 

Fig. 2. Absorption spectrum of (a) uncentrifuged and (b) 
centrifuged aqueous phase. Extraction carried out with 1 M 
phosphoric acid; [UO22+] = 10 g 1-1. 

The yellow H202-UO22+ complex has been 
used [25] for the determination of  uranium with- 
out a prior separation, where the interference 
from iron is avoided by formation of  a violet 
F e 3 + - H z O 2 - E D T A  complex in an alkaline 
medium [26]. However, when this procedure was 
attempted for UNR and U N RC samples, the 
authors encountered violent decomposition of  hy- 
drogen peroxide, presumably due to impurities. 

Table 9 
Comparison of results obtained for UNE estimated by strip- 
ping method (values in g I -~) 

Sample Present Volumetry 
code method 

EXT-701 116 115 
EXT-702 113 109 
EXT-678 112 114 
EXT-679 114 115 
EXT-733 112 111 
EXT-741 111 113 
EXT-747 113 112 



B. Narasimha Murty et al. / Talanta 44 (1997) 283 295 291 

Table 10 
Comparison of results obtained for UNLS (values in g 1-1) 

Sample Present Volumetry 
code method 

UNLS-50 10.6 10.7 
UNLS 10.4 10.0 
UNLS-71 ll.1 l l . l  
UNLS-111 11.0 11.1 
UNLS-112 10.5 10.7 
UNLS-140 10.8 10.7 
UNLS-159 10.5 10.4 
UNLS-196 9.9 9.8 
UNLS-219 10.2 10.7 

It has been reported that Arsenazo III is the 
most sensitive reagent [27] for the determination 
of uranyl ions and quantitative work is best car- 
ried out at pH 7-8, but serious interferences are 
caused by Th 4+, Zr 4+, Fe 3+, rare earths, etc. 
[28-30]. Hence the determination of uranium un- 
der these conditions is not possible for samples of 
UNR and UNRC. Photometric determinations in 
strong acid media are preferable for these samples 
because (i) difficulties caused by partial hydrolysis 
of ions are eliminated, (ii) careful maintenance of 
pH is not required and (iii) the selectivity can be 
increased. It is also known that in HC1 medium 
Arsenazo III reacts selectively with uranyl ions 
even in the presence of iron and rare earths [31]. 
Moreover, the interference from Th 4+, Zr 4+, etc., 
is insignificant in these samples owing to their 
very low concentrations compared with uranium. 
The concentrations of thorium in UNR and 
UNRC samples are observed to be in the range 
1-2 mg 1-' and 0.001-0.005% (w/w), respec- 
tively, and zirconium was found only in traces. 
Since the reaction of uranyl ions with Arsenazo 
III in acid solutions gives rise to the formation of 
two complexes of the type ML, their proportions 
being dependent upon acidity [32], the determina- 
tion is carried out in 4 M HCI using Arsenazo III 
without any prior separation of uranium. 

The absorption spectra of free Arsenazo III and 
UO22+ -Arsenazo III in 4 M HCI are given in 
Fig. 3. The overcompensation due to the absorp- 
tion of free Arsenazo III at the wavelength of 
interest (655 nm) is negligibly small. 

The violet-blue colour of the UOz2+-Arse - 
nazo III complex fades rapidly when developed 
with a WD sample directly. This cannot be at- 
tributed to the presence of large quantities of 
nitrate in these samples because the same complex 
in 5-6 M HNO3 has been used for the determina- 
tion of uranium [33]. As the presence of nitrite in 
these samples was detected in our studies on the 
determination of uranium in WD samples by po- 
larography, the fading of the colour of the com- 
plex is attributed to nitrite. These WD samples, 
along with UNR and UNRC, contain nitrite 
picked up from the commercial nitric acid used in 
the process. Therefore, removal of nitrite becomes 
an essential step in the analysis of these samples. 

It is known [34] that nitrite can be quantita- 
tively reduced to nitrogen with sulphamic acid 
and the reduction is completed in 2 3 min at 
room temperature. The reaction can be written as 

N O  2- + H S O 3 N H  2--+N 2 + H S O  4 + H 2 0  

Under these conditions, nitrates do not react. 
Nitrite is destroyed by the addition of a small 
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I " i ' I ' ! ' 
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b 0.250 
S 

0 . 0 0 [  , , , , , , , , , 

600.0 650.0 700.0 

Wavelength Inm.I 
Fig. 3. Absorption spectra in 4 M HCI: (a) free Arsenazo llI 
(against 4 M HCI); (b) U(VI) with Arsenazo 111 (against 
reagent blank). [UOf  +] = 1.681 x 10 -s  mol 1 t. 
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Fig. 4. Absorption spectra in 2 M HCI: U(VI) with Arsenazo 
!!I (against reagent blank), (a) without nitrate and (b) and (c) 
in the presence of 100 g I ~ of ammonium nitrate and sodium 
nitrate, respectively. 

quantity of sulphamic acid prior to the addition 
of Arsenazo III. As it was observed that the 
action of sulphamic acid is better at lower acidity, 
it is preferable to add it directly to the sample 
before addition of 4 M HC1. Considerable varia- 
tions in the concentration of sulphamic acid did 
not affect the absorbance of the complex signifi- 
cantly at the wavelength of interest. 

It was observed that the presence of large quan- 
tities of nitrate enhance the absorbance of the 
complex (Fig. 4). This could be attributed to the 
replacement of H20 in the primary coordination 
sphere of UO22+ by nitrate, leading to a slight 
change in the chemical environment in the result- 
ing complexes, which have considerable differ- 
ences in their molar absorptivities. The 
enhancement was quantified by measuring the 
absorbance of the UO22+-Arsenazo III complex 
in the presence of various amounts of nitrate. 
Interestingly, the absorbance of the complex in- 
creases linearly with increase in the content of 
nitrate for a particular concentration of uranium. 

Also, the percentage of enhancement for the same 
concentration of nitrate ion is greater with sodium 
nitrate than with ammonium nitrate. The varia- 
tion of the absorbance of the complex with varia- 
tion in the amounts of nitrate ( N H n N O  3 and 
N a N O 3 )  is shown in Fig. 5. The considerable 
difference in the extent of enhancement can be 
well understood in terms of the availability of 
more free nitrate ion for complexation in the 
former, which is a salt of a strong acid (HNO3) 
and a strong base (NaOH), than in the case of the 
latter, which is a salt of a strong acid ( H N O 3 )  and 
a weak base ( N H a O H ) .  As more nitrate ion is 
available, the amount of a particular complex 
containing nitrate ion in the primary coordination 
sphere may be increasing and may be responsible 
for the linear rise in the observed absorbance 
value with increasing nitrate concentration. This 
situation may be better explained by the following 
simple equation: 

[UO2(H20)6 ]  2+ 4" R + nNO3 

[ U O 2 ( H 2 0 ) 6  ,,l ( N O 3 ) . ] R  + n H 2 0  

where R is Arsenazo III. The observed ab- 
sorbance depends on the amount of the complex 
[UO2(H20)6 ,(NOB)n]R formed in the solution, 
which in turn depends on the quantity of nitrate 
available in the solution. The fact that the pres- 
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Fig. 5. Variation of absorbance of UO22+ arsenazo III com- 
plex with varying amounts of (a) ammonium nitrate and (b) 
sodium nitrate. 
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Table 11 
Comparison of results obtained for UNR (values in g I-~) 

Sample Present Ethyl acetate- 
code method thiocyanate method 

UNR-500 0.47 0.46 
UNR-544 2.34 2.41 
UNR-545 1.59 1.66 
UNR-549 0.38 0.43 
UNR-573 0.84 0.85 
UNR-574 0.65 0.60 
UNR-627 0.72 0.83 
UNR-628 0.25 0.35 
UNR-645 0.82 0.93 
UNR-646 1.25 1.34 

Table 13 
Recovery of uranium in waste disposal samples containing 
ammonium nitrate 

Sample 
No. 

Quantity of uranium (mg I ~) 

Added Found 

1 0 1.9 
2 1 3.2 
3 2 4.1 
4 3 5 
5 4 5.9 
6 5 7.2 
7 6 8.1 
8 7 8.8 

ence of nitrate enhances the absorbance of the 
UO22+-Arsenazo III complex can be exploited 
for the estimation of the content of nitrate (am- 
monium or sodium salt) in waste disposal sam- 
pies, which is also a required parameter to be 
analysed on a routine basis [34]. 

The results obtained for UNR/UNRC samples 
by the present method and those obtained by 
extraction-spectrophotometry are in fair agree- 
ment (Tables 11 and 12). Also, the estimated and 
added quantities of uranium in the case of the two 
types of waste disposal samples compare well 
(Tables 13 and 14). The overall analytical scheme 
for the determination of uranium in the entire 
range of process stream samples is shown in Fig. 
6. 

Tables 13 and 14 show the concentration of uranium deter- 
mined in the waste disposal samples. These were generated to 
observe the applicability of the present method to different 
ranges of concentration of uranium containing the sample 
matrix (especially either large amounts of ammonium nitrate 
or sodium nitrate). These samples were prepared by taking 
known amounts of uranium in a beaker followed by evapora- 
tion to near dryness and finally making the volume up to 5(}0 
ml with a waste disposal sample solution. 

The Arsenazo III method for low levels of 
uranium has the advantage of direct determina- 
tion of uranium in the presence of impurities, 
especially iron. It does not involve steps such as 
solvent extraction and reduction, unlike the well 
established ethyl acetate-thiocyanate method, 
which is usually employed for low levels of ura- 
nium. Also, the present method is relatively much 
more sensitive. 

Table 12 
Comparison of results obtained for UNRC (values in %) 

Sample Present Ethyl acetate- 
code method thiocyanate method 

UNRC-14 0.64 0,60 
UNRC-15 0.32 0,27 
UNRC-16 0.72 0.68 
UNRC-17 0.43 0.39 
UNRC-28 1.17 1.09 
UNRC-161 0.43 0.38 
UNRC-162 0.99 0.95 
UNRC-170 0.24 0.20 
UNRC-186 0.17 0.16 
UNRC-193 0.54 0.50 
UNRC-222 1.04 1.01 

Table 14 
Recovery of uranium in waste disposal samples containing 
sodium nitrate 

Sample 
No. 

Quantity of uranium (mg I ~) 

Added Found 

1 0 3,4 
2 1 4~6 
3 2 5,5 
4 3 6,5 
5 4 7.6 
6 5 8.6 
7 6 9.5 
8 7 10.3 

See footnote to Table 13. 
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Fig. 6. Analytical scheme for determination of uranium. 
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Abstract 

A simple, selective and precise voltammetric method for the determination of ascorbic acid in pharmaceutical 
preparations and fresh fruit juices--complex matrices containing various reducing compounds is described. The 
method is based on the electrocatalytic oxidation of ascorbic acid in homogeneous solution using electrogenerated 
ferriciniumcarboxylic acid as mediator. The pH and mediator concentration affecting the performance of the 
electrocatalytic oxidation of the analyte were optimized. The method was applied to determine vitamin C in deeply 
coloured, viscous and turbid fruit juice samples with ascorbic acid contents ranging from 15 45 mg per 100 ml, 
without further dilution, concentration or other pre-treatment of the samples. The amount of mediator used varied 
depending on the ascorbic acid concentration in the samples. The method was also used for pharmaceutical analysis 
using a calibration graph. For fruit juice samples the standard addition technique was adopted to prevent the matrix 
affecting the accuracy of the determination. The relative standard deviation for the analysis of vitamin C in fruit 
juices ranged from 1.5 5%. The reliability of the method was established by parallel determination against the official 
methods. 

Keywords: Ascorbic acid; Catalytic voltammetry; Fruit juices; Pharmaceutical analysis; Vitamin C 

1. Introduction 

Ascorb ic  acid occurs  na tura l ly  in fruits and  
vegetables.  Al l  cur rent  me thods  for  the de te rmina-  
t ion o f  ascorbic  acid take  advan tage  o f  its redox  

* Corresponding author. 

proper t ies :  it can be easily oxidized to dehy-  
d roascorb ic  acid. Some oxid imetr ic  t i t ra t ion  
me thods  for the de t e rmina t ion  o f  ascorbic  acid 
involve t i t ra t ion  with an oxidiz ing agent  such as 
iodine  [1], 2 ,6 -d ich lo ropheno l indopheno l  [2] or  N-  
b romosucc in imide  [3]. However ,  the ascorbic  acid 
concen t ra t ion  can be overes t imated  if a back-  
g round  de t e rmina t ion  is not  carr ied  out  to ac- 

0039-9140/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02003-6 
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count for interfering compounds. Coloured fruit 
juices are hard to work with. Some voltammetric 
methods using conventional electrodes [4-6], a 
microdisc electrode [7] and a microband electrode 
[8] have been reported. These methods suffer from 
interference, loss of response with repeated use 
because of electrode fouling by oxidation prod- 
ucts or a lack of generality. Ascorbic acid often 
has to be quantified in complicated matrices 
where the exploitation of heterogeneous as well as 
homogeneous electrocatalytic oxidation might be 
advantageous. This provides selectivity and pre- 
vents the fouling of the electrode surface. Some 
research works have been reported in this context 
[9-16]. A method using a flow-injection system 
with square-wave voltammetric detection was also 
reported [17]. 

Recently we [18] have demonstrated that a 
polypyrrole/hexacyanoferrate(II)-modified glassy 
carbon electrode can be used for the catalytic 
determination of ascorbic acid in buffered solu- 
tion at pH 4. The method was used for pharma- 
ceutical analysis but was not suitable for the 
determination of vitamin C in fruit juices. In 
addition we [19] have reported that ascorbic acid 
can be oxidized catalytically in homogeneous so- 
lution by some electrogenerated ferricinium 
derivatives in buffered solution at pH 4. The 
method was used successfully for the simulta- 
neous determination of ascorbic acid and do- 
pamine in the same sample. 

The purpose of this communication is to report 
the results of the voltammetric determination of 
vitamin C in pharmaceutical preparations and 
fruit juices exploiting the catalytic oxidation of 
ascorbic acid in homogeneous solution by electro- 
generated ferriciniumcarboxylic acid. 

The following solutions were used: ascorbic acid 
(Sigma): a stock solution was prepared in 0.5% 
citric acid to give a final concentration of 0.01 M 
and stored in a refrigerator; 3% m/v methaphos- 
phoric acid-8% v/v acetic acid solution (HPO3- 
HOAc); 2,6-dichlorophenolindophenol solution: 
0.25 g 1-l 2,6-dichlorphenolindophenol (sodium 
salt) and 0.25 g 1 -~ sodium hydrogen carbonate; 
iodine solution, 0.05 M; starch solution, 1% m/m; 
thiosulphate solution, 0.01 M. All other reagents 
were of analytical grade. The solutions were bub- 
bled with N2 gas (99.999%) and kept under a 
nitrogen atmosphere during the electrochemical 
experiments. 

2.2. Pharmaceutical preparations 

The following commercial ascorbic acid formu- 
lations available from local sources were subjected 
to the described analytical procedure: 

(1) tablets containing ascorbic acid as a single 
component (chewable tablets); 

(2) tablets containing sodium carbonate com- 
bined with ascorbic acid (effervescent tablets); 

(3) powdered vitamin C; 
(4) ampoules containing ascorbic acid as the 

single component; 
(5) multivitamin capsules containing vitamins 

A, B complex, D 2 and E, nicotinamide, calcium 
pantothenate, and folic acid together with miner- 
als (Fe 2 +, Ca 2 +, Mg 2 +, Mn 2 +, Cu 2 +, Zn 2 + and 
Mo 2 + ); 

(6) multivitamin tablets containing vitamins A, 
B complex, D 2 and E, nicotinamide, calcium pan- 
thothenate, folic acid. 

2.3. Instrumentation 

2. Experimental 

2. I. Reagents and chemicals 

The solvent used for electrochemical studies 
was doubly-distilled water. Lithium or sodium 
perchlorate from Fluka was used as supporting 
electrolyte. The ferrocenecarboxylic acid was from 
Janssen and was used without further purification. 

The electrochemical experiments were carried 
out using an EG&G potentiostat/galvanostat 
model 273 coupled with an IBM personal com- 
puter connected to an Epson model FX-850 
printer. A conventional three-electrode cell ther- 
mostatted at 25 + 0.1°C with calomel electrode as 
reference electrode, a platinum wire as auxiliary 
electrode and a glassy carbon disk as working 
electrode (A = 0.126 cm 2 from EG&G) was used. 
A pH-meter model 654 (Metrohm) was used. The 



M.H. Pournaghi-Azar, R. Ojani / Talanta 44 (1996) 297-303 299 

working electrode was polished with alumina 
powder (0.05 /tm) and then washed with water 
and acetone in turn before each voltammetric 
measurement. 

2.4. Procedures 

2.4. I. For pharmaceutical preparations 

2.4.1. I. Vitamin C tablets, capsules or powders. 
An accurately weighed portion of finely pow- 

dered sample equivalent to about 100 mg of 
ascorbic acid was transferred to a 10 rnl assay 
tube and ascorbic acid was extracted with two 5 
ml portions of  0.5% citric acid in bidistilled wa- 
ter. The extracts were combined in a 50 ml flask 
and diluted to volume. A 1 ml portion of  ex- 
tract was diluted with 10 ml of glycine buffer 
pH 4, containing 0.1 M LiCIO 4 and 0.1 mM 
ferrocenecarboxylic acid, in a voltammetric cell 
and a cyclic voltammogram was recorded using 
a well polished glassy carbon (GC) electrode. 
The amount  of ascorbic acid was determined by 
means of  a calibration graph. 

2.4.1.2. Injection. 
An accurate ampoule volume equivalent to 

about 100 mg of ascorbic acid was transferred to 
a 50 ml flask and diluted to volume with 0.5% 
citric acid solution. A 1 ml portion of the solution 
was diluted in a voltammetric cell to 10 ml as 
described for tablets and the cyclic voltam- 
mogram was recorded using the GC electrode. 

2.4.2. For fruit juices 
Fresh ju ice--orange,  sweet lemon, lime and 

grapefrui t - -was obtained by squeezing the fruit 
between two glass beakers to avoid contamina- 
tion from metal ions which could interfere in 
the determinations. Tomato,  strawberry and 
kiwi juices were obtained using a hand sque- 
ezer (polymer material). The juices obtained 
were filtered into a beaker, a 10 ml portion of 
the filtrate was transferred into an electrochemi- 
cal cell, the required amount of LiC104 (0.1 M) 
was added as supporting electrolyte, the solution 
was buffered by direct dissolution of glycine (0.5 
M) and the pH was adjusted with a concen- 

trated solution of sodium hydroxide. The con- 
centration of ferrocenecarboxylic acid was 
optimized for each sample solution in order to 
record a full catalytic voltammogram (see Sec- 
tion 3). For  the determination of  ascorbic acid 
in the sample the standard addition technique 
was used. 

2.4.3. Iodine titration method 
A 0.05 M iodine solution was standardized 

in the usual way with a primary standard of 
As203 or titrisol thiosulphate solution. For  
pharmaceutical analysis an iodimetric procedure 
described in the US Pharmacopeia (USP) was 
used [20]. 

2.4.4. 2,6-Dichlorophenolindophenol (DCPIP) ti- 
tration method [2] 

The indophenol solution was standardized by 
titration with 2.0 ml of standard ascorbic acid 
solution and 5 ml of HPO3-HOAc  solution to 
the end-point (a persistent rosy-pink colour). 
The consumption of the blank was determined 
by titrating indophenol solution with 7 ml of 
HPO3-HOAc solution plus a given anaount of 
water equivalent to the volume of indophenol 
solution used in the previous standardization ti- 
tration. 

For  sample titration, 100 ml of juice was 
mixed with an equal volume of HPO3-HOAc 
solution before filtering. A volume of the filtrate 
equivalent to about 250 mg of ascorbic acid was 
then titrated with indophenol solution using the 
same procedure as described above, including 
the titration of the blank. 

3. Results and discussion 

3. I. Primary investigations 

We [19] have reported previously that some 
electrogenerated ferricinium derivatives are able 
to catalyse the electrochemical oxidation of  
ascorbic acid in buffered aqueous solutions at 
pH 4 -5  via a homogeneous process when the 
ferrocene derivatives are present in dissolved 
forms (see Scheme 1). 
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FC (ferrocene) ~ FC  + (ferricinium) + e 

t 
2FC ÷ + H2A (ascorbic acid) ~ 2 + A (dehydro-ascorbic  a c i d ) +  2H ÷ 

Scheme 1. 

The catalytic peak current  is linearly dependent  
on the ascorbic acid concentra t ion and the range 
o f  linearity depends on the amoun t  o f  media tor  in 
the solution. The analysis o f  chemically-coupled 
reactions between the electrogenerated ferricinium 
derivatives and ascorbic acid reveals that  the 
largest second-order  rate constant  (k °) belongs to 
ferriciniumcarboxylic acid. Therefore in this work 
we have used ferrocenecarboxylic acid as the mos t  
suitable media tor  for the mediated oxidat ion o f  
ascorbic acid (Fig. 1). 

3.2. Calibration graph and precision 

In the presence o f  0.1 m M  ferrocenecarboxylic 
acid in buffered solution with glycine at pH  4 the 
anodic peak current for cyclic vo l t ammograms  
with a scan rate o f  10 mV s-~ was propor t ional  to 
the ascorbic acid concentra t ion within the range 
5 x 1 0 - 5 - 1  x 10 -3 M with only a small intercept. 
The regression equat ion was: i ( m A ) = -  1.28 + 
9757C(M); r = 0.999, n = 6. The mean o f  three 
replicate analyses o f  a solution o f  ascorbic acid at 

40.(r~~ 
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Fig. 1. Cyclic voltammograms of (a) 2 mM ferrocenecarboxylic acid in 0.5 M glycine buffer +0.1 M LiCIO4 at pH 4, (b) as for (a) 
but with addition of 5 mM ascorbic acid, (c) 5 mM ascorbic acid in buffer solution pH 4. Scan rate: 5 mV s -t. 
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Table I 
Determination of ascorbic acid in dosage forms. Theoretical values for t = 2.78 and F =  39 (P = 0.05) 

Pharmaceutical Claimed Found" (mg) 
preparation (mg) 

Proposed Iodine 
method (%RSD) method (%RSD) 

Tablet 250 per tablet 
Effervescent 1000 per tablet 
Powder 500 per bag 
Ampoule 500 per ml 
Multivitamin 60 per tablet 
Multivitamin 150 per capsule 

260 (1) 255 (1) 
1055 (2) 1012 (1) 
522 (1) 530 (2) 
537 (1) 530 (1) 
62.1 (1) 63.2 (1) 

159 (2) 158 (1) 

2 2.3 
5 2.6 
4 1.3 
4 2.2 
2 1.1 
5 1.3 

~' Results based on three replicate determinations per sample. 

a concentration of 5 x 10 -4 M assayed at its 
prepared value gave a relative standard deviation 
of 2.5%. This level of precision is adequate for the 
quality control analysis of pharmaceutical prepa- 
rations and natural products. 

3.3. Analysis of pharmaceutical preparations 

The proposed method was applied to the analy- 
sis of several pharmaceutical dosage forms con- 
taining ascorbic acid--tablets, powder, ampoules 
or capsules--purchased from local sources with- 
out interference from excipients and other drugs 
encountered. The evaluation of the ascorbic acid 
concentration was found to be more suitable with 
the aid of a calibration graph. The results for the 
analysis of these preparations with the voltammet- 
ric method compared favourably with those ob- 
tained by the USP standard method (Table 1). 

3.4. Analysis of fresh fruit juices 

3.4.1. Optimization of the mediator concentration 
The normal concentration range of ascorbic 

acid was reported [21] for various fruit juices to 
range from 10--40 mg per 100 ml. Preliminary 
experiments showed that in order to obtain a full 
catalytic cyclic voltammogram "increasing the an- 
odic current of the mediator redox couple and 
substantial elimination of the corresponding ca- 
thodic peak on the reverse voltage scan, in the 
presence of ascorbic acid" for each fruit juice 
sample (see Fig. 1, curve b), an optimum concen- 
tration of the mediator which depends on the 

vitamin C content of the samples is desirable. 
Therefore the optimal amount of ferrocenecar- 
boxylic acid that should be added to the test 
solution was obtained by adding the mediator in 
increasing amounts until the original oxidation 
peak of ascorbic acid found at more positive 
potential disappeared and a full catalytic cyclic 
voltammogram was obtained. This procedure may 
be performed quickly and easily by pre-estimation 
of the ascorbic acid content of the sample with the 
aid of the non-catalytic signal of ascorbic acid 
and then adding the mediator into the voltammet- 
ric cell at two different times. 

% A 

B 
D - 

;o 
. . _ _ -  

0.1 0.1 
)÷E 

200 mV 

Fig. 2. Cyclic voltammograms recorded in fresh juices: tA) 
orange; (B) strawberry. A (a) and B (a): pH 4 (glycine buffer), 
0.1 M LiCIO4. A (b): A (a)+0.5 mM ferrocenecarboxylic 
acid. B (b): B (a)+ 0.25 mM ferrocenecarboxylic acid, Scan 
rate: 10 mv s-~. 
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Table 2 
Determination of ascorbic acid in some fresh fruit juices and vegetables. Theoretical values of F and t are 39 and 2.78 (p = 0.05) 
respectively 

Juice Ascorbic acid ~ (mg/100 ml) F t 

Proposed DCPIP 
method (%RSD) method (%RSD) 

Grapefruit  27.2 (1.7) 
Orange 53.3 (1.2) 
Sweet lemon 35.2 (1.3) 
Lime 21.1 (2.2) 
Kiwi 39.9 (2.3) 
Strawberry 20.2 (5.0) 
Tomato 7.8 (2.6) 

27.0 (1.1) 2.5 0.64 
53.9 (0.7) 3 1.47 
34.5 (1.0) 1.7 2.14 
21.4 (2.4) 1.2 0.76 
40.7 (0.8) 8.3 1.42 
20.9 (3.4) 2.0 1.00 

8.1 (3.3) 1.8 1.53 

a Results based on three replicate determinations per sample. 

Fig. 2 shows typical cyclic voltammograms 
recorded for the mediated oxidation of ascorbic 
acid in 10 ml of fresh orange juice with very low 
viscosity and strawberry juice with very high vis- 
cosity in the presence of a optimal amount of 
ferrocenecarboxylic acid in buffered solution at 
pH 4 as described above. As seen in Fig. 2 the 
anodic peak currents could be easily evaluated 
and were found at potentials corresponding to 
ferrocenecarboxylic acid oxidation without any 
discernible cathodic peak on the reverse scan (full 
catalytic voltammograms). The voltammograms 
were reproducible and variation of the anodic 
peak current for cyclic voltammograms vs. ascor- 
bic acid concentration added directly to the sam- 
ple solution was linear with a correlation 
coefficient better than 0.999. The slopes of the 
regression equation for graphs obtained from the 
standard addition technique were quite different 
from that obtained from the calibration graph in 
pure buffered solution. Therefore the standard 
addition technique was adopted for the determi- 
nation of ascorbic acid in fruit juice samples. 
Table 2 gives the vitamin C content of some fresh 
fruit juices determined by the proposed voltam- 
metric method and with a DCPIP titration 
method (recognized official method of determina- 
tion of vitamin C [2]). The results of statistical 
calculation shown in Table 2 indicate a good 
precision and good agreement between the re- 
peatability of the proposed and DCPIP methods 
(F-test), and the mean values obtained (t-test). 

3.4.2. Interference study 
The signals obtained for vitamin C added to the 

fruit juices were calculated to be 75-85% of the 
signal in buffered solution depending on the fruit 
juice sample. This suggests that interference from 
concomitant reducing agents in the sample is un- 
likely. This reduced response may be attributed to 
the high vicosity of the juice matrices, which 
affects the diffusion coefficient of ascorbic acid, or 
the matrix effect for electrode fouling. 

Fresh fruit juices contain a number of organic 
acids and sugars such as citric acid, tartaric acid, 
malic acid, lactic acid, and glucose, fructose and 
sucrose. These components were added in increas- 
ing amounts to 1 mM ascorbic acid in buffered 
solution and no serious effect was observed even 
in great excess (up to 50 mM). Some reducing 
ions, such as Fe(II), Cu(I), Sn(II) and sulphite, 
may be present in fresh fruit juices. The experi- 
mental investigation showed that these ions did 
not interfere in buffered solution up to 50, 20, 100 
and 100 mM respectively. However, in the pres- 
ence of some organic acids which are naturally 
occurring in fruit juices, mentioned above, Fe(II) 
began to interfere as the reducing agent, when its 
concentration in the solution exceeded 3 mM, due 
to the modification of the Fe(III)/Fe(II) standard 
potential in the presence of the complexing acids. 
Furthermore, the results of the analysis of some 
pharmaceutical preparations using the proposed 
method compared favourably with those obtained 
by the USP method (see Table 1), confirming that 
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no interference was observed from concomitant 
mineral ions, other vitamins, glucose, sucrose, 
nicotinamide and tablet excipients. 

4. Conclusion 

The proposed voltammetric method is rapid 
(time spent on manipulations and measurement is 
less than 15 min), simple, precise, suitable for 
routine control and can be carried out directly 
without any pre-treatment for a large number of 
fruit juice samples. The present method has a high 
degree of specification for determination of ascor- 
bic acid in fruit juices due to the selective electro- 
catalytic oxidation of ascorbic acid with 
ferrocenecarboxylic acid and could be used as a 
quality control and stability indicating assay for 
vitamin C. The method has a clear advantage 
over the spectrophotometric methods for the anal- 
ysis of samples containing fine particles or of deep 
colour and high viscosity. 
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Abstract 

Cathodic stripping voltammetry was used to determine 5-fluorouracil (5-FU) in the presence of traces of Cu(II). It 
was found that the addition of 5 x 10 9 mol dm 3 Cu(II) to the measurement cell greatly enhanced the peak current 
of the adsorbed, molecule. Different parameters were tested to optimize the conditions for the determination of 5-FU. 
The adsorbed form is reduced irreversibly. It was observed that by controlling the deposition potential, the technique 
could be directed to the determination of Cu(II) or the drug. The linear range was from 5 × 10 9 to 6 x 10 8 mol 
dm 3 for 5-FU and from 6 x 10 9 to 5 x 10 s mol dm -3 for Cu(II). Detection limits of 4.6 × 10 10 and 5 x 10 "~ 
mol d m -  3 were obtained for 5-FU and Cu(II), respectively. The method was applied to urine and molecules or ions 
which may interfere were studied. © 1997 Elsevier Science B.V. 

Keywords: 5-Fluorouracil; Interferences; Stripping voltammetry 

I. Introduction 

5-F luorourac i l  (5 -FU)  is an an t ineoplas t ic  
agent  used for  the t r ea tment  o f  solid t umors  o f  

the breas t  and  rec tum [1]. The  po l a rog raph i c  be- 

hav io r  o f  5 - F U  has been examined  and it was 
shown tha t  it undergoes  reduc t ion  at  p H  1.8 11 
with the best  defined wave at p H  6 - 8  [2]. Guer r i -  

eri et al. [3] s tudied the fo rma t ion  o f  an insoluble  

mercury  c o m p o u n d  in the presence o f  5 - F U  using 
different  e lec t rochemical  techniques.  

* Corresponding author. 

Different  me thods  have been repor ted  for  the 

de te rmina t ion  o f  5 -FU,  inc luding ca thodic  str ip- 

p ing vo l t ammet ry  [4 6]. This  technique is based  

on the interfacial  accumula t ion  o f  the analy te  on 

the work ing  e lect rode pr io r  to vo l t ammet r i c  mea-  

surements  o f  the su r face -bound  c o m p o u n d .  Liq- 
uid c h r o m a t o g r a p h y  with anod ic  a mpe rome t r i c  

de tec t ion  has also been used for the de t e rmina t ion  

o f  5 -FU and a de tec t ion  l imit  o f  15 ng/ml can be 

achieved [7]. 
The  present  work  is a con t inua t ion  o f  our  

studies in the field o f  d rug  analysis  using mercury  
and modi f ied  ca rbon  paste  e lect rodes  [8--10]. The  

0039-9140,97/$17.00 © 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)01957-1 
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aim was to investigate the adsorptive voltammet- 
ric behavior of 5-FU in the presence of traces of 
Cu(II). Also, 5-FU was used as a ligand to deter- 
mine Cu(II) at low levels by stripping voltamme- 
try following chelation. 

2. Experimental 

2.1. Instrumentation 

For the voltammetric measurements, an EG&G 
PAR Model 263 polarographic analyzer with 250/ 
270 research electorchemistry software version 4.0 
was used with a PAR 303 static mercury drop 
electrode (SMDE). Silver/silver chloride (satu- 
rated KC1) was used as a reference electrode and 
a platinum wire as an auxiliary electrode. 

All the pH meaurements were made with an 
Orion Model 601 A digital ionalyzer. 

2.2. Chemicals ( a )  

1.300 - - - -  

1.100 

0 . 9 0 0  

0 .  7 0 0  - -  

H 
0 .  5 0 0  - -  

0 .  3 0 0  --- 

0 .  100  - -  

-0. 100 . . . .  
0 .  150  

[-- I 

a 

[ _ _ L _ _  
0.  0 5 0  - 0 .  0 5 0  

E ( V )  vs  . A g / A g C I  

A stock solution of 1 × 1 0  - 3  mol dm -3 5-FU 
was prepared daily by dissolution of the appropri- 
ate amount in doubly distilled water. Borax solu- 
tion was prepared and adjusted to pH 10 with 
sodium hydroxide. All other reagent were of ana- 
lytical grade. 

2.3. Procedure 

After deaeration With nitrogen for 8 min, a 
hanging mercury drop electrode (medium size) 
was formed and the selected deposition potential 
was applied with stirring for a given time interval 
while accumulation of the analyte at the electrode 
proceeded. After a selected deposition time and a 
rest period of 15 s, the potential was scanned 
from positive to negative. 

3. Results and discussion 

Fig. I(A) shows the reduction peak of the mer- 
cury(II) salt of 5-FU [3] and Fig. I(B) illustrates 
the same peak in the presence of Cu(II). It can be 
seen that the addition of Cu(II) enhances the peak 

( ] . 586  
..... l ....... I-- I 

5. 500 -- 

4. 500 -- 

C 
3. 500 -- ~ "  

H 2,500 -- 
~ b  

1 . 5 o o  - -  " ; a 

0 . 5 0 0  - 1 ~ _ _ /  

_A .... [ I ..... I . . . . . . . . . .  

o. tse o.eso -o.o5o -o.15o -p.aso 

(b) IS {v) ,s. ̂ g/Ago 

Fig. I. (A) Typical voltammogram of I × I0 -s tool dm -3 
5-FU in the absence of Cu(II) ions. Borax, pH 10, scan rate, 
150 mV s ~; deposition potential, + 0.05 V; preconcentration 
time, 180 s. (B) Typical voltammograms of (a) l x 10-8, (b) 

6x 10 Sand(c) l xl0 -vmoldm - 3 5-FU in the presence of 
5 x I0 -9 mol dm -3 Cu(II) ions. Borax, pH 10; talc=30 s; 
scan rate, 150 mV s-]. 
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current greatly. Also, Fig. I(B) indicates that the 
peak potential shifts to the more negative side 
with increase in 5-FU concentration. 

The mechanism of the effect of  Cu 2 + on the 
peak current has not yet been established. The 
reduction process of  the adsorbed form, investi- 
gated by cyclic voltammetry,  shows that the phe- 
nomenon is totally irreversible. The resulting peak 
current was characterized with respect to the me- 
dia, pH and other variables. 

0 
*0.3 0,2 

Repetitive cyclic vol tammograms suggest rapid 
desorption of  the adsorbed form; the peak current 
decreases in the second and third cycles. Hence 
linear sweep vol tammetry with a fast scan rate 
(150 mV s -1)  is preferable in such cases. 

3.2. Effect of  supporting electrolyte and pH 

A series of supporting electrolytes were tested 
(sodium acetate, disodium hydrogenphosphate,  
potassium nitrate, borax). Both the peak height 
and the peak shape were taken into consideration 
when choosing the supporting electolyte. The re- 
sults showed that borax gave the best response. 
The solution conditions such as the pH and the 
concentration of  5-FU, affect the peak potential 
and peak current significantly. The supporting 
electrolyte concentration has no observable effect 
on the peak current. The effect of  pH was investi- 
gated. A small current was observed at pH < 5, 
which increases gradually up to pH 9 and then 
increased sharply with a maximum at pH 10. At 
higher pH, the mercury dissolution current ob- 
scured the required peak. 

3.3. Effect of  accumulation potential and scan 
rate 

The effect of  the accumulation potential on the 
stripping peak current was examined over the 
range + 0.15 to - 0 . 0 5  V. Fig. 2(a) illustrates the 
peak current obtained as a function of deposition 
potential. The graph indicates that on going in the 
positive direction from - 0.05 to 0.15 V, the peak 
height increases with a maximum at + 0.05 V. 

3.1. Cyclic voltammetric measurements 

2 

1.5 

0,6 

i i t i 
-~0.21 -.0.1 0 01 

Deposition potential ( V vs. Ag/AgCI) 

Fig. 2. Effect of accumulation potential on the peak current of 
(a) 5 x 10 9 mol dm - 3 5-FU in the presence of 5 x 10- 9 tool 
dm ~Cu(lI) and(b) 1 x10 -Smoldm 3Cu(li) ionsin the 
presence of I × 10 6 mol dm -3 5-FU. t,,~,, = 240 s: borax, pH 
10. 

The effect of  scan rate was studied by varying it 
from 20 to 500 mV s-~.  It was found that the 
peak current increases and the peak potential 
shifts to more negative values with increasing scan 
rate. The peak becomes broader at scan rates 
higher than 200 mV s--~. For  subsequent work, 
150 mV s -  ~ was selected. The plot of  I vs. V gave 
a straight line with a slope of 1.08. A slope of 1.0 
is expected for ideal reaction of surface species [5]. 
The shape of curve b in Fig. 2 corresponds to 
copper behavior and will be explained further 
below. 

3.4. Effect o/  preconcentration time, interferences 
and reproducibility 

Fig. 3 shows the effect of  preconcentration time 
in the presence of different concentrations of  5- 
FU. The peak current increased linearly with pre- 
concentration time up to 180 s for 1 x 10 s mol 
dm 3 5-FU. A deviation from the linearity was 
observed at accumulation times longer than 60 
and 45 s for 6 x 10-8 and 1 x 10 7 mol dm ~ 
5-FU, respectively. Table 1 illustrates the data 
collected. On plotting the peak current against the 
square root of  time, a straight line was obtained 
with a correlation coefficient of  0.998 and a slope 
of 0.96. This behavior is expected for mass trans- 
port controlled by adsorption [l 1]. 
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Fig. 3. Effect of  accumulation time on the linear sweep 
voltammetric response of  (a) 1 x 10 -8, (b) 6 x 10 -8 and (c) 
1 × 10 - 7  tool dm -3 5-FU. Other conditions as in Fig. 1. 

The effect of  Cu(II)  concent ra t ion  over the 
range 1 x 1 0 - 9 - 5  x 10 -9  mol dm 3 on the 

str ipping peak current  of  1 × 10 -8  mol  dm -3  

5 -FU was examined.  No significant effect on the 
peak current  height was observed and  5 x 10 -9  

mol  dm -3  Cu(II)  was adopted in subsequent  

work. 
The reproducibi l i ty  of the results can be at- 

t r ibuted to the reproducible  area and  self-clean- 

ing control  provided by the ins t rument  used. The 
relative s tandard  deviat ion was calculated for 

eight successive measurements  of 1 x 10 -8  mol 
dm 3 5 - F U  and  was found  to be 2.6%. 

I(pA) 

I l 
0 ,2  0 . 4  

I I I 
0 . 6  0 .8  I 1.2 

[5-FU] x 10-7 tool din-3 

Fig. 4. Current-concentration graphs after preconcentration 
times of (a) 15, (b) 30 and (c) 90 s for 5-FU in the presence of 
5 x 10 -9 tool dm -3 Cu(II) ions. 

mol  d m - 3  after 15, 30 and 60 s with stirring at 

+ 0 . 0 5  V. The resulting cal ibrat ion plots for 
these concentra t ions  are shown in Fig. 4. The 
graphs show positive deviat ions from linearity at 
concent ra t ions  higher than  6 x  10 -8,  5 x 10 -8  
and 4 × 10 8 mol d m - 3  5-FU, respectively. This 

p h e n o m e n o n  and the change in the slope of  the 

response might  be a t t r ibutable  to surface effects 
of the investigated molecule [3]. The data  ob- 
tained from the least-squares analysis are given 

in Table  2. 

3.5. Calibration p lo t  

A well defined str ipping peak was observed 
over the concen t ra t ion  range. 1 x 1 0 - 8 - 1  x 10 7 

Table 1 
Characteristics of current-time curves established using differ- 
ent 5-FU concentrations with borax (pH 10) 

[5-FU]  Linearity Correlation S l o p e  Intercept 
(tool dm 9) range (s) coefficient (pA s -~) (pA) 

1 x 10 -8 0 180 0.9896 0.0187 0.348 
6 x 10 -8 0-60 0.9974 0.0530 0.425 
1 x 10 7 0-45 0.9813 0.0757 1.43 

Table 2 
Characteristics of the calibration curves established using dif- 
ferent deposition times 

Deposition Linearity Correlation S l ope  Intercept 
time range coefficient (pA per (pA) 
(s) (mol 10 - 8 

dm -3) tool 
dm -3) 

15 5 z 10 9 0.9784 0.2817 0.1774 
6x 10 -8 

30 5x 10 9 0.9717 0.2746 0.548 
5xlO 8 

60 5 x  10 - 9  0.9997 0.3211 1.196 
4x10 8 
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3.6. Detection limit 

The detection limit was calculated from three 
times the noise using the measurements of  1 × 
10-s m o l d m  3 and was found to be 4 .6x10  lO 
mol d m -  3 based on a signal-to-noise ratio of  3. 
This is a significant improvement over the litera- 
ture data [5,7]. 

3.7. Interferences and application to biological 
samples 

I (~JA) 

2.5 

The influence of  ascorbic acid, which is potent 
interfering compound present in biological sam- 
ples, was investigated. It was found that an 
equimolar concentration of ascorbic acid had no 
effect on the peak response of  5-FU. However, 
at a higher molar  excess (100:1) of  ascorbic acid, 
a depression of the peak response by about 25% 
was observed. 

The method was applied to the determination 
of 5-FU in spiked urine. The sample was treated 
with concentrated sulfuric acid to destroy the 
organic matter,  then the pH was raised to 10 by 
addition of  borax and sodium hydroxide. The 
vol tammograms were recorded in the presence of 
5 x 10 9 mol d m - 3  Cu(II). A linear dependence 
on the 5-FU concentration was observed be- 
tween 1 x l 0  7 and l x l 0  6 mol dm 3 ( r =  
0.9985). 

The reproducibility of  the results was tested 
and the relative standard deviation was found to 
be 3.4% (n = 8). 

3.8. Determination of  Cu(II) in the presence of  
5-FU 

Cathodic linear sweep vol tammetry was used 
to determine Cu(II) using 5-FU as a complexing 
agent. The literature showed that Cu(II) forms a 
complex with this ligand [12]. In the present 
work we tried to take advantage of the accumu- 
lation of the complex by adsorption to determine 
Cu(II) electroanalytically. It was found that the 
peak current of  1 x 10 8 mol dm 3 Cu(II) in- 
creased by a factor of  16 on adding 1 x 10 -6 
mol dm--3 5-FU. The peak current response was 

1.5 

0.5 

0 Z I L I I i I 
0 60 1 O0 150  200  250  300  

Time (sec) 
350 

Fig. 5. Peak current of Cu(II)--5-FU complex as a function of 
deposition time in a borax electrolyte (pH 10) with a deposi- 
tion potential of-0.15 V. 

characterized with respect to the supporting elec- 
trolyte, pH, deposition potential and other 
parameters. 

The deposition potential, as can be seen in Fig. 
2(b), greatly affects the peak current of  Cu(II) and 
this factor is taken into account to direct the 
technique toward the determination of 5-FU or 
Cu(II). After selecting a suitable supporting elec- 
trolyte (borate buffer, 0.1 mol dm 3), a concen- 
tration of 1 x 10-8 mol dm 3 Cu(II) was studied 
in the presence of 1 x 10 6 mol dm 3 5-FU using 
linear scan voltammetry at different deposition 
potentials. It was found that accumulation at an 
applied potential o f - 0 . 1 5  V gave the best re- 
sponse. The concentration of the drug was investi- 
gated as an effective parameter  in complexation, 
i.e. the quantity adsorbed. The ligand concentra- 
tion was increased from 1 x 10 7 to 1 x 10 5 
tool dm 3 in the presence of a constant concen- 
tration of Cu(II). It was observed that the peak 
response increases on increasing the ligand con- 
centration up to 1 x 10 6 mol dm 3, then a 
depression of the peak response occurs, probably 
owing to surface saturation. 

The results obtained on the effect of  deposition 
time on the peak response indicated that on in- 
creasing the preconcentration period, the peak 
current shows a linear relationship with Cu(lI) 
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concentrat ion,  y (/tA) = 0.0138x (s) - 0.165, until 
a leveling off  is observed corresponding to a 
max imum degree o f  surface coverage at tacc > 180 
S (Fig. 5). An  adsorpt ion isotherm is produced 
which can be described by the Langmui r  equa- 
tion. At  the current max imum the electrode is 
covered by a monolayer  o f  complex ion [13]. 

A detection limit o f  5 ×  10 -1° mol  dm -3  
Cu(II)  was calculated f rom 5 x 1 0 - 9  mol  d m - 3  
Cu(II)  based on a signal-to-noise ratio o f  3. The 
relative s tandard deviation was calculated for 
seven experiments and was found to be 2.9%. 

4. Conclusion 

The addit ion o f  traces o f  Cu(II)  to the precon- 
centrat ion cell o f  5 -FU improved significantly the 
sensitivity o f  the cathodic  stripping vol tammetr ic  
determinat ion o f  5-FU. A detection limit o f  4.6 × 
10 -1°  mol  dm -3  (0.52 ng per 10 ml) was ob- 
tained, compared  with reported values o f  
3 x  1 0 - 9 m o l d m - 3 1 5 ]  and 15 n g p e r  1 0 m l [ 7 ] .  
The method  was applied to biological samples 
(urine). A linear dependence o f  the peak current  
on 5 -FU concentra t ion was observed over the 

range 1 × 1 0 - 7 - 1  x 10 -6  mol  dm -3  with a cor- 
relation coefficient o f  0.9985. 
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Abstract 

A rapid, simple, selective and sensitive spectrophotometric method for the determination of cerium(Ill) using the 
title azo dyes [1,3-phenylenediamine bisazoacetylacetone (I~);1,3-phenylenediamine bisazobenzoylacetone (lb);l,4- 
phenylenediamine bisazoacetylacetone (It); and 1,4-phenylenediamine bisazobenzoylacetone (la)] has been developed 
in neutral and slightly alkaline (pH 7.00, 7.50, 8.00 and 7.00) media. The 1:1 and 2:1 (M:L) complexes formed exhibit 
their highest absorbances in 30% (v/v) dioxane solutions, having formation constants (log K) of 4.44, 4.95. 5.63 and 
5.22 and 8.51, 8.76, 9.73 and 9.37 respectively. Beer's law is obeyed over the concentration ranges 0.10-2.50, 
0.05 3.00, 0.05--3.75 and 0.10-3.50 /~g ml ~ of cerium(III). More accurately, Ringbom optimum concentration 
ranges are 0.2-2.25, 0.2 2.6, 0.2-3.5 and 0.2-3.3/~g ml ~ for the complexes of reagents Ia,lb,I c and I d respectively. 
The molar absorptivities, Sandell sensitivities and relative standard deviations were also calculated. The interferences 
of 50 foreign ions on the determination of cerium(Ill) were studied. The method allows the determination of 
cerium(IV) after prior reduction to the trivalent state. The proposed method was used for cerium determination in 
two different monazite samples and the results were compared with certified values obtained using atomic absorption 
spectrometry, indicating that the procedure provided accurate and precise results. © 1997 Published by Elsevier 
Science B.V. 

Keywor&': Bisazo dyes, Cerium determination; Monazite analysis; Spectrophotometry. 

1. Introduction 

The spect rophotometr ic  analysis o f  ceriu- 
m(I l l )  is usually carried out  with dyestuffs. Of  

* Corresponding author. 

0039-9140/97/"$17.00 ©, 1997 Published by Elsevier Science B.V. All 
PII S0039-9140(96)02011-5 

those commonly  used, only" carboxyarsenazo [1] 
give both  sensitive and selective determination.  
The reactions o f  cer ium(Il l )  with orthanilic K 
[2] and 4-(2-pyridylazo) resorcinol [3] lack both 
sensitivity and selectivity, whereas those with 
Methyl thymol  Blue [4], sulpharsazen [5] and 
Alizarin Red S [6] have low sensitivities. The 

rights reserved 
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complex formed with Bromopyrogallol Red [7] 
is formed only on heating the reactant for 10 
min at 80-90°C, whereas that formed with 
Chrome Azurol S [8] is stable for less than 50 
min. Although carboxynitrazo [9] and thiazoly- 
lazo dyes [10,11] are the most sensitive reagents 
reported so far for the determination of Ce(III), 
the maximum development of the coloured 
complex requires at least 30 min. 

In the present study, a method is developed 
for the rapid, accurate and sensitive determina- 
tion of Ce(III) using some bisazophenyl-fl-dike- 
tones as chromogenic reagents due to their 
selectivity in the reaction with Ce(III). The 
most favourable conditions are established, and 
the composition, conditional and real stability 
constants of the complexes, the molar absorp- 
tivity (eMAX) and the Sandell sensitivity are de- 
termined. 

2. Experimental 

2.1. Apparatus 

An Orion Research Model 601 A/Digital Ion- 
alyzer pH-meter with a combined saturated 
calomel-glass electrode was used for pH mea- 
surements. A Perkin-Elmer 23B recording spec- 
trophotometer equipped with 10 mm matched 
silica cells was used. The atomic absorption 
measurements for the determination of cerium 
ion were carried out using an Hitachi atomic 
absorption Z-6100 polarized Zeeman spectrome- 
ter. All experiments and measurements were 
carried out at ambient temperature. 

2.2. Reagents 

All chemicals were of analytical-reagent 
grade, unless otherwise stated. 

The bisazo dyes used in the present investiga- 
tion were prepared according to the procedure 
described previously [12]. The four reagents 
used have the following structures. 

•Ctt 3 

0 = C  N ~ N \  ~ 0 
\ 

R C~._~ 0 
/ 
R 

CH 3 

0== / 

o--( 
R 

I o, R---GH 3 

Ib, R= @ 

__ I c R=CH 3 

~___ I d R = @  

R 

A stock solution of Cerium(III) was prepared by 
dissolving 0.5556 g of Cerium(III) sulphate octahy- 
drate (Fluka) in 250 ml of bidistilled water contain- 
ing 1.0% sulphuric acid. The solution was 
standardised complexometrically [13] and was 
found to contain 1 mg ml T cerium. Working 
solutions were prepared by appropriate dilution of 
the stock solution. 

1 x 10-3M solutions of reagents Ia-I d were pre- 
pared by dissolving an accurately weighted amount 
of the purified solid reagent in 100 ml of dioxane. 

Sodium tetraborate, Na2B407, buffer solutions 
(0.05 M) of the required pH were prepared [14]. 

2.3. General procedure 

For each of the systems investigated, an 
aliquot of slightly acidic solution containing < 
100 pg of Cerium(IIl) was mixed with 12.5 ml 
of borate buffer of pH 7.0, 7.5, 8.5 or 7.0, and 
then mixed with 2.5 ml of 1 x 10-3M I~,Ib,l c 
or Io respectively, to form the complexes. A 
further 5 ml of dioxane was added to dissolve 
any complex precipitated. The contents were 
then diluted to 25 ml with bidstilled water in a 
volumetric flask. The absorbance was measured 
at 573, 533, 511 and 638 nm for Cerium(III) 
complexes of ligands Ia, Ib, |c and la respec- 
tively, against appropriate reagent blanks pre- 
pared under identical conditions. 
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Table 1 

Effect of foreign ions (concentration of Ce( l I l )=  2 / l g  m l - ~ )  

Foreign ions Tolerance limit (/~g) 

i~, ] b 1~. I d 

C 1 - ,  Br  , I - ,  B4072 " 8000 75000 

Acetate, oxalate, tartrate, malonate 5000 4000  

Ascorbate, succinate, phosphate 4000 3500 

So42 , $2o~ 2 , S C N  3000 3000 

C n  . N H ~ O H ,  HC1  2500 2500 

Urea, thirourea, citrate 2000 2000 
M g  2 + , C a  2 ' - ,  Ba 2 + ,  Sr 2 + 6000 6000 

A1 ~ + , M o " + ,  W 64 , C r  6+ 4000 3500 

A g  + ", A u  ~ + 750 600 
Z r  4 . b, C r  ~+ ~, in~ ~ ~ 300 250 
Hf~+ b, Vs+  b Ti4+ d 100 80 

pt2~ b, pd:+ b 50 41) 

Th4~ ,., U 6 +  I 20 15 

C o  2 ~ I~ 10 5 
C u  2 + b. Ni2+ u M n 2 +  b 3 l 

Fe 3 + b. Hg2 ~ b 3 

10000 

6000 

4500 

4000 

3500 

3000 

8000 

5000 

8O0 

3O0 

100 

5O 
20 

10 

1 

9000 

5000 

4500  

3500 

3000 

3000 

1000 
4500 

700 
250 

75 

3O 

10 

5 

5 

" rMasking agents: a 8 2 0 3 2 - ' ;  bCN ; ~C2042 ; dtartrate; e C H ~ C O O  ; rmalonate. 

2.4. Procedure for the determination of cerium in 
monazite samph's 

To 1.0 g of  the sample, 20 ml of  8.0 M sul- 
phuric acid was added and heat was applied to 
decompose the sample. After cooling to room 
temperature the residue was dissolved in water. 
The solution was transferred to a 50 ml separat- 
ing funnel containing 20 ml of tri-n-butylphos- 
phate to extract Ce(IV) and Th(IV). By adding 5 
ml of 1.0 M sodium nitrite, the Ce(IV) was re- 
duced to Cerium(III) which returned to the 
aqueous phase and was then separated. The re- 
sulting aqueous solution was placed in a 25 ml 
calibrated flask and made up to the mark with 
water. An appropriate volume was taken and 
the above procedure for cerium determination 
was followed. 

m- Biy-azobenzene-di(]g-diketone) : 
8 

~__  C,O F t ~  C- -OH 
. ,---,3 ~ / a,r-~--k3 I/ 

o = c - ~  3 ( © 3 - , , . N  c .  ~ 3 ~ ) r - - . , . - c  O,C--R ,L' . ,2:~7 ~ \ \ ?=-'7 , \ 
,~ v . - -  ~ = N  - -  C'O 
/ , C--N,N R - -  C=O 

o - c - ~  . o -  c* - -¢  
8 

3. Results and discussion 

Cerium(III) was found to react instantaneously 
with ligands |a Ia in neutral and slightly basic 
media to form slightly soluble orange--red com- 
plexes. Investigations were carried out to establish 
the most favourable conditions to achieve maxi- 
mum colour development in the quantitative deter- 
mination of Cerium(III). The influence of each of 
the following variables on the reaction was tested. 

3.1. Effect of  pH 

The protonation constants of the reagents under 
consideration were calculated [15] and found to be 
10.97, 7.57, 11.43 and 8.11 for reagents I~, Ib, I c and 
la respectively. The protonation reaction [15] can be 
represented as 

p-  I s. 7 , , ' , l ' ,¢n ' , ' cnc.d i (Jh l ikc l ,me)  : 

o,c:--~ R ~ c , O  O,C~R R ~ C - - O H  
\~ .  3..:~ 1/ ~ \ 3 r :~  0 

/ _ 3x-='-~3 \ ,~ ,.~ 3~- . - "3  \ 
o=c--~' R'-- c.o '~ ' -~ -  ~ ~--c.o 
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Table 2 
Comparison of the selectives, times required and sensitivities of different methods for the spectrophotometric determination of 
cerium 

Reagent 2MA x 104 × C Comment Ref. 

Chiorophosphomazo Ill 675 5.9 
Arsenazo III 665 4.7 
Arsenazo M 640 8.3 
p-Acetylchlorophosphonazo 675 11.6 
4-(2-Thiazolylazo) resorcinol 550 4.09 
1 -(2-Thiazolylazo)-2-naphthol 620 5.14 
p-Acetylarsenazo 670 -- 

o-lodobenzyoyl-o-tolylhydroxylamine 450 0.57 

1,3-Phenylenediamine bisazoacetylacetone 573 2.58 

1,3-Phenylenediamine bisazobenzoylacetone 533 2.43 

1,4-Phenylenediamine bisazoacetylacetone 511 2.39 

1,4-Phenylenediamine bisazobenzolyacetone 638 2.28 

Highly susceptible to interference [19] 
Highly susceptible to interference [20] 
Highly susceptible to interference [21] 
5 min standing time [22] 
Colour stable for 1.5 h [11] 
Colour stable for 2.0 h [11] 
10 min required for complete 
colour development [23] 
5 rain after extraction with 
chloroform [24] 
Rapid, selective, without 
heating or extraction This 
Rapid, selective, without 
heating or extraction This 
Rapid, selective, without 
heating or extraction This 
Rapid, selective, without 
heating or extraction This 

work 

work 

work 

work 

On varying the pH of  the reaction mixture 
from 5.0 to 10.5, complexes with the four lig- 
ands gave maximum absorbance values in the 
pH ranges 6.5-7.5, 7.0 8.0, 7.5-9.5 and 6.0-  
8.0 for | a ,  Ib, Ic and Id complexes resprctively 
(Fig. 1). The absorbance-pH curves are 
parabolic relations, indicating the increased for- 
mation of the complexes with increasing pH 
due to the decreased acidity of the medium and 
enhanced ionisation of  the active protons on 
the ligands. The decrease in absorbance on the 
alkaline pH side is due to either the hydrolysis 
of the complexes or the formation of other 
types of hydroxoazo complexes having lower 
absorbance. This behaviour is quite common 
for complexes formed by proton displacement 
from the ligand through the metal ion [16]. 
Hence, the pH values of  7.0, 7.5, 8.5 and 7.0 
were chosen for all further studies with I,, Ib, 

I c and lo respectively. It was also observed that 
the absorbance remained constant with the ad- 
dition of  > 10 ml of borate buffer in each case. 
Accordingly, 12.5 ml of buffer solution of ap- 
propriate pH value was used for all further 
studies. 

3.2. Effect of reagent concentration 

When the volume of  the reagent added to 
an aliquot of  solution containing 50/~g of 
Cerium(III), was varied from 0.5 to 5.0 ml, 
the maximum absorbance was observed 
with the addition of  1.5 ml for Cerium(III)-Ia 
and C e r i u m ( I I I ) I  c complexes whereas 2 ml 
was required for Cerium(III)-lb and Ceriu- 
m(III)--ld complexes. Hence, 2.5 ml of  10 -3 M 
reagent solution was employed for all further 
studies. 

3.3. Effect of solvent ratio 

Dioxane was found to be the best solvent to 
dissolve the slightly soluble Cerium(Ill) Ia-Io 
complexes and the maximum absorbance was 
observed in the presence of 25-35% (v/v) diox- 
ane. At least 6.3 ml of  dioxane was required 
for the dissolution of  the complex and the ab- 
sorbance decreased with the addition of >10 
ml. All measuremetns were therefore made in 
the presence of  7.5 ml (30% v/v) of  dioxane. 
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Table 3 
Results for the determination of Cerium(Ill) in two different monazite samples 

315 

Sample N o ?  Reagent Reference Found ( % ) ~  Recovery (%) % RSD t-test a F va lue  " 
value (%)b ( _+ SD) 

Monazite 1 54.85 

Monazite II 

L 54.40 99.18 (0.61) 1.95 1.14 2.19 
Ih 54.25 98.91 (0.83) 1.60 1.33 2.47 
I,: 55.10 100.46 (0.52) 2.17 (/.99 1.81 
l,a 54.55 99.45 (0.47) 1.44 1.78 2.69 

66.20 
!;, 66.75 100.68 (0.58) 1.82 1.05 2.11 
1~, 67.00 101.21 (0.64) 2.26 1.57 2.36 
I~ 65.75 99.32 (0.49) 1.53 1.24 2.28 
Ij 66.80 100.91 (0.761 1.72 1.82 2.66 

:'The samples were provided by the Geology Department, Faculty of Science, Benha University, Egypt. 
bObtained by atomic absorption spectrometry. 
~Average of six determinations. 
~Theoretical value for t-test is 2.57. 
"Theoretical value for F value is 5.05. 

3.4. Spectral characteristics 

Absorption spectra of the Cerium(III) complexes 
with ligands I,c-ld were recorded (Fig. 2) at the 
recommended pH values. As the complexes exhib- 
ited maximum absorbances at 573, 533, 511 and 
638 nm and their exhibited maximum absorbances 
at 407, 363, 404 and 410 nm respectively, all mea- 
surements were made at corresponding 2MAX 
values for each complex. 

3.5. Composition of the complex 

Under the optimum conditions of pH, reagent 
concentration and solvent ratio described above, 
the metal: ligand ratios were found to be l:l and 
2:1, using Job's continuous variation and molar 
ratio methods. The conditional formation con- 
stants (log K), calculated using the Harvey-Man-  
ning equation [17], were found to be 4.44, 4.95, 5.63 
and 5.22 for the (1:1) complexes, whereas the real 
constants were 4.75, 5.20, 6.00, and 5.50 respec- 
tively. For (2:1) complexes, the conditional forma- 
tion constants (log K) amount to 8.51, 8.96, 9.73 
and 9.37 for I~, Ib, I c and I d respectively, while the 
true constants were 8.88, 9.20, 10.05 and 9.50 
respectively. The values indicate that the stability of 

the complexes increases in the order I,~ < Ib < ld < 

|c" 

3.6. Beer's law, sensitivity and stability 

The absorbance values of the Cerium(Ill)-I, I d 

complexes followed Beer's law over the concentra- 

°-. l 
0 . 6  

0 . 4  

0 . 2  

I 1 
5 7 9 11 

pH 

Fig. 1. Effect of  pH on the absorbance of l-Ce(lll)-l,, com- 
plex, ll-Ce(lll}-I b complex, l lI-Ce(ll l l-complex and IV-Ce(III- 
I a complex. 
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Fig. 2. Absorption spectra of: (A) l × 10 -4  M ligands I~. d at 
pH 7.0, 7.5, 8.5 and 7.0 against buffer of the same pH value. 
(B) 1 x 10 -4  M ligands Ia a + 1 x 10-4M Ce(III) at pH 7.0, 
7.5, 8.5 and 7.0 against 1 × 10 -4 M ligands (Ia_d) at the same 
pH value. 

tion ranges 0.10-2.50, 0.05-3.00, 0.05-3.75 and 
0.10-3.50 ktg m l - '  respectively in the measured 
solutions. They have molar absorptivities of 2.58, 
2.43, 2.39 and 2.28 x 10 4 1 mo l -  ~ cm-1 and Sandell 
sensitivities of 5.4, 5.8, 5.9 and 6.1 ng cm -2 
respectively. For more accurate results Ringbom 
optimum concentration ranges were established 
and were found to be 0.2-2.25, 0.2-2.60, 0.2-3.50 
and 0.2-3.30 /tg m1-1 using Ia, Ib ,  lc and I d 
respectively. 

Although the proposed method offers a sensitiv- 
ity equal to that of Gaokar  and Eshawar [11], the 
proposed method showed longer stabilities of  the 
complexes formed: 3.0, 4.5, 6.0 and 5.0 h using Ia, 
I b ,  I c and Ia respectively compared to stabilities of 
1.5 and 2.0 h using 4-(2-thiazolylazo) resorcinol 
and 1-(2-thiazolylazo)-2-naphthal respectively [11 ]. 

was set as that which causes an error of _+ 2.0% in 
the determination of  2.0/~g of  Cerium(III) per 
millimeter. EDTA caused a negative interference 
due to its complexing action on Ce(III), hence 
decreasing the effective concentration of the 
Ce(III) bisazo-/~-diketone complexes. Mn(II), 
Ni(II), Cu(II), Co(II), Hg(II), Fe(III), Sc(III), 
Y(III) and La(III) caused positive interferences 
based on their ability to form complexes with the 
bisazo-/%diketone which absorbed in the same 
spectral region as the Ce(III) complexes. The toler- 
ance limits of the various ions are given in Table 1. 

Comparison of  the proposed method with others 
(Table 2) shows that the proposed method is 
simple, rapid, sensitive and selective. It does not 
require heating, standing time or extraction with 
organic solvents. 

3.8. Precision and accuracy 

The relative standard deviation and relative 
mean error, calculated from 10 replicate determina- 
tions with 2.0/~g of  Ce(III) per millilitre were found 
to be +0.88% and +0.65% for the Ce(III)-Ia 
system, +0.51% and +0.33% for the Ce(III)-Ib 
system, +0.67% and +0.42% for the Ce(III)-Ic 
system and +0.75% and +0.65% for the Ce(III)-  
Id system. 

3.9. Analytical applications 

3.9.1. Determination o f  cerium (IV) 
It was found to be possible to use the described 

method for the determination of Cerium(IV) after 
prior reduction to Cerium(III) with a reducing 
agent. Hence 2 ml of solution containing 50/~g of  
Cerium(IV) in a 25 ml measuring flask was reduced 
with 300 / lg  of hydroxylammonium chloride and 
the resulting cerium(III) solution was analysed with 
reagent Ia, Ib, Ic or Id, as described in Section 2.3 
indicating the same sensitivity and limits of  deter- 
mination as in the case of Ce(III). 

3. 7. Effect o f foreign ions 

The interference of various ions in the determina- 
tion of  cerium(III) was studied. The tolerance limit 

3.9.2. Determination o f  cerium in monazite 
samples 

In order to confirm the usefulness of  the pro- 
posed method, it has been applied to the determina- 
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tion of Cerium(III) as Ce203 in two monazite 
samples. The results observed are compared with 
those obtained using the atomic absorption tech- 
nique (Table 3) and indicate that the method is 
reliable and accurate. 

The results obtained by the proposed method 
were compared with those of the AAS method 
using the t-test for accuracy and the F-value for 
the assessment of precision [18] for five degrees of 
freedom and a 95% confidence level. The calcu- 
lated values did not exceed the corresponding 
theoretical values, indicating insignificant differ- 
ences between the results (Table 3). 

4. Conclusion 

The data obtained above indicate that the pro- 
posed method described for the spectrophotomet- 
ric determination of Ce(III) ions is quite rapid, 
precise and sensitive. Thus the chromogenic 
reagents utilised in the described method above 
can safely be used under the proper conditions for 
the satisfactory analysis of Ce(III) ion in solution. 
The proposed method was successfully applied to 
the determination of cerium in two different mon- 
azite samples. The method also allows the deter- 
mination of Ce(IV) after prior reduction to 
Ce(Ill). 
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Abstract 

Trace quantities of zirconium were preconcentrated on a series of chelating resins. The experimental conditions for 
preconcentration such as pH, time and metal ion concentration were optimized for the batch processes. Continuous 
flow manifolds were developed for the on-line preconcentration of zirconium using microcolumns containing 
chelating resins. Calibration plots were obtained with correlation coefficients of 0.9990 _+ 0.0008. The determination 
of zirconium was performed using Xylenol Orange at 535 nm. Binary and ternary mixtures of zirconium, thorium and 
titanium did not show any cross-contamination during column chromatographic separation, gb 1997 Published by 
Elsevier Science B.V. 

Kerwor&': Chromatographic separation; Flow injection; Preconcentration: Zirconium 

1. Introduction 

The determinat ion o f  trace amounts  o f  metal 
ions by on-line preconcentra t ion through l iquid-  
liquid extraction or ion exchange and flow injec- 
tion analysis has been reported for most  metal 
ions. However,  there are few reports on the deter- 
minat ion o f  zirconium using flow injection analy- 
sis. Zirconium, being t ransparent  to thermal 
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hinagarz-382015. India. 

0039-914(I/97/$17.00 (O 1997 Published by Elsevier Science B.V. All 
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neutrons, is widely used in nuclear reactors. It is 
highly active metal but, like aluminium, has a 
tendency to form a stable cohesive protective 
oxide film. Hence nanogram level determinations 
o f  zirconium are critically important .  Various 
types o f  supports  such as alumina [1], Chelex-100 
[2], resin 122 [3] and 8-hydroxyquinol ine (oxine)- 
based resins [4] have been reported for the precon- 
centrat ion o f  metal ions before determination.  
The reported chelating resins containing oxine 
groups [5 7] exhibited low metal exchange capac- 
ities and slow exchange rates. At tempts  were 
made to improve these properties but these resins 
required moist storage and were unstable at > 2 

rights reserved 
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Table 1 
Physico-chemical properties of the resins ~ 

Property 8HOQFR 8HOQFHQ 8HOQFuR 8HOQFuHQ 8HOQBR 

Moisture content (g g i) 0.03 0.03 
True density (g cm -3) 1.40 1.50 
Void volume (cm 3 g - i )  0.78 0.66 
Sodium exchange capacity (mmol g ~) 4.60 5.00 
tl/2 for sodium exchange (min) 7.0 4.0 
Zr(IV) exchange capacity (m tool g - l )  0.42 0.46 
tl/2 for 0.1 M Zr(IV) exchange (min) 17.0 23.0 
Kd (distribution coefficient for 51.0 60.0 

0.1 M Zr(IV) at pH 4 5) 

0.64 1,98 1.51 
1.25 1.16 1.18 
0.53 0.49 0.63 
2.80 3.30 2.60 

10.0 12.0 24.0 
0.42 0.46 0.46 

23.0 24.0 14.0 
51.0 60.0 60.0 

a Abbreviations represent resins synthesized using 8HOQ = 8-hydroxyquinoline, F = formaldehyde, Fu = furfuraldehyde, B = ben- 
zaldehyde, R = resorcinol and HQ = hydroquinone. 

M acid conditions. Oxine-based chelating resins 
synthesized by a modified route have been re- 
ported [8] which are stable above 2 M acid condi- 
tions and do not require moist storage. They have 
been used successfully for the preconcentration 
and separation of copper [8], nickel [9], zinc [10] 
lead [11] and cadmium [10]. 

Preconcentration of zirconium was carried out 
by Blasius and Kynst [12] using catechol O,O-di- 
acetic acid derivatives. Dowex 50W X4 was used 
by Fritz and Palmer [13] whereas Vernon [14] and 
Phillips [15] reported poly(hydroxamic acid) resins 
for the preconcentration of zirconium. We report 
here the use of oxine-based resins for the precon- 
centration of zirconium at the batch level and an 
on-line continuous flow method. 

2. Experimental 

2.1. Reagents 

AR-grade zirconium oxychloride and high- 
purity deionized water were used to prepare a 
standard solution of zirconium. The zirconium 
solution was standardized using a colorimetric 
method [16]. 

Acetate buffers of different pH were prepared 
from 0.2 M sodium acetate and acetic acid. 
Xylenol Orange concentration of 0.5% (w/v) was 
prepared freshly. 

2.2. Synthesis of  resins 

Resins based on 8 hydroxyquinoline (8HOQ), 
resorcinol (R) or hydroquinone (HQ) and 
formaldehyde (F), furfuraldehyde (Fu) or ben- 
zaldehyde (B) cross-linking agents were synthe- 
sized as described earlier [8]. the relevant 
physico-chemical properties of the resins are given 
in Table 1. The series of resins were used for 
batch and column chromatographic studies of 
zirconium exchange. The optimum pH for the 
exchange of zirconium and q/2(time required for 
50% exchange of metal ions) in batch processes 
were determined according to literature methods 
[17]. Zirconium was determined colorimetrically 
[16] in the supernatant solution and also on elu- 
tion from the resin. 

The kinetics of the zirconium exchange and the 
mode of diffusion of zirconium towards the resin 
were determined through an interruption test [17, 
18] and were also confirmed by the method re- 
ported by Nativ et al. [19]. During the interrup- 
tion test, resin beads were interrupted by 
removing them from the solution for 10 min and 
then reimmersing them in the solution, and metal 
exchange was further studied. From the nature of 
the plot of percentage exchange against time, the 
mode of diffusion of the metal was determined 
[15]. The efficiency of elution of zirconium from 
the resin was tested by using various eluents of 
different strength. 
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Table 2 
Column characteristics ~ 

Property 8HOQF R  8 H O Q F H Q  8 H O Q F u R  8 H O Q F u H Q  8HOQBR 

Column length (cm) 17.5 17.5 
Interstitial volume (Vo, cm 3) 9.2 9.8 
Breakthrough capacity (mequiv g ~) 0.043 0.048 
Total capacity (mequiv g ~) 0.24 0.32 
Degree of utilization b 0.18 0.15 

9.0 10.5 9.3 
4.8 5.2 4.6 
0.082 0.055 0.039 
0.31 0.30 0.23 
0.27 0.18 0.17 

" Metal concentration 1 mg cm ~; flow rate 1 cm ~ min-~ .  
b Breakthrough capacity/total capacity. 

2.3. Chromatographic separations 

Chromatographic columns of 10-18 cm length 
and 7 mm i.d. were prepared using synthesized 
resins: 8HOQFR, 8HOQFHQ, 8HOQFuR,  
8HOQFuHQ and 8HOQBR. Breakthrough and 
column capacities and interstitial volumes were 
determined according to the reported methods 
[20] and results are given in Table 2. Binary and 
ternary mixtures of zirconium, titanium and tho- 
rium containing 400 /~g cm 3 metal in ratios of 
1:1 and 1 : 1:1 were passed through the column at 
the pre-established pH and a flow rate of 1 cm 3 
min-~. The columns were thoroughly washed 
with deionized water. Separation of metals was 
achieved by following the selective desorption 
technique. Cross-contamination in the separation 
was studied by estimating each component indi- 
vidually in all fractions of the column effluent. 

2.4. On-line preconcentration of zirconium 

A continuous flow manifold for the preconcen- 
tration of zirconium at the nanogram was con- 
structed as shown in Fig. 1. A Gilson Minipuls 
peristaltic pump was used along with a Rheodyne 
RH 5020 rotary injection valve. Microcolumns of 
40 mm length and 2 mm i.d. containing the resins 
under study were connected to the manifold using 
0.5 mm i.d. Teflon tubing. A UV-visible spec- 
trophotometer with a 20/L1 flow cell was used as 
a detector. The absorbance vs. time response was 
recorded on an x t chart recorder at 535 nm. 
Experimental conditions influencing the extent of 
preconcentration, such as pH, microcolumn 
length, flow rate and metal concentration, were 

optimized. The chelated zirconium(IV) was eluted 
from the microcolumns by injecting 20/~1 of 2 M 
hydrochloric acid followed by the appropriate 
acetate buffer to avoid carryover of the samples. 
A three-way valve was used to control the flow of 
zirconium solution and buffer. 

3. Results and discussion 

The relevant physico-chemical properties of the 
resins are given in Table 1. These resins were further 
used to study the exchange of zirco- 
nium(IV) ions. The nature of the cross-linking agent 
and the type of monomer play important roles in 
the sodium exchange process and resins containing 
hydroquinone always showed a higher exchange 
capacity than the corresponding resorcinol-con- 
taining resins. Variations in the cross-linking agent 
affected the exchange capacity considerably. How- 
ever, for the exchange of zirconium such variations 
in the nature of  resins had little effect on the 
chelating properties or on the t1~2 values. 

The effect of pH on zirconium exchange is 
illustrated in Fig. 2. The maximum exchange was 
observed at pH 4, suggesting potential use of 
resins in acidic effluent treatment. The zirconium 
selectivity order of the resins based on the distri- 
bution coefficient K d and the exchange capacity 
was observed to be 8 H O Q F H Q = S H O Q F u -  
HQ = 8HOQBR > 8HOQFR = 8HOQFuR.  The 
study of the effect of the zirconium ion concentra- 
tion on the exchange capacity indicated the ex- 
change process is concentration dependent and all 
the resins, irrespective of their structure, show 
saturation at a 0.1 M zirconium concentration. 
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Buffer 

Somple 

Reagent 

Fig. 1. Flow injection manifold for on-line preconcentration and determination of Zr(IV) using Xylenol Orange as reagent. 1, 
Peristaltic pump; 2, injection valve; 3, resin column; 4, three-way valve; 5, detector. 

From the kinetics of the zirconium exchange, it 
was observed that complete exchange takes place 
in less than 4 h and the tl/2 values for 8HOQFR, 
8HOQFHQ, 8HOQFuR, 8HOQFuHQ and 
8HOQBR are 17, 23, 30, 24 and 14 min, respec- 
tiviely. The exchange process was observed to be 
diffusion controlled through the interruption test. 
As discussed earlier in the interruption test, the 
interruption pause gives time for the concentra- 
tion gradient in the beads to level off, hence 
resulting in an increased exchange rate after reim- 
mersion of the resin particles in the particle diffu- 
sion controlled process. In film diffusion, no such 
concentration gradient exists in the beads and the 
exchange rate depends on the concentration dif- 
ferences across the film. In this case, interruption 
does not affect the concentration across the film 
and hence has no effect on the exchange rate. 
From the nature of the plots, it is observed that 
zirconium exchange is a particle diffusion and not 
a film diffusion process. Particle diffusion was 
also confirmed with the mathematical model pro- 
posed by Nativ et al. [19]. A plot of time vs. [1 - 3 
( 1 -  x)2/3 + 2(1 - x ) ]  was constructed, where x is 
the fractional conversion of the resin, which is the 
ratio between the measured and maximum ex- 
change capacities. According to this model, film 
diffusion gives a straight line passing through the 
origin. The plots with straight line giving an inter- 
cept on the abscissa indicate that the diffusion is 
not a film diffusion but is a particle diffusion 
process (Fig. 3) in zirconium exhange. 

The simple Langmuir isotherm equation [21] 
for the adsorption of a single adsorbate on a 
single site surface is still frequently applied in 
ion-exchange reactions with specific assumptions. 
The first assumption is that the selectivity coeffi- 
cient or separation factor remains unchanged or 
hardly changed during the exchange involved, and 
the second is that for homovalent and heterova- 
lent exchange, the concentration of one of the 
ions or of the adsorbed solution is constant. 
Based on these assumptions, Misak [22] derived 
certain equations for the study of ion exchange 
through the Langmuir isotherm for single site 
heterovalent exchange. 

m ) _  t Co CA CA l - - - -  

qA Q ~nQ 

where CA=equilibrium concentration of ex- 
changing ion A in solution (mol c m - 3 ) ,  qA = 

amount of metal A sorbed (mequiv. g-l) ,  
Q = m a x i m u m  sorption capacity (mequiv g-~), 

= separation factor and Co = initial concentra- 
tion of ion A in the solution. 

This equation was applied to the data obtained 
from the kinetic study of zirconium exchange at 
0.1 M concentration. From the plot of CA/qA 

against CA the exchange capacity Q was calcu- 
lated from the slope, taking m = 4 and n = 1 for 
zirconium ion and resin. The value of Q calcu- 
lated graphically using the equation based on the 
Langmuir isotherm for ion exchange agrees well 
with the experimental value. Hence the proposed 
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mathematical  equation for ion exchange is as- 
sumed to be valid with the above-mentioned as- 
sumption. From the results for Q and e selectivity 
coefficient K was calculated by using the equation 

/ 

and was found to be 0.04986. It was observed that 
the selectivity coefficient for the resins under 

TI : :~  
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0.4 
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g_ O2 
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0 
0 2 4 6 8 pH 

0.16 

0.12 

151 

=o o.o8 

o 

004 

0 
0 

-,,, 

2 4 6 8 I0 
pH 

Fig. 2. Effect of pH on zirconium exchange. 0 ,  8HOQFR: 
x ,  8HOQFHQ; O, 8HOQFuR; A, 8HOQFuHQ; •, 
8HOQBR. 
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¢d 

c~'~ 

I 
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II 

0.06 

0.04 

0.02 

0 
0 20 40 6b 

TIME rain 

Fig. 3. Interruption test for exchange process. Symbols as in 
Fig. 2 

study remains almost unchanged, indicating the 
similar behaviour of  the resins towards zirconium 
exhange. 

3. I. Elution qf zirconium from resins 

Various eluents of  different strengths were used 
for the elution of zirconium from the resins. It 
was observed that zirconium can be quantitatively 
eluted with 0.2-1.0 M hydrochloric acid, sul- 
phuric acid, nitric acid, sodium citrate, sodium 
tartrate and potassium thiocyanate, whereas 
phosphoric acid, perchloric acid, sodium chloride 
and thiourea were not able to elute zirconium 
from the resins. 

3.2. Binary and ternary separations 

Volumes of 25 cm 3 of mixtures of  zirconium 
and titanium or zirconium and thorium solutions 
each containing the metal ions in a 1:1 ratio were 
passed through the columns with characteristic 
properties as given in Table 2 at pH 5 and a flow 
rate of  1 cm 3 min ~. The column effluent did not 
show any metal, confirming quantitative uptake 
of the metal ions. The element systems were se- 
lected in such a way that no cross-contamination 
was observed. Each aliquot was analysed for the 
metals in the mixture. Zirconium and titanium 
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[16] were determined colorimetrically using 

Xylenol Orange  and  chromotropic  acid, respec- 

tively, and  thor ium titrimetrically using EDTA.  
Z i rcon ium was masked with potass ium oxalate 
wherever necessary. The results are given in Table  
3 and in Fig. 4. The results of  triplicate determi- 

na t ions  showed 99.2 102.8% recoveries. The sep- 
ara t ion of ternary mixtures of z irconium, t i tan ium 

and thor ium at pH 5 was achieved without  any 
cross-contaminat ion  using specific eluents as 

shown in Fig. 4. The observed recoveries for 
triplicate sets were 98.8-102.8%, as shown in 
Table  3. 

50 ~ I M N a 3  Citrate ,i- 

I 
4or ! 

0 ~ ~ /  , 
0 25 50 

Volume of effluent cm 3 

( o )  

1M HCI - - ~  

60[ 

8- HOQ FR 

'75 100 

( b )  
. . . . . . . . . .  I 

--01M CH3 COOH-- - ~ - , -  . . . . .  IM HCI 
8-HOQFHQ 

40- 

E i \ 

o L_  _ ~  
0 25 5O 

Volume of effluent cm 375 
I00 

60[- 
.~ o,M c.3coo~ :j: 

4oL 
I' 1 

20L 

,3 L ~- 
0 

( e )  

1MNo3citrate - - - ~ J ~ - - - -  IN HCI _.7~ 
HOOFR I 

I 
4 "  i 

so 7s - ,oo- ,~ "I~o 
Volume of elfluent cm 3 

Fig. 4. Separation of (&) zirconium, ( I )  titanium and (O) 
thorium from mixtures (a) Zirconium titanium: (b) thorium 
zirconium: (c) thorium zirconium titanium. Volume of solu- 
tion, 25 cm~: flow rate, 1 cm ~ mill i amounts of metal 10 mg 
each. 

6"0 1 4- 

~ 4"0 ~ 

~ 2.0 
0 0-5 1.5 2.5 

e- 

° _  

..c 

ila 
13_ 

I 

1-5 

2.5 /~ 

2"( 

S C A N  

Fig. 5. Calibration of zirconium(IV). Alnounts of Zr(IV) 25, 
50, 75, 100, 125 and 150 ng: pH, 3: Xylenol Orange concentra- 
tion 0.01% (w'v): eluent 20 FI of 2 M HC1. Symbols as in Fig 
2. 

3.3. Flow i~jection sys t em 

The de te rmina t ion  of z i rconium at n a n o g r a m  
levels was carried out after on-l ine preconcentra-  
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tion on microcolumns containing 8HOQFR, 
8HOQFHQ, 8HOQFuR, 8HOQFuHQ and 
8HOQBR resins in a continuous flow system as 
shown in Fig. 1. Solutions containing 50 ng cm 3 
(l  X |0  7 M) zirconium were passed through the 
systems at a flow rate of 3 cm 3 rain- 1 Continuous 
monitoring of the column effluents showed a 
quantitative uptake of the zirconium by all the 
resin columns. From the study of the effect of pH 
on the on-line preconcentration in the flow system 
than in a batch system (Fig. 2). However, 20/zl of 
2 M hydrochloric acid could elute zirconium 
quantitatively from all the resin columns. The 
dispersion of the system under study was calcu- 
lated by using 5/~g cm -3  of zirconium solution in 
the sample channel (Fig. 1) and also injecting 20 
~1 of 5 /~g cm -3 of zirconium solution through 
the manifold with an empty microcolumn and 
also without a microcolumn. Introduction of the 
microcolumn did not influence the dispersion co- 
efficient to a significant extent. The dispersion 
coefficient was calculated to be 2.2. The sharp 
elution peaks obtained showed faster kinetics dur- 
ing exchange processes. 

From the study involving different column 
lengths for the preconcentration, it was observed 
that 4 cm long columns of 2 mm i.d. are sufficient 
for the preconcentration and longer ( >  6 cm) 
columns increase the dispersion. Similarly, a 2 
cm 3 min-~ flow rate was observed to be optimum 
whereas at lower and higher flow rates either the 
peaks were not sharp or greater dispersion was 
observed. 

A calibration plot for the preconcentration of 5 
cm 3 of zirconium solution in the conentration 
range 0.5-2.5 /lg cm -3 was obtained for each 
resin after elution of zirconium with 20/z 1 of 2 M 
hydrochloric acid. The results were recorded in 
triplicate as shown in Fig. 5. The regression coeffi- 
cients were 0.9982, 0.9996, 0.9986, 0.9992 and 
0.9976 for the resins 8HOQFR, 8HOQFHQ, 
8HOQFuR, 8HOQFuHQ and 8HQOBR, respec- 
tively. The lowest detection limit was found to be 
10 ng cm -3, which was based on twice the stan- 
dard deviation of the blank signals. The RSD 
values were in the range 0.8-2.65%. 

From this study, it is concluded that the synthe- 
sized resins are effective for the preconcentration 
of zirconium at the nanogram level using a flow 
injection manifold. The colorimetric method es- 
tablished using Xylenol Orange reagent was suc- 
cessful for the determination of zirconium in the 
presence of Cu(II), Ni(II), Pb(I1), Zn(II), Cd(II), 
Fe(II), Mn(II), AI(III), Cr(VI), Mo(VI), Th(IV), 
V(V), Ce(IV), UO~ + and Yi(IV) under optimized 
conditions. The efficient separation of zirconium 
from titanium and thorium was achieved by 
column chromatography. Continuous recording 
gave no signal during preconcentration, indicating 
the high efficiency of the resins for the removal of 
zirconium from the solution. 
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Abstract 

Measurements of dimerization constants (Kd.HR) and distribution constants (Ki~,mO of bis(2-ethylhexyl)phosphinic 
acid (PIA-8) in three kinds of organic diluents were carried out by a potentiometric two-phase titration technique at 
298 _+0.1 K. Extraction of iron(III), zinc(II), copper(II), manganese(II), cadmium(II), cobalt(II) and nickel(II) by 
PIA-8 from 1.0 mol dm 3 ammonium sulfate solution into heptane was investigated as a function of pH and 
extractant concentration. The data have been analyzed both graphically and numerically to determine the stoichiome- 
try of extracted species and their extraction constants. The extracted metal species were found to be FeR 3. 2HR for 
i ron(I lI) ,  Z n R  2 and ZnR 2" 3HR for zinc(II), CUR2" HR and CuR~" 5HR for copper(H), MnR 2. 2HR and MnR2" 3HR 
for manganese(If), CdR2.3HR for cadmium(II), CoR2.HR and CoRz.4HR for cobalt(II) and NiR,.3HR and 
NiR 2- 6HR for nickel(II), respectively. © 1997 Elsevier Science B.V. 

Keywordv: Bis(2-ethylhexyl)phosphinic acid; Extraction equilibrium: Solvent extraction: Transition metal ions 

I. Introduction 

Organophosphorus  acid extractants have been 
widely studied for the separation and recovery of  
several metals in acidic media [1 5]. Particularly, 
enhanced selectivity has been reported with di- 
alkylphosphinic acids like bis(2,4,4-trime- 
thylpentyl) phosphinic acid (Cyanex 272), e.g. in 
the separation of cobalt(II) and nickel(II) [6]. 
Cyanex 272 as an extractant, however, possesses a 
high selectivity for the separation of cobal t ( I I ) -  
nickel(II) and an ability to reject calcium(II); two 

*Corresponding author. Fax: +81 776 278747; e-mail: 
nagaosa(a!acbio.acbio.fukui-u.ac.jp 

problems concerning the viscosity of the organic 
phase and the extraction rate have been reported. 
The polymers are formed in the organic phase as 
the loaded cobalt increases, and as a result the 
viscosity of the organic phase increases as re- 
ported by Komasawa et al. [7]. Consequently, the 
loading ability of  the organic phase has to be 
limited to prevent any large increase in viscosity, 
and a subsequent decrease in mass transfer rates 
occurs. Dreisinger and Cooper  [8] also reported 
that the extraction rate of  metal ions by Cyanex 
272 extractant was considerably lower than that 
with bis(2-ethylhexyl)phosphoric acid (D2EHPA).  

Little is known about  bis(2-ethyl- 
hexyl)phosphinic acid (PIA-8) as an organophos- 

0039-9140/97/$17.00 (~-5, 1997 Elsevier Science B,V. All rights reserved. 
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phorus acid extractant for the separation by sol- 
vent extraction of  transition metal ions to date. 
Therefore, we first have estimated the dimeriza- 
tion constants and the distribution constants of  
PIA-8 in some organic diluents by a potentiomet- 
ric two-phase titration technique. The extraction 
equilibria of  iron(III), zinc(II), copper(I1), man- 
ganese(II), cadmium(II), cobalt(II) and nickel(II) 
by PIA-8 from 1.0 mol d in -3  ammonium sulfate 
solution into heptane have then been investigated. 
The stoichiometry of  the extracted metal species 
and their conditional extraction constants have 
also been determined by means of numerical and 
graphical analyses. In this paper, the results of the 
studies will be discussed. 

2. Experimental 

2.1. Reagents and apparatus 

PIA-8 was delivered from Daihachi Chemical 
Industry (Osaka, Japan). No further purification 
was made before use (the purity was 96.6%). 
Heptane of  analytical reagent grade (Wako Pure 
Chemicals, Osaka, Japan), kerosene (a mixture of 
aliphatic hydrocarbons C1~-C13, which had a 
density of  790 kg m 3 at 295 K, Nacalai Tesque, 
Kyoto, Japan) and Naphtezol M (a mixture of  
aromatic hydrocarbons containing 55% naphtens, 
35% iso-paraffins and 10% n-paraffins, which had 
a density of 816 kg m 3 at 288 K, Nippon 
Petrochemistry, Tokyo, Japan) were used as or- 
ganic diluents without purification. The standard 
stock solutions of iron(III), zinc(II), copper(II), 
cadmium(II), manganese(II), cobalt(II) and nick- 
el(II) were prepared by dissolving their sulfates in 
0.1 tool d m -  3 sulfuric acid. All inorganic reagents 
were of  analytical reagent grade and used without 
further purification. 

An Iwaki Model 2366 KM Shaker was used to 
equilibrate the two phases. A Toa Model HM-30S 
pH meter (TOA Electronic, Tokyo, Japan) was 
used for pH measurements. Metal ion concentra- 
tions were determined by the titration method 
using ethylenediaminetetraacetic acid (EDTA) or 
a Seiko Model SPS-7000 Plasma Spectrometer 
(Seiko Electronic, Tokyo, Japan). 

2.2. Procedures 

2.2.1. Two-phase potentiometric titration 
Equal volumes (35.0 cm 3 each) of distilled wa- 

ter and organic diluent were placed into a 100 cm 3 
stoppered conical Erlenmeyer flask in a ther- 
mostatted water bath at 298 +_ 0.1 K. A potentio- 
metric two-phase titration was carried out while 
maintaining both the neutralized fraction constant 
and the phase ratio equal to unity. This was 
achieved by successively adding 1.0 ml of each of 
0.100 tool dm 3 PIA-8 in organic diluent and 1.0 
cm 3 of 5.00 x 10 ~ 2 mol dm 3 sodium hydroxide 
solution. The two phases were stirred for 1800 s 
and allowed to stand for 900 s. The pH value of 
the aqueous phase was then measured. Nitrogen 
was used to prevent the dissolution of carbon 
dioxide. 

2.2.2. Measurement o f  extraction equilibrium 
Equal volumes (15.0 cm 3 each) of organic and 

aqueous phases were placed in a 50 cm 3 separa- 
tion funnel, and the two phases were then shaken 
for 600 s on the mechanical shaker at 298 _+ 0.1 
K. 

Preliminary experiments showed that the ex- 
traction equilibria were accomplished for a shak- 
ing time of  600 s. The aqueous phase was 
prepared by diluting the standard stock solution, 
to which 2.0 tool dm 3 ammonium sulfate solu- 
tion was added in order to maintain the ion 
strength constant. The initial concentration of 
metal ions was 2 .00x 10 2 mol dm -3, and the 
initial concentration of PIA-8 in the organic phase 
ranged from 0.1-0.48 tool dm 3 as the dimeric 
acid [(HR)2]. After phase separation, the pH value 
of the aqueous phase was measured by using the 
pH meter. The concentration of metal ions in the 
aqueous phase was determined by using the 
Plasma Spectrometer or by titration with 2.00 x 
10 2 mol dm 3 EDTA using Cu-PAN (PAN was 
used for copper(II) and Tiron for iron(II)) as the 
indicator. The concentration of metal ion in the 
organic phase was calculated from the concentra- 
tion of  metal ion in the aqueous phase according 
to the mass balance law. The distribution ratio 
(D) was calculated in the usual manner. 
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3. Resu l t s  and discuss ion 

3. 1. Aggregation and distribution of extractant 

Organophosphorus acid extractants are known 
to be present as dimers in such organic diluents as 
heptane, toluene and carbon tetrachloride [9] and 
to be as monomers in methyl alcohol and n-decyl 
alcohol [10]. In general, it is important to know 
the aggregation degree of the extractant in or- 
ganic solvents and the distribution of  the extrac- 
rant between the aqueous and organic phases in 
order to clarify the extraction mechanism of the 
metal ions. 

Several equilibrium constants concerning PIA-8 
as the extractant can be expressed as the following 
equations: 

2(HR)o,.g = (HR)2.,,~g 

Kd.,,R = [(HR)2lorg/[HR]o~g (1) 

(HR)~,q = (HR)o~g 

KD..R = [HR]o,.g/[HRL, q (2) 

(HR),~q -- + - -  H a q  + R ~ q  

K. = [H + ]~,q[R ]~q/[Hgla q (3) 

where Kd.HR, KD..R and K. are the dimerization 
constant, the distribution constant and the acid 
dissociation constant, respectively. In the case of 
the potentiometric two-phase titration, the two- 
phase dissociation constants of K.E and K2aE can 
be expressed by using K~,, KD.Ha and Kd,HR [11]: 

K~,~. = [H ~ L,q[R ]aq/([HRla q + [HR]o,_g) 

= K~,/(I + KD.HR ) (4) 

K2~,F = [H + ] ~ ' q [ R  ] ] q / [ ( H R ) 2 ] o r g  = K~aE/Kd,HR ( 5 )  

then, 

log Kd,.R = pK2,v: -- 2pK~ (6) 

log KD.m~ = pK, m -  pK. (7) 

According to the mass balance law, the total 
concentration of  extractant can then be written as 

CHR = [Hg]org + [Hi]~q + [R ]aq 4- 2[(Ht)2]org 
(8) 

When Eqs. (4) and (5) are substituted into Eq. (8), 
the following equation is obtained. 

CHR -- [R ]aq 1 2 
[H + R ~- K2,,E [H +]'q[R - -  (9) 

],,q[ Lq K,,E 

Here the value of the [R Lq can be calculated 
from the mass balance [12]: [R L,q =ghCHR + 
10 pH_ 10PH 14 where g is the neutralization 
percentage, and h is the correction factor of the 
aqueous volume. Thus, a plot of (C.R - [R ]~q)/ 
([H~L,q[ R Lq) against [H+]~,q[R ]~,q should ob- 
tain a straight line with a slope of 2/K2~ a and an 
intercept of 1/K,E. As shown in Fig. 1, good linear 
relationships were obtained for PIA-8 in the dilu- 
ents. From their intercepts and slopes obtained, 
further, the K d . H R  and KD,HR values were calcu- 
lated by using Eqs. (6) and (7), as summarized in 
Table 1 (where pK~, = 4.48 was determined in our 
previous paper [12]). The results indicate that 
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Fig .  1. R e g r e s s i o n  c u r v e s  o f  t i t r a t i o n  d a t a  w i t h  P I A - 8  s o l u -  
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Table 1 
Dimerization constants and distribution constants of PIA-8 in 
various diluents at 298 K 

Organic diluent pK~E pK2a E log Kd.HR log KD,HR 

Heptane 9.17 20.1 1.75 4.69 
Kerosene 8.55 19.5 2.44 4.07 
Naphtezol M 7.11 19.0 4.80 2.63 

PIA-8 exhibited the largest log KD.HR value and 
the smallest log Kd,HR value in the heptane/water 
system. In order to ascertain the validity of the 
potentiometric titration method used, the Kd.HR 
and KD,HR values of  Cyanex 272 in kerosene/wa- 
ter were also estimated to be log K d , H R  = 4.56 and 
1OgKD,HR= 3.20, respectively. Both values are 
close to those already reported (log Kd.HR = 4.20, 
log KD,HR = 2.97 for Cyanex 272 in the kerosene/ 
water system) [13]. Accordingly, it is concluded 
that the potentiometric two-phase titration tech- 
nique is acceptable to estimate the dimerization 
and distribution constants of  PIA-8. 

3.2. Extraction equilibria of  metal ions 

It is well known that transition metal ions easily 
form the corresponding ammine complexes with 
ammonia in aqueous media. 

M~q + + p N H  3 = [M(NHs)p]~'q + (10) 

[M(NH3)} + ]aq (11) 
tip = [M" + ]~q[NHs]{~q 

where tip is the stability constant of the complex 
[M(NH3)jl+]~q (p = 1, 2 ..... 6). For  the system 
investigated, the constants f l ~ -  f16 for cobalt(II) 
and nickel(II), and fll - f14 for zinc(II), copper(II) 
and cadmium(II) are available except for iron(III) 
and manganese(II), respectively. Furthermore, the 
total concentration of the metal ion in ammonium 
sulfate solution can be expressed as follows: 

C M , a q  = [M" + ]aq -[- E [M(NH3)p] 

The concentration of the free metal ion can there- 
fore be calculated by using the following relation- 
ship: 

[M" + ]aq  = C M , a q  

1 + ~ flp[NH3] p 

(13) 

Assuming that the metal ion (M" +) is extracted as 
a form of  oligomerized species (MR~ .mHR)x by 
the dimer PIA-8 ((HR)2) into an organic diluent 
from aqueous media. The general extraction reac- 
tion can be expressed as follows: 

x(m + n) 
xMgq + + ~ (HR)2.o.x 

= (MRn' mHR) . . . . .  g + xnH.+q (14) 

The extraction equilibrium constant (K~,) for this 
reaction is 

K,.x = [(MR" "mHR)"]°rg[H +]~q (15) 
[M" + x ~,~ + n)/2 ]aq[(HR)2]org 

where n, m and x represent the valence of  the 
metal ion, the coordination number of  the extrac- 
tant in the extracted species, and the oligomeriza- 
tion number of  the extracted species, respectively. 
According to the mass balance law, the total 
concentration of metal ions in the organic phase, 
C M , o r g  , c a n  be written as 

C M . o r g  = E E x [ ( M R , , ' m H R ) x l o r g  
x ~ l m = ] 

= E ~ xK~-~[M"+l,'q 
x = 1 m = I 

x [(HR)2]~r'~ ' + ")/2[H + ]aq ~" (16) 

If the extracted metal species exists only as 
( M R n ' m H R ) ,  ( x = a  constant) in the organic 
phase, the following expression can be obtained: 

C M , o r g  = [M" + ];~-q[H + l~q n.,- ~ xK~.,. 
m =  ] 

x [(HR)2]o"~rg " + ,0/2 (17) 

= [M"+],q(1 + ~ flp[NH3] p) (12) or 
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log C M . o r g  = x( log[M ' '+ ]aq  - -  ?/ log[H + ] a q )  

+ l o g  ~ ,-I,* rtlap~ 1~(,,,+,,I.2 (18) ~ *X~,v t~x ~ x x l 2 J o r g  
m - -  1 

The value of  the ol igomerizat ion n u m b e r  (x) o f  
the extracted species can thus be obta ined  f rom 
the slope for  the plots of  log CM,o~g against  
(log [M" * ]~q - n log [H + ],q) at a cons tant  extrac- 
tant  concentrat ion.  Table  2 summarizes  the results 
of  the slope analysis for  several metal  ions at 0.32 
mol d m  3 extractant  concent ra t ion  [(HR):]. It 
can be seen that  the regression straight  lines with 
slopes close to unity were obta ined at the low 
concentra t ion  of  the metal  ions investigated, this 
indicates that  the metal  ions were extracted as 
m o n o m e r s  (MR,, . m H R ) ,  that  is, x = 1.In the case 
of  x = 1, the following expressions can be derived 
f rom Eqs. (13) and (17). 

CM. .... . = "w,t, g ~H~.,,_~jo,.~l°"+-).2[M"+]aq[H +]aq" (19) 

C M . a q = [ M " - ] a q ( 1  Jr- ~ flp[NH3lPq) (20) 
p I 

The distr ibution ratio D for  the metal  ion between 
the aqueous  and organic phases  becomes 

log D = log K,,, + (/11 + n)/2 log [(HR)2]o~g + n p H  
(21) 

where K'~× = K~x/(1 + Z flp[NH3] p) represents the 
condit ional  extract ion cons tant  o f  the metal  ions. 

Table 2 
Results of slope analysis for the determination of x values in 
the extraction of metal ions by 0.32 tool dm -3 PIA-8 in 
heptane at 298 K ~* 

Metal ion log CM,o,.g against (log [M"+]~,q--n log[H+]~q) 

lmercept Slope Point Coefficient 

Fe(lll) 5.15 0.98 8 0.999 
Zn(ll) 4,13 1.08 8 0.999 
Cu(ll) -8.(13 1.05 7 0.994 
Mn(ll) 7.54 0.9{) 8 0.999 
Co(ll) 7.91 0.92 8 0.999 
Cd(ll) 7.07 0.93 7 0.997 
Ni(ll) -13.4 1.12 8 0.995 

~' Aqueous phase: 0.02 mol dm -3 metal ion and 1.0 tool dm -3 
ammonium sulfate solution; organic phase: 0.32 mol dm -3 
PIA-8 in heptane: phase ratio: O/A = 1:1: shaking time: 600 s. 

1.5 Co(II) 

Fe(III) Zn(II) Cu(l~ ~Cd(II)O Ni(ll) 

ii 0.5 

0 

-0.5 

-1 

-1.5 . . . . . . . .  ' . . . . . . . . .  ' . . . . . . . . .  ' . . . . . . . . .  
0.0 2.0 4.0 6.0 8.0 

p H  

Fig. 2. Plots of log D against pH for the extraction of metal 
ions by PIA-8 in heptane. Organic phase: 0.32 tool dm 
PIA-8 solutions in heptane; aqueous phase: 0.02 tool dm 
metal ion in 1.0 tool dm 3 ammonium sulfate solution: shak- 
ing time: 600 s at a phase volnme ratio of I:1. 

Plots o f  log D against  p H  at a constant  extrac- 
tant  concent ra t ion  should therefore give a straight  
line of  slope i1. As is evident f rom Fig. 2, good 
linear relat ionships were obta ined for all metal  
ions. The  slopes were close to two for all divalent 
metal  ions and three for  i ron(III) .  The results of  
n = 2  and 3 indicate that  the extracted metal  
species included two and three ligand anions, 
respectively. 

In order  to investigate the s to ichiometry  of  the 
extracted metal  species, the plots o f  (log D -  
x n p H )  against  log [(HR)2]o,.g were carried out  using 
the exper imental  da ta  at a constant  pH for each 
metal  ion. Table  3 summarizes  the results o f  the 
slope analysis. It can be seen that  the m values were 
close to three and two for  the extract ion of  i ron(I l l )  
and cadmium(I I ) ,  respectively. This  indicates that  
i ron(I I I )  and cadmium( l I )  are p redominan t ly  ex- 
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Table 3 
Results of  slope analysis for the determination of  m values in the extraction of  metal ions by PIA-8 in heptane at 298 K a 

Metal ion (log D - n p H )  against log[(HR)2]o~g 

pH Slope r 

Experimental value (m) 

Fe(III) 1.75 2.52 0.999 2.02 
Zn(II) 2.02 1.74 0.998 1.58 
Cu(II) 3.88 2.14 0.996 2.28 
Mn(II) 4.07 2.35 0.998 2.69 
Co(II) 4.36 2.09 0.999 2.20 
Cd(II) 4.60 2.49 0.999 2.98 
Ni(II) 6.28 2.69 0.999 3.38 

~' Aqueous phase: 0.02 mol dm -3 metal ion and 1.0 mol dm -3 ammonium sulfate solution; organic phase: 0.1-0.48 mol dm 3 PIA-8 
in heptane; phase ratio: O/A = I:1; shaking time: 600 s. 

tracted as the forms FeR3"2HR and CdR2" 3HR 
into the organic phase, respectively. The extracted 
species FeR 3 has already been reported for the 
extraction of iron(III) by mono(n- 
octyl)phosphinic and di(n-octyl)phosphinic acids 
[14]. This may be due to the relatively higher HR 
concentration used in this work. In the extraction 
of cadmium(II), on the other hand, the species 
CdR2-3HR described above was found with 
bis(2-ethylhexyl)phosphoric acid in dodecane 
[14,15]. The different species CdRz-2HR and 
CdR 2. 3HR or CdR 2" 4HR were also reported for 
the extraction of cadmium(II) by Cyanex 272 
[16,17]. Table 4 gives their conditional extraction 
constants graphically determined by the slope 
analysis, together with those numerically calcu- 

Table 4 
Extracted species and conditional extraction constants for 
Fe(lII) and Cd(II) with PIA-8 in heptane at 298 K 

Metal ion Extracted species - log K',, 

Numerical ~ Graphical b 

Fe(llI) FeR 3 . 2HR 3.44 + 0.06 3.4 
Cd(II) CdR 2 - 3HR 7.78 + 0.07 7.7 

a The results were obtained from the numerical calculation, 
and the error given corresponds to 3~r(logK~.,.), in which 
~r(log K',,) was defined to be (Z((Iog K'e,.)t-(log Ke0 . . . . .  g~)2/ 
(Np-- 1)) '/2. 
b The log K'~ value was averaged from values obtained by 
plotting (log D - n p H )  against log[(HR)2]o~g and (log D - ( m +  
n)/2 log[(HR)2]o~g ) against pH. 

lated by the usual computer program [18]. Both 
constants were so coincident that the numerical 
calculation was valuable for the determination of 
the exact extraction constant for the one species 
extracted. In Table 3, on the other hand, the 
fractional values of m were obtained for the ex- 
traction of zinc(II), copper(II), manganese(II), 
cobalt(II) and nickel(II). This indicates that two 
or more kinds of metal species coexist in the 
organic phase. In this case, the stoichiometry of 
the extracted species should be determined by 
means of numerical analysis, instead of the slope 
analysis. 

Assuming that two kinds of metal species are 
coextracted into the organic phase, Eq. (19) can 
be written as 

CM,HR = [MRn • iHR]org + [MR,, .jHR]org (22) 

The distribution ratio D for the metal ion is then 
expressed as 

O - [MRn ' iHR]org -q- [MRn 'jHR]org (23) 
CM.aq 

Substituting Eq. (15) into Eq. (23), the following 
equation can be obtained 

O'[H+]~q , K~'x(J) r ~ D ' ~  l~J i)"2 
K ' x ( i ) .  [(HR)zl~r +.)/2 = 1 T ~ , . , t t  ) t, . . . .  ,2Jorg ' 

(24) 

where K~.x(i ) and K'ex(j ) represent the conditional 
extraction constants of the metal ions extracted as 
the type MR,"  iHR and MR,  . jHR, respectively. 
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Table 5 
Extracted species and conditional extraction constants for Zn(lI), Cu(II), Mn(ll), Co(If) and Ni(I1) with PIA-8 in heptane at 298 
K 

Metal ion ( i , j )  Extracted species Qm~,, ( × 102) it(log D) ( x 10:) --log K,,,(i ) - l o g  KI.,( / ) 

Zn(ll) (0,3) ZnR 2, ZnR 2 . 3HR 0.042 0.91 3.78 _+ 0.03 2.96 + 0.03 
Cu(l 1) (1,5) CUR:. HR, CuR 2 . 5HR 0.278 2.36 6.89 _+ 0.07 6.12 + I).07 
Mn(ll) 12,3) MnR2.2HR,  MnR2-3HR 0.569 3.38 7.43_+0.08 6.79_+0.08 
Co(II) 11,4) CoR 2 . HR, CoR2.4HR 0.135 1.64 8.07 + 0.05 7.43 ± 1t.05 
Ni(ll) (3,6) NiR2.3HR, NiR2.6HR 0.019 0.62 10.56_+0.0 10.60 + 0.02 

Although the values of i , j  and K',,,.(i), K'c.,(j can 
be obtained by some graphical method [19 21], it 
is more convenient to determine them by means 
of numerical analysis [18]. Defining two variables, 
Y and X, and a parameter z as 

log Y = log D - 2pH - (i + n) /2  log [(HR)z]o~g 

- l o g  K',,~(i ) ( 2 5 )  

1 
log X = -2 (log KI,,.(j ) - log Ki,,.(i )) 

+ log[(HR)2]org (26) 

z = ( j  - i )/2 (27) 

and substituting Eqs. (25) (27) into Eq. (24), the 
resultant equation is 

log Y = log(l + X--) (28) 

Using Eq. (28), a set of theoretical curves of log Y 
against log X for different z values was con- 
structed by the computer program, which was 
written for the system of two kinds of extracted 
species, and then compared with the experimental 
curves of (log D - 2pH - (i + n) /2  log [(HR)2]o~g) 
against log [(HR)2]org for different i values. This 
program orders the computer to search for the 
best set of conditional extraction constants K~,,(i) 
and K'c~(j) by minimizing the error squares sum 
defined by 

Q = ~( log Oex p - -  log Dcalc) 2 129) 

where Dex p is the distribution ratio of metal ions 
determined experimentally and Dc,l~ is the value 
calculated by the computer program. This pro- 
gram also calculated the standard deviation 
a(log D), defined by a ( l o g D ) = ( Q / ( N p - 1 ) )  t:2, 

where Np is the total number of experimental 
points. The free reagent concentration [(HR)?]org 

used in the plots given by Eq. (30) on a dimeric 
basis 

[(HR)x]org = C, - (i + j  + Vt)/'2CM,o,.g (30) 

where Ct and CM.org are the total concentration of 
extractant and the concentration of metal ion in 
the organic phase, respectively. 

By superimposing the experimental curves on 
the theoretical model function, a position was 
found where the experimental curves coincide 
with one of the theoretical curves. In other words, 
the error squares sum Q is the smallest (expressed 
as  Qmin) in this position. As seen from Fig. 3, the 
best fit was found to be i = 0, z = 1.5 for zinc(ll), 
i =  1, z = 2 for copper(II), i =  2, z -  0.5 for man- 
ganese(II), i =  1, z = 1.5 for cobalt(II) and i =  3, 
z = 1.5 for nickel(II), respectively. This indicates 
that the metal species extracted into the organic 
phase may be considered to be ZnR,  and 
ZnR2" 3HR for zinc(II), CuR~. HR and 
CuR2"5HR for copper(II), MnR~.2HR and 
MnR2"3HR for manganese(II), CoR_,-HR and 
CoR~.4HR for cobalt(II), and NiR2"3HR and 
NiR~" 6HR for nickel(II), respectively. The corre- 
sponding values of Qmi,1 and or(log D) are summa- 
rized in Table 5. 

The extracted species described above were 
compared with the reported for the extraction of 
divalent metal ions with other organophosphorus 
acids. For the extraction of copper(II) and 
zinc(II), the m values of the extracted species are 
different from those obtained with Cyanex 272 in 
Isopar-H from 0.1 mol dm 3 sodium nitrate solu- 
tion, the extracted species were determined to be 
CuR2 '2HR for copper(H), and Z n R ~ H R  and 
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Fig, 3. Plots of log D - npH - (i + n)/2 log[(HR)2]org against Iog[(HR)2]or~ for the extraction of metal ions by PIA-8 in heptane. The 
curves correspond to the theoretical function log(l + X--) for different z values. 
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Fig. 4. Distribution diagrams of metal ions as a function of the total HR concentration at two selected pH values. 

ZnR 2-2HR for zinc(II), respectively [16]. The ex- 
tracted species CoR2"2HR and NiR 2-4HR were 
reported for the extraction of cobalt(II) and nick- 
el(II) by di(n-octyl)phosphinic acid in toluene and 
bis(2-ethylhexyl)phosphoric acid in dodecane 
from 1.0 mol d m - 3  sodium nitrate solution, re- 
spectively [14,15]. The differences in the m values 
may be mainly due to the different concentration 
ratio of  extractant HR to the metal ion investi- 
gated. The diluents may also affect the stoi- 
chiometry of  the extracted species. The general 
stoichiometry can be written as M R n ' m H R ,  (n = 
2 or 3, m = 1, 2 ..... 6) for the present extraction 
system. 

Using the Eqs. (25) and (26), the conditional 

extraction constants [K'ex(i) and K~x(j)] and the 
corresponding standard derivations for zinc(II), 
copper(II), manganese(II), cobalt(II) and nick- 
el(II) were calculated. The results are summarized 
in Table 5. 

In order to investigate the contributions of free 
metal ion and the extracted metal species in the 
extraction system, the mole fractions of them as a 
function of  total HR concentration were calcu- 
lated at two selected pH values. As shown in Fig. 
4, the dominant extracted species were found to 
be ZnR2 for zinc(II), C u R z ' H R  for copper(II), 
CoR 2. HR for cobalt(II) and NiR2-3HR for nick- 
el(II) at relatively higher pH values and lower HR 
concentrations ([(HR)e]org < 0.2 tool c m -  3). How- 
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ever, the mole fractions of ZnR 2, CuR 2- HR and 
CoRz. HR decreases sharply and are gradually 
substituted by ZnR2' 3HR, C u R  2" 5HR and 
CoR2.4HR as the HR concentration increases, 
respectively. For the extraction of manganese(II), 
the metal species MnR2.3HR dominates in the 
whole range of HR concentration, and its mole 
fraction is always larger than 0.75 ([(HR)2]org > 0.3 
mo1 dm - 3). The mole fraction of MnR2' 2HR, on 
the other hand, is relatively small and decreases 
gradually with increasing HR concentrations. For 
the extraction of nickel(IlL it can be seen that the 
extracted species NiR2" 3HR is predominant in the 
whole range of experimental conditions used, and its 
mole fraction first sharply increases and then gradu- 
ally decreases with increasing HR concentrations. 
At relatively lower HR concentrations ([(HR)e]org ,< 

0.2 mol dm-3), the mole fraction of the species 
NiR2"6HR is very small, whereas it increases 
linearly with increasing HR concentrations 
([HR)2],,rg > 0.2 mol dm - 3). 

4. Conclusions 

The extraction equilibria of some transition metal 
ions by PIA-8 from 1.0 tool dm -3 ammonium 
sulfate solution into heptane were studied at 298 _+ 
0.1 K, and the following conclusions were obtained. 

(1) The dimerization constant (Kd,HR) and the 
distribution constant (KD,HR) of PIA-8 in heptane, 
kerosene and Naphtezol M diluents were deter- 
mined by the potentiometric two-phase titration 
technique. The two equilibrium constants are closely 
related to the characteristic of the organic diluent. 

(2) The oligomerization number x of the metal 
species extracted into heptane was determined to be 
close to unity for all metal ions investigated at lower 
metal ion concentrations. Accordingly, the metal 
ions were extracted as monomers (MR,, .mHR) into 
the organic phase. 

(3) The extraction equilibria of some transition 
metal ions were studied by both the slope analysis 
and the numerical analysis. The metal species 
extracted into the organic phase are considered to be 
FeR 3 • 2HR for iron(III), ZnR 2 and ZnR 2 • 3HR for 
zinc(II), CUR2" HR and CUR2' 5HR for copper(II), 
MnR22HR and MnR2" 3HR for manganese(II), 

CdR2"3HR for cadmium(II), CoR2HR and 
CoR2-4HR for cobalt(II) and NiR,.3HR and 
NiR2" 6HR for nickel(II), respectively. The condi- 
tional extraction constants for the metal species are 
summarized in Tables 4 and 5. In the relatively high 
pH region, the extracted species ZnR 2 for zinc(If), 
C u R  2 • HR for copper(II), C o R  2" HR for cobalt(lI) 
and NiR2" 3HR for nickel(II) dominated at lower 
extractant concentrations ([(HR)2]o,.g<0.2 mol 
dm 3), and their mole fractions decreased sharply 
with increasing extractant concentrations except for 
NiR2"3HR. With respect to the extraction of 
manganese(II), the species MnR2" 3HR dominated 
in the whole extractant concentration range investi- 
gated. 
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Abstract 

Alcohol dehydrogenase (ADH) has been immobilized on a nickel hexacyanoferrate modified microband gold 
electrode surface by a glutaraldehyde/bovine serum albumin (BSA) cross-linking procedure to provide a new 
amperometric sensor for the assay of ethanol. The resulting enzyme electrode exhibits excellent electrocatalysis for the 
oxidation of reduced nicotinamide-adenine dinucleotide (NADH). The amperometric determination is based on the 
electrochemical detection of NADH which is generated in the enzymatic reaction of ethanol with NAD ~ under 
catalysis of ADH. The influence of various experimental conditions was examined for the determination of the 
optimum analytical performance. The sensor responds rapidly to ethanol with a detection limit of (5.0 _+ (I.3) x 10 7 
mol I ~. The response current increases linearly with ethanol concentration up to 5 mmol 1 ~. The sensor remains 
relatively stable for about 1 week. © 1997 Published by Elsevier Science B.V. 

Kevwor&': Alcohol dehydrogenase: Amperometry; Biosensors; Electrocatalytic oxidation; NADH 

1. Introduction 

Ethanol  is an impor tan t  c o m p o u n d  in medicine, 
b iotechnology and the food industry, etc., and it 
is often moni tored  for toxicological and psycho- 
logical effects. In certain industrial fields, such as 
fermentat ion and distillation, the ethanol concen- 
tration can reach toxic levels, causing inflamma- 
tion of  the nasal mucous  membrane  and 
conjunctiva,  irritation o f  the skin and, at high 
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levels, even alcohol poisoning. Hence, several ana- 
lytical methods  have been developed for the deter- 
minat ion o f  ethanol and some other  aliphatic 
alcohols [1 3]. Much work has been performed to 
enhance the detection o f  aliphatic alcohol at plat- 
inum and gold electrodes using p reprogrammed 
multistep potential waveforms; this was developed 
by Johnson  and co-workers  [4,5]. However,  the 
oxidat ion o f  aliphatic alcohol exhibits a large 
overpotential  at c o m m o n  electrode surfaces. A 
mixed-valent ruthenium oxide ruthenium cyanide 
( m R u O / R u C N )  modified glassy carbon electrode 
was used to catalyze the oxidation of  ethanol by 
Kulesza and Bandoch [6,7], and Cataldi and co- 

rights reserved. 
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workers [8,9], respectively. In this paper, we re- 
port the results of the determination of ethanol 
based on the electrocatalytic oxidation of reduced 
nicotinamide-adenine dinucleotide (NADH) at a 
modified microelectrode. 

Although the direct oxidation of coenzyme 
NADH at the electrode surface, after an enzyme 
turnover (e.g. a dehydrogenase), is a reasonable 
approach for substrate determination, it is not 
very useful analytically. There are several reason 
for this. The direct oxidation of NADH at a bare 
electrode surface is irreversible and requires a 
high overpotential, which is increased further by 
the presence of the enzyme [10]. It has been 
reported that the oxidation of NADH at a solid 
electrode proceeds via two successive one-electron 
transfer steps involving radical intermediates, 
which often cause side reactions and lead to elec- 
trode fouling [11]. In addition, the process of 
electrochemical oxidation of NADH is not very 
reproducible since it has been shown to depend on 
the history and pretreatment of the electrode sur- 
face. The high overpotential and poor reproduci- 
bility usually limit its use for the direct 
electrochemical detection of NADH in enzymatic 
reaction. 

However, these problem can be circumvented 
when the electrode is modified with mediators. 
Many compounds were found to enhance the 
electron transfer rate and reduce the overpotential 
for the oxidation of NADH. Alkylphenazinium 
ions [12], o -  and p-quinones [13-17] and 
methylene blue [18], etc. have been immobilized 
on the surface of the carbon electrode through 
covalent binding, direct absorption or through 
adsorption of a polymer containing the mediating 
functional group which was used to catalyze the 
oxidation of NADH. For example, Hajizadeh and 
co-workers [19] have shown that thionine can 
modify the surface of a spectroscopic graphite 
electrode by cross-linking. When such a chemi- 
cally modified electrode was used in flow injection 
determination of NADH, a linear range of 7.0 x 
l 0  7 1.8 X I0 3 mol i-1 was obtained. Gor- 
ton, Johansson and co-workers [20-29] have 
extensively investigated the electrocatalytic oxida- 
tion of NADH by adsorbed aromatic compounds 
containing catechol functionalities and adsorbed 

phenoxazines. Albery and Bartlett [30] have re- 
ported the oxidation of NADH on electrodes 
made of a conducting organic salt. Bernadette 
and Christopher [31] reported the oxidation of 
NADH at a hexacyanoferrate modified nickel 
electrode. 

Electrocatalytic oxidation of NADH at the con- 
ducting polymer (such as poly(3-methylthiophene 
[32]), poly(metallophthlocyanine) [33], poly(thion- 
ine) [34], poly(idole-5-carboxylic acid) [35], poly(- 
methylene blue) [36], 
poly(3,4-dihydroxybenzaldehyde) [37] etc.) 
modified electrode was reported recently. Using 
cyclic voltammetry and scanning electrochemical 
microscopy (SECM), Grundig and co-workers 
[38] studied the NADH oxidation at N-methyl 
phenazine (NMP +) methosulfate, 1-methoxy-5- 
methyl phenazine (M-NMP +) methosulfate and 
Meldola blue etc., containing composite elec- 
trodes. 

Other compounds, such as oxometalates [39], 
ruthenium complexes [40], pyrroloquinoline 
quinone [41] etc. were also reported to act as a 
catalyst for the oxidation of NADH. 

Recently, Norwell and Kuhr's [42] experimental 
results indicated that NADH could be directly 
oxidized at a carbon fibre electrode with a low 
overpotential after the carbon fibre electrode had 
been treated electrochemically. 

The alcohol dehydrogenase (ADH) has been 
widely studied and immobilized onto the electrode 
surface by several methods. For example, 
Karyakin et al. [43] immobilized ADH onto the 
surface of poly(neutral red) modified glassy car- 
bon electrode through the Nation membrane, and 
investigated the response of the resulting enzyme 
electrode to reduction of acetaldehyde. Somasun- 
drum and Bannister [35], Bernadette and Christo- 
pher [31] immobilized ADH onto a 
poly(indole-5-carboxylic acid) modified glassy car- 
bon electrode and a hexacyanoferrate modified 
porous nickel electrode respectively, by a glu- 
taraldehyde/albumin cross-linking procedure and 
measured the response of the enzyme electrode to 
ethanol. They also determined the apparent 
Michaelis-Menten constant for the enzyme. For 
coimmobilization of the ADH and the cofactor, 
Mizutan and Yabuki [44] entrapped ADH, 
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NAD + and Medola blue in polypyrrole film. But 
they found that the sensor lacked stability and 
sensitivity. Grundig et al. [38] used the following 
method to immobilize ADH and the cofactor. 
They deposited ADH and the polyethylene glycol 
modified NADH containing solution of prepoly- 
mer of the polyurethanehydrogel onto a dialysis 
membrane. Then the dialysis membrane layered 
with immobilization gel was fixed onto the surface 
of a mediator modified electrode. 

On the other hand, microelectrodes have re- 
ceived considerable attention in some applications 
due to their many advantages in comparison with 
conventionally sized electrode. Although, there 
are many studies on the electrochemical oxidation 
of N A D H  and the ADH based enzyme electrode 
using various types of  mediators at conventionally 
sized electrodes, few have studied the elctrocata- 
lytic oxidation of N A D H  and the NAD + /NADH  
dependent enzymatic reaction at microelectrodes 
for the development of a microsensor which de- 
pends on NADH for in vivo analysis and biotech- 
nology. Recently, we [45] demonstrated that the 
nickel hexacyanoferrate modified microband gold 
electrode (NiHCH/Au) exhibited excellent electro- 
catalytic activity for the oxidation of N A D H  in 
phosphate buffer solution. A noticeable reduction 
of the overpotential for the oxidation of N A D H  
and a remarkably stable voltammetric response at 
the NiHCF/Au microelectrode were observed. 
The aim of  this study is to immobilize enzyme 
(ADH) on the NiHCF/Au surface and investigate 
the resulting enzyme electrode in the determina- 
tion of ethanol. 

2. Experimental 

2.1. Chemicals 

fl-Nicotinamide adenine dinucleotide (NAD +) 
and alcohol dehydrogenase (ADH, alcohol: 
NAD + oxidoreductase; EC 1.1.1.1, from baker's 
yeast, had an activity of  300 U mg ~) were 
obtained from Sigma Chemical Company and 
used as received. Glutaraldehyde (25% w/v), ob- 
tained from Aldrich Chemical Company, was di- 
luted to 2.5% w/v with distilled water. Bovine 

serum albumin (BSA) was obtained from Shang- 
hai Industry of  Biochemistry, Chinese Academy 
of  Sciences. Absolute ethanol (99.7%) was pur- 
chased from the Second Reagent Factory of 
Shanghai and used as received. Other reagents 
used were of analytical grade. The phosphate 
buffer solution was made up with 0.1 mol 1 
Na2HPO4 and 0.1 tool 1 ~ NaH2PO4. All solu- 
tions were prepared with doubly distilled, deion- 
ized water. The ethanol aqueous solution was 
prepared with phosphate buffer solution (pH 7.5). 
The ADH stock solution was prepared with phos- 
phate buffer solution (pH 7.5) and stored at 4°C. 

2.2. Instrumentation 

Electrochemical experiments were performed 
with a PAR M270 electrochemical system 
(EC&G, USA). A type 501 thermostat (Shanghai, 
China) was used to control the experimental tem- 
perature. A three-electrode water-jacketed electro- 
chemical cell, with a platinum wire as the counter 
electrode, a saturated calomel electrode (SCE) as 
the reference electrode and a modified microband 
gold electrode (ca. 0.1 gm x 1.0 cm) as the work- 
ing electrode, was employed. The electrolytic cell 
volume is about 5 ml. The fabrication of the 
microband gold electrode was the same as previ- 
ously reported [46]. The working electrode was 
polished with sandpaper and 0.05 gm alumina 
slurry, and then cleaned ultrasonically in double 
distilled water. Prior to use, the electrode was 
pretreated by continuous cyclic scans from 0 to 
- 2 . 0  V at 50 mV s J in phosphate buffer solu- 
tion (pH 7.5) until a constant background was 
observed. 

2.3. Preparation of  the NiHCF/Au electrode 

The NiHCF film was electrochemically grown 
on the microband gold electrode in 2 × 10-4 mol 
1-1 Ni(NO3)2 and 2 x 10 4 mol 1 ~ K3Fe(CN)6 
aqueous solution containing 0.1 mol 1 ~ NaNO 3 
as the supporting electrolyte by a continuous scan 
between - 0 . 1  and +1 .0  V at a scan rate of 50 
mV s ~. The film thickness can be controlled by 
the cyclic scan times. In our experiment, five 
continuous scan were used, which corresponds to 
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a surface coverage of  NiHCF of  about 3.1 x 
10 - 9  mol cm-2. The cyclic voltammetric experi- 
ments of  the modified electrode were performed 
in the potential range of 0 ~ + 0.8 V. A couple 
of  well-defined redox peaks occurred with the 
formed potential of  +0 .42  V, which corre- 
sponded to the hexacyanoferrate(II/III) redox 
couple [45]. 

2.4. Biosensor preparation 

A DH was immobilized on the NiHCF/Au 
electrode by a glutaraldehyde/BSA cross-linking 
procedure. The ADH (3 mg) was dissolved in 
100 ~tl of  0.1 mol 1-1 phosphate buffer solution 
(pH 7.5) containing 4 mg BSA. Then the glu- 
taraldehyde (2.5% w/v), which is a bifunctional 
cross-linking agent, was added to the ADH so- 
lution up to a final concentration of  a 0.9% 
w/v. In the process, the mixture was stirred 
thoroughly. The NiHCF/Au microelectrode was 
dipped into this solution for 2 -3  s and then 
removed. The enzyme electrode was placed in a 
desiccator for some time to allow the gel forma- 
tion. This procedure was repeated three or four 
times. The resulting enzyme electrode (defined as 
NiHCF/ADH/Au)  was incubated in phosphate 
buffer solution (pH 7.5) at 4°C for at least 5 h 
before use. 

2.5. Amperometric measurements 

The amperometric measurements were carried 
out with the NiHCF/ADH/Au  enzyme electrode 
under constant stirring at a fixed potential of  
+ 0.55 V in phosphate buffer solution (pH 7.5) 
containing NAD +, The background current was 
first allowed to decay to a constant value, then 
the ethanol was added. After the solution was 
stirred for a short while, the steady-state current 
was measured. All test solutions were deaerated 
by passing highly pure nitrogen for 30 min be- 
fore the electrochemical experiments, and a con- 
tinuous flow of  nitrogen was maintained over 
the sample solution during experiments. The 
electrochemical experiments were performed in- 
side a Faraday cage at 25 + 0.1°C. 

3. Results and discussion 

3.1. Detection of NADH generated by enzymatic" 
reaction 

We [45] have shown that the NiHCF modified 
microband gold electrode can catalyze the oxida- 
tion of  N A D H  in solution, with a reduction of 
overpotential of about 340 mV. The steady-state 
current increases linearly with N A D H  concentra- 
tion in the range 0.5-8.0 mmol 1-1. The present 
experimental results show that the NiHCF/Au 
microelectrode can also catalyze the oxidation of 
NADH,  which is generated from the reaction of 
NAD + and ethanol catalyzed by ADH. 

The electrochemical experiments were per- 
formed by the following procedures. Firstly, the 
cyclic voltammogram of NiHCF/Au in a phos- 
phate buffer solution was recorded, then NAD ÷ 
and ethanol were added to the buffer solution to 
assess their effects on the electrochemical behav- 
ior of  the NiHCF/Au electrode and finally the 
cyclic voltammogram of the NiHCF/ADH/Au 
electrode in the NAD ÷ and ethanol containing 
solution was recorded to determine whether the 
anodic current increases. Curve a in Fig. 1 shows 

I 20n 

0.8 0 6 0.4 0 2 0.0 

E / V vs .  S C E  

Fig. 1. Cyclic  v o l t a m m o g r a m s  of  the N i H C F / A u  (a) and  
N i H C F / A D H / A u  (b) e lect rode in 0.1 mol  1-1  phospha t e  
buffer  so lu t ion  (pH 7.5) con ta in ing  1.0 m m o l  1 - i N A D  ÷ and  
1.0 m m o l  1 - 1 e thanol  at  a scan rate of  5 mV s - 1 



C.-X. Cai et al. / Talanta 44 (1997) 339 347 343 

i 2 Na2NiFeICN)6 NAD- Ethanol 
H -  

Fig. 2. Scheme of the respective reaction sequences of the electrochemical coupled enzymatic oxidation of ethanol. 

the cyclic vol tammogram of the N i HC F / Au  
electrode in a phosphate buffer solution con- 
taining N A D  + and ethanol. This voltam- 
mogram is almost the same as that of  
N iHCF/Au  in phosphate buffer without 
N A D  + and ethanol (not shown here, Fig. 4a 
in Ref. [45]). This result indicates that N A D  + 
and ethanol had only a minor influence on 
the electrochemical behaviour of  the NiHCF/  
Au electrode. In Fig. 1, curve b is the cyclic 
vol tammogram of N i H C F / A D H / A u  in phos- 
phate buffer in the present N A D  + and 
ethanol. It can be seen that there is a great 
increase in the anodic current, corresponding 
to the oxidation of hexacyanoferrate(II) to 
hexacyanoferrate(III),  compared to the voltam- 
mogram of N iHCF/Au  in the same solution 
(Fig. la). A D H  catalyzes the oxidation of  
ethanol with a simultaneous reduction of an 
equivalent amount  of  N A D  + to N A D H .  The 
N A D H  reduces the hexacyanoferrate(III)  to 
hexacyanferrate(II).  Thus hexacyanoferrate(II) 
is regenerated by N A D H  during the scan, 
and the anodic peak current increases greatly. 
The overall reaction process is shown in Fig. 
2. The catalytic current is not observed if any 
component  shown in the scheme is absent. 

By fixing the concentration of  N A D  + in 
solution, the increase of the peak current 
should depend on the concentration of 
ethanol at the same N i H C F / A D H / A u  elec- 
trode. This is the basis for the determination 
of ethanol by detecting N A D H  amperometri-  
cally with the N i H C F / A D H / A u  enzyme elec- 
trode. 

3.2. Effect of potential 

To find an opt imum operating potential for 
amperometric measurements, the potential depen- 
dence of the ethanol response at the NiHCF/  
A D H / A u  electrode is examined. Fig. 3 displays a 
hydrodynamic vol tammogram in the 0.1 to 0.8 V 
potential range. The amperometric  response of  
ethanol starts at + 0,2V. With increasing oxida- 
tion potential, the response rises sharply and 
reaches a limiting value at potentials higher than 
+ 0.55 V. Such a potential dependence profile is 
in agreement with the cyclic vol tammogram re- 
sults (Fig. 1). A quite similar hydrodynamic 
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Fig. 3. Hydrodynamic voltammogram obtained at the Ni- 
HCF/ADH/Au electrode for 4.0 mmol 1 f ethanol in 0.1 
mmol 1 ~ phosphate buffer solution (pH 7.5) containing 1.0 
mmol 1-~ NAD ~ . Stirring rate: 300 rev min ~. 
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30 3.4. Effect of  NAD + concentration 
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4 6 8 10 12 

pH 

Fig. 4. Effect of  so lu t ion  pH on the response  to 1.5 m m o l  1 - 
e thanol .  The  ope ra t ing  po ten t ia l  is + 0.55 V vs. SCE. Other  

cond i t ions  are  the same as Fig. 3. 

NAD + is necessary in the reaction catalyzed by 
ADH. The effect of NAD + concentration on the 
response of the enzyme electrode to ethanol was 
studied at an ethanol concentration of 4 mmol 
1-i. A plot of the steady-state current as a func- 
tion of NAD + concentration is presented in Fig. 
5. It is evident that the steady-state current in- 
creases with increasing concentration of  NAD + 
for concentration below 0.6 mmol 1 ~, whereas 
the response levels off for NAD + concentrations 
above 0.7 mmol 1 - ~. Based on these results and in 
order to ensure that the response of the sensor 
was independent of  NAD + concentration, a value 
of  1.0 mmol 1 - '  NAD + was employed in the 
following measurements. 

Consequently, the amperometric experiments in 
the present study are performed in 0.1 mol 1 l 
NazHPO4/NaH2PO4 buffer solution (pH 7.5) con- 
taining 1.0 mmol 1 ~ NAD + at the potential of  
+ 0.55 V. 

voltammogram can be obtained when the Ni- 
HCF/Au electrode performed in phosphate buffer 
solution containing NADH. This result indicates 
that the response to ethanol is attributed to 
N A D H  formation in the process of  catalytic oxi- 
dation on the NiHCF/ADH/Au  electrode. 

3.5. Response of ethanol at the NiHCF/ADH/Au 
electrode 

Fig. 6 shows the amperometric response of the 
NiHCF/ADH/Au  enzyme electrode to successive 

3.3. Effect of  solution pH 

The effect of solution pH on the ethanol re- 
sponse at the N iHCF/ADH/Au  electrode is 
shown in Fig. 4. Different volumes of 0.1 mol 1- 
Na2HPO4/NaH2PO4 and 0.1 tool 1-1 Na2B407/ 
Na2CO3 buffers were used to adjust the pH. The 
amperometric response is enhanced by increasing 
the solution pH in the range of  pH 6.0 to 7.0, and 
reaches a maximum value between pH 7.0 and 
8.0. It decreases markedly with an increase in pH 
above 8.5. Our previous report has shown that the 
NiHCF/Au electrode is stable in the pH range of 
5.0 to 8.0. Therefore, pH 7.5 is selected by consid- 
ering both the sensitivity and the stability of  the 
electrode; consequently further studies were car- 
ried out at this pH. 

8O 

70 

60 

5O 
< 

4o 

3O 

2O 

10 

0 i i i i i i i i i 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

C N A D / M M O L / L  

Fig. 5. Plot o f  response current as a function o f  N A D  + 
concentration at an ethanol concentration o f  4.0 mmol l -  
Other conditions are the same as Fig. 4. 
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Fig. 6. Amperometric response to successive increments of  {).5 
mmol  1 ~ ethanol. Other conditions are the same as Fig. 4. 

injections of ethanol. The enzyme electrode 
rapidly responses to the ethanol concentration 
changes and reaches a steady state with 50 s. The 
calibration plot of response current against the 
concentration of ethanol is presented in Fig. 7. 
The linear response is observed up to 5 mmol 1- i 
The lack of linearity in the high range of ethanol 
concentration might be due to the ADH satura- 
tion by ethanol. The detection limit of ethanol, at 
a signal-to-noise ratio of three, is found to be 
(5.0 +_ 0 .3)x  10 7 mol 1-1. The results indicate 
that the N iHC F /ADH/Au  electrode is an excel- 
lent detector for ethanol, because a wide linear 
range and low detection limits can be achieved. 
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Fig. 7. Calibration curve for ethanol at a N i H C F / A D H / A u  
electrode. 

The average current response of 38.2 nA, with the 
relative standard deviation of 2.5%, is obtained 
for ten successive determinations at the ethanol 
concentration of 2.0 mmol 1- i ,  which shows that 
the modified electrode can be used to determine 
ethanol precisely. The stability of the NiHCF/  
ADH/Au electrode was evaluated by measuring 
periodically the response to ethanol. The response 
remained at 90% of the initial value for two days 
and decayed to half of the initial value after one 
week, indicating the NiHCF/ADH/Au enzyme 
electrode display a highly stable response for 
ethanol. The decrease in the response to ethanol 
might be mainly due to the loss of ADH enzyme 
activity, because the NiHCF/Au electrode exhib- 
ited excellent stability for N A D H  oxidation and 
the NiHCF did not dissolve into solution from 
the electrode surface for at least one week. 

For  immobilized enzymes used in amperometric 
biosensors, the observed electrochemical response 
may be either mass transport limited or kinetically 
controlled [47]. Mell and Malloy [47] suggested 
that for an immobilized enzyme reaction that is 
kinetically controlled, the steady-state current, iss, 
is proportional to the initial rate of the enzymatic 
process. In this case, a plot of iss vs. the substrate 
concentration, c, gives a typical Michaelis- 
Menten type response. To perform kinetic analy- 
sis on the enzyme electrode, we analyze it simply 
using the Eadie-Hofstee  form of the Michaelis- 
Menten equation. The Eadie-Hofstee  plot of 
ethanol is shown in Fig. 8. The plot of iss vs. iss/C 
for the ethanol is linear with a slope of - 4 2 . 5  
mmol 1 i This implies that the rate-controlling 
process is the enzymatic reaction. An average 
value of the apparent Michaelis Menten constant 
(K~v~ p) of 41.7 + 2.3 mmol 1 ~ for ethanol is ob- 
tained. 

A survey of  the literature shows that K ~  p for 
ethanol in the presence of ADH has been exten- 
sively studied by various methods. Ciolkosy and 
Jordan [48], working at pH 8.8, obtained ix Mk'app = 

3.2 mmol 1 1 using the electrochemical method; 
Somasundrum and Bannister [35] determined K~v~ p 

to be 9.2 mmol 1 -1 using the same method and 
the same pH as Ref. [48]; Dickinson and Monger 
[49] obtained K~v~ p - - -21 .7  mmol l L at pH 7.05 
using a spectrophotometrical method. These val- 
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Fig. 8. Electrochemical Eadie-Hofstee plot of ethanol for the 
enzyme electrode using the data of Fig. 7. 

ues and  the present  experimental  result are quite 
different. The reason for this is that  1,-,pp is no t  an 
intrinsic proper ty  of the enzyme, bu t  of  the sys- 

tem. The mic roenv i ronmen t  a r o u n d  the immobi-  
lized enzyme might  greatly affect the value of  

Kapp In addit ion,  the present result was obta ined  M • 

at a microelectrode while the l i terature 's  results 
were ob ta ined  using convent ional ly  sized elec- 
trodes. The difference between p lanar  and  radial 
diffusion at a convent ional ly  sized and  microelec- 
trode might  also affect the K~v~ p value. So the 
results characterizes the enzyme electrode and  not  
the enzyme. 

4. Conclusions 

We have prepared and  characterized the perfor- 
mance  of  an e thanol  biosensor  based on immobi -  
l ization of A D H  on the N i H C F  modified 
mic roband  gold electrode surface by the glu- 
tara ldehyde/BSA cross-l inking procedure. The an-  
alytical signal is based on the electroacatalytic 
oxidat ion of  enzymatical ly generated N A D H  at a 
N i H C F / A u  electrode. We have characterized the 
response of the biosensor  in terms of  the effects of  
operat ing potential ,  p H  of  the solut ion and  the 

concent ra t ion  of  N A D  +. The sensor exhibits high 
sensitivity and  a limit of  detection as well as a 
rapid response. 
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Abstract 

A photo-cured membrane selective to calcium, based on the calcium bis [4-(l',l',3',3'-tetramethyl- 
butyl)phenyl]phosphate ionophore and incorporating the lipophilic additive, potassium tetraki(4-chlorophenyl)borate, 
that can tolerate up to 200 nM perchlorate ionic background in the flow injection potentiometry mode has been 
previously reported (T. Dimitrakopoulos, J.R. Farrell and P.J. Ives, Electroanalysis, 8 (1996) 391). Improvements in 
the electrode slope and sensitivity of the previously described photo-cured calcium membrane-based electrode were 
achieved when anhydrous calcium chloride salt was dissolved into the pre-cured membrane composition and then 
photo-cured. Similar to the previously reported photo-cured calcium ion-selective electrode (ISE), the improved 
photo-cured calcium ISE can measure calcium in a high perchlorate background in the flow injection potentiometric 
mode. ~ 1997 Elsevier Science B.V. 

Keywords: Calcium selective electrodes; Flow injection potentiometry; Perchlorate tolerance: Photo-cured membranes 

I. Introduction 

Poly (vinyl chloride) (PVC) has been universally 
accepted as the preferred polymer base for liquid 
membranes,  and is employed in numerous com- 
mercially available ion-selective electrodes (ISEs). 
However, the manufacture of  PVC membranes 
poses a disadvantage that arises from the solvent- 
cast procedure that can take up to 2 days, produc- 

* Corresponding authors. Fax: + 61 324 3839; e-mail: tdim- 
itra@postoffice.newnham.utas.edu.au or 
ldibened@postoffice.newham.utas.edu.au 

ing a liquid membrane that is durable and flexible, 
but exhibits poor  adhesion to solid-contact elec- 
trodes [1]. 

An alternative method for the rapid manufac- 
ture of  liquid polymer membranes that are more 
robust than the PVC-based membranes has been 
reported [1 11] and involves a photopolymerisa- 
tion process. The photopolymerisat ion process in- 
volves the photo-curing of acrylate-based 
membranes that are cross-linked with an ester and 
initiated by a benzophenone photoinitiator for up 
to 40 min using an ultra-violet mercury vapour  
lamp. Membranes formed with the photo-curing 

0039-9 40/97/'$17 00 6) t997 Elsevier Science B.V. All rights reserved. 
Pll S0039-91 40(96)02057-7 
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technique are mechanically stronger and more 
hydrophobic than PVC membranes, due to the 
lower amount of plasticiser required in these 
photo-cured membranes. Other advantages of 
photo-cured membranes were good sensitivity, 
fast response and excellent adhesion to solid-con- 
tact electrodes. Photo-cured membranes have 
been developed to date for ammonium [3], cal- 
cium [1,2,4,5], lithium [6], nitrate [7], pH [8], 
potassium [9,10] and sodium [11] ISEs, most of 
which were applied to flow injection potentiomet- 
tic (FIP) measurements. 

A recent report on a photo-cured calcium ISE 
which was base on the calcium bis[4-1',l',3',3'-te- 
tramethylbutyl)phenyl]phosphate ionophore and 
the potassium tetrakis(4-chlorophenyl)borate 
lipophilic additive exhibited an excellent tolerance 
to high levels of perchlorate in the FIP mode [2], 
compared with other reported calcium ISEs 
[12,13]. The photo-cured calcium ISE was success- 
fully used to determine total calcium levels in 
nitric/perchloric acid-digested milk samples in the 
FIP mode. However, this photo-cured membrane- 
based ISE experienced severe interferences from 
barium and zinc ions. The observed zinc ion 
interference for the photo-cured calcium ISE has 
been observed with other calcium ISEs based on 
similar phosphate ester-based ionophores [14]. 
However, the barium ion interference reported 
was unique and was believed to be due to the 
introduction of the lipophilic addictive, potassium 
tetrakis(4-chloropheny)borate, whereby this 
lipophilic anion exhibited some ion-exchange pro- 
cess between the potassium and the barium ion at 
the membrane/aqueous interface. 

In this study, the introduction of anhydrous 
calcium chloride salt into the pre-cured membrane 
and then photo-curing results in a modified 
photo-cured calcium ISE that exhibits a hyper- 
Nernstian response, an improved selectivity over 
divalent ions, including barium and zinc, and a 
wider pH independent range, compared with a 
photo-cured membrane of similar membrane 
composition but without calcium chloride [2]. The 
modified photo-cured calcium ISE exhibits an ex- 
cellent tolerance to lipophilic sample anions, such 
as perchlorate, and was used to determine the 
total calcium level in nitric/perchloric acid-diges- 
tion, cows' milk in the FIP mode. 

2. Experimental 

2.1. Materials 

Metal chloride salts were used in this study and 
were all of analytical reagent grade. In addition, 
anhydrous calcium chloride (Mallinckrodt, Aana- 
lytical reagent), nitric acid (Mallinckrodt, Analyti- 
cal reagent), perchloric acid (BDH, AnalaR), 
sodium hydroxide (May and Baker Australia Pty 
Ltd., Analytical reagent), sodium perchlorate an- 
hydrous (Mallinckrodt, Analytical reagent), and 
distilled water were used throughout this study. 

The polymer matrix of the photo-cured mem- 
brane prepared in this study consists of Ebcryl 
600 (bisphenol A epoxyacrylate) and Uvecryl P36 
(copolymerisable benzophenone photoinitiator), 
both of which were obtained from UCB Chemical 
Sector (Belgium), and 1,6-hexanediol diacrylate 
was obtained from Anchor Chemicals Australia 
Pty. Ltd. The lipophilic additive used was potas- 
sium tetrakis(4-chlorophenyl)borate and the 
ionophore used was calcium bis[4-(l',l',3',3'-te- 
tramethylbutyl)phenyl]phosphate, both obtained 
from Fluka (AG purum). The plasticiser used was 
dioctyl phenylphosphonate (DOPP), obtained 
from Sigma Chemical Co. 

2.2. Electrode preparation 

The composition of pre-cured membrane mix- 
tures investigated in this study are presented in 
Table 1. The pre-cured membrane mixtures were 
each mixed in a centrifuge for 30 min and blended 
with a thin glass rod until a homogeneous mixture 
was achieved. Each pre-cured membrane was ap- 
plied directly onto a 6 mm copper disk embedded 
in a 12 mm diameter poly(methyl methacrylate) 
body, and exposed to a high intensity medium 
pressure (150 W) mercury vapour lamp for 5 min 
under a nitrogen atmosphere, producing photo- 
cured membranes approximately 0.2 mm thick. A 
minimum of three photo-cured membranes was 
prepared and evaluated form each membrane 
composition presented in Table 1. The resultant 
photo-cured calcium ISEs were conditioned in 100 
mM calcium chloride for a minimum of 10 rain 
prior to any measurements. 
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2.3. Flow injection potentiometric measurements 

The electrode flow-through cell used in FIP 
measurements and FIP instrumentation employed 
in this study have been described elsewhere [2,15]. 
The carrier and the reference streams used in the 
flow cell were 100 mM NaC1. Manual injections 
were carried out using a Rhenodyne 5020 teflon 
injection valve fitted with a 100 gl sample loop. 
The background solutions were pumped through 
the electrode flow cell at a flow rate of 1.5 ml 
rain ~ using a four-channel peristaltic pump (Is- 
matec Sa). 

2.4. Steady-state measurements 

Steady-state measurements with the calcium 
ISE were performed with an Orion double junc- 
tion reference electrode (Ag/AgC1/saturated KC1// 
10% KNO3). The electrode potential was 
monitored by an Orion 701A meter and a Hitachi 
(QD 25) pen chart recorder was used to record 
the response profile of the ISE. The stability 
criterion used in this arrangement was + 0.2 mV 
for 2 min. 

The calcium ion activities were calculated using 
Debye-Hfickel  equation [16]. Calculation of the 
electrode slope and standard deviation were deter- 

Table 1 
Pre-cured membrane compositions prepared and investigated 
in this study 

Membrane compo- Cal membrane Ca2 membrane 
nents (wt.%) [2] (wt.%) 

Ebcryl 600 44.8% 44.7% 
1,6-hexanediot di- 22.4% 22.3% 

acrylate 
Uvecryl P36 5.4% 5.3% 
Duictyl 20.8% 20.8% 

phenylphospho- 
nate 

Ca-MBPP 606% 5.9'/,, 
ionophore 

KCITPB 0.5% 0.5'7,, 
CaCI~ anhydrous - 0.5% 

Ca-MBPP, calcium bis[4-(1 ',1 ',3',3'-methyl- 
butyl)phenyllphosphate; KCITPB, potasssium tetrakis(4-chlor- 
phenyl)borate. 

mined using a Macintosh application called 
Macurvefit Vet. 0.7 e written in T H I N K  C by 
Kevin Raner (CSIRO, Division of  Chemical and 
Polymers, Melbourne, Australia). 

3. Results and discussion 

The pre-cured membrane compositions that 
were investigated for this study are presented in 
Table 1. The photo-cured Ca l membrane-based 
ISE has been studied and evaluated previously [2]. 
The pre-cured mixture of the Ca2 membrane was 
developed by taking a portion of the pre-cured 
Cal membrane mixture and dissolving anhydrous 
calcium chloride into it. Similar to the Ca l mem- 
brane, the photo-cured Ca2 membrane was hard 
and transparent. 

The anhydrous calcium chloride was dissolved 
in the Ca2 pre-cured membrane mixture without 
the aide of any volatile solvents, such as tetrahy- 
drofuran. The solubility of the introduced calcium 
salt was enhanced by the DOPP plasticiser. It is 
well known that DOPP is a coordinating plasti- 
ciser and can interact with the calcium ion 
[13,17,18], and this enhanced the solubility of the 
introduced calcium chloride into the Ca2 mem- 
brane mixture. 

3. I. Calcium response of the photo-cured Ca2 
ISE 

The photo-cured Ca2 ISE exhibited a hyper- 
Nernstian slope of 35.4 ± 0.4 mV change per ac- 
tivity decade, a log linear rante between 0.01 and 
100 mM and a detection limit of 0.001 mM in 
pure calcium chloride solution in the steady-state 
mode. Hyper-Nernstian responses are not uncom- 
mon in liquid polymer membrane type solid-con- 
tact electrodes [2,5]. It is not clearly understood 
how a given substrate can facilitate an electron 
exchange process at the membrane/metal inter- 
face. However, applying liquid polymer mem- 
branes onto metal substrate will result in 
analytically useful potentiometric devices, and the 
performance of  these solid-contact-based mem- 
brane ISEs are determined solely by the liquid 
polymer membrane [14]. 
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chloride solution when not in use and was still 
operational after 3 months with no adverse effect 
on the observed hyper-Nernstian response and the 
log-l inear range. 

Previous studies have looked at the role of the 
DOPP plasticiser in liquid polymer membranes 
containing phosphate ester type ionophore 
[13,17]. Two blank photo-cured membranes (BI 
and B2) were prepared without either calcium 
bis[4-1',l ',3',3'-tetramethylbutyl)phenyl]phosphate 
ionophore or the lipophilic additive potassium 
tetrakis(4-chlorophenyl)borate; membrane B1 
contained the DOPP plasticier only and mem- 
brane B2 contained the DOPP plasticiser and the 
anhydrous calcium chloride. The calcium ion re- 
sponses observed for the B1 and B2 ISEs are 
presented in Fig. 2. As demonstrated in previous 
studies for PVC-based ISEs [17], the photo-cured 
B1 and B2 membrane-based ISEs both exhibited 

90- 

l o g  a ( c a 2  +) 

Fig.  1. C o m p a r i s o n  o f  t he  c a l i b r a t i o n  p lo t s  f o r  t h e  p h o t o -  

curved Cal [2] and Ca2 1SEs in pure calcium chloride solution 
in the steady-state mode. 

Comparison of  the electrode performance be- 
tween the photo-cured Cal and Ca2 ISEs shows a 
similar log-l inear  range and detection limit, how- 
ever the electrode slope of  the Ca2 ISE was higher 
than that of the Cal ISE. Comparative calibra- 
tion curves for the photo-cured Cal and Ca2 ISEs 
in the study-state mode are given in Fig. 1. The 
increased hyper-Nernstian response exhibited by 
the photo-cured Ca2 ISE compared with the Cal 
ISE [2], was unlikely due to the presence of  the 
lipophilic calcium-phosphonyl  oxygen complex in 
the membrane phase. 

The membrane resistances determined for the 
Cal and Ca2 ISEs were 6.2 × 10  9 ~ cm (3.5% 
relative standard deviation (RSD), n = 3) and 
9.6 × 10 s f~ cm (4.8% RSD, n = 3), respectively. A 
significant reduction in the resistane of the photo- 
cured Ca2 membrane would facilitate the increase 
in the electrode slope of this ISE. The photo- 
cured Ca2 ISE was stored in a 100 mM calcium 
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c h l o r i d e  s o l u t i o n s  in a 100 m M  N a C I  a n d  a 100 m M  K C I  

background. 
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Fig. 3. Comparison of the pH profiles for the photo-cured Cal [2] and the Ca2 ISEs. 

sub-Nernstian responses of 24.5 + 0.2 and 26.3 +_ 
0.6 mV change per activity decade, respectively, 
and a log-linear range between 0.1 and 10 mM 
with calcium standards in a 100 mM sodium 
chloride background. Similar electrode slopes 
were observed for the B1 and B2 ISEs with cal- 
cium standards in 100 mM potassium chloride 
background as shown in Fig. 2. The B1 and B2 
ISEs clearly demonstrated a favourable response 
to calcium ion, even in the presence of interfering 
ions, sodium and potassium, and reinforces the 
known chelating properties of the DOPP plasti- 
ciser towards the calcium ion [13,17,18]. 

These observations strongly suggest that the 
calcium chloride introduced into the Ca2 pre- 
cured membrane was complexed with the DOPP 
plasticiser forming a lipophilic calcium-phospho- 
nyl oxygen in the Ca2 membrane phase [2,13]. 
The positivity charge calcium phosphonyl oxygen 
complex would then be counterbalanced by the 
lipophilic tetrakis(4-chlorophenyl)borate anion in 
the membrane phase [2], so that it would not 
compete against the phosphate ester type 
ionophore for the determinant. It is still not clear 
what role the calcium-phosphonyl oxygen com- 
plex has in the Ca2 membrane phase of the 
photo-cured electrode, however, some improve- 

ments in the electrochemical behaviour were ob- 
served when compared with the photo-cured Cal 
ISE. 

3.2. Comparing the pH prq~'les Jor the 
photo-cured Cal and Ca2 ISEs 

Fig. 3 compares the pH profiles for the Cal and 
Ca2 ISEs. The Ca2 ISE showed a wider negligible 
response to hydrogen ions between 3.5 < pH < 
10.0, compared with the Cal ISEs, 4.5 <pH < 
10.0. However, the most striking difference in the 
pH profiles was the observed 'pH dip' for the Ca2 
ISEs, that was not observed for the Cal ISE. 

The 'pH dip' observed for the photo-cured Ca2 
ISE is typical of other reported calcium ISEs that 
employed similar phosphate ester type ionophores 
[17,19]. As discussed in previous studies [17], the 
'pH dip' is the result of the extraction behaviour 
of the organophosphates present in liquid poly- 
mer membranes and these complexes of different 
stoichiometries can be extracted depending on the 
pH. Clearly, the discrepancy in the observed pH 
profiles of the photo-cured Ca l and Ca2 ISEs 
suggests that the presence of the calcium-phos- 
phonyl oxygen complex in the photo-cured Ca2 
membrane has influenced the extraction process 
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of the organophosphates in acidic conditions. The 
pH dependence of the photo-cured Ca2 ISE has 
shifted to pH < 3.5 compared with the Cal ISE at 
pH <4.5 [2]. However, further research is still 
required to thoroughly understand the mechanism 
and explain these observations. 

3.3. Selectivities 

The selectivity coefficients for the photo-cured 
Cal and Ca2 ISEs were determined by the fixed 
interference methods and are given in Fig. 4. The 
selectivities for calcium over interfering monova- 
lent ions were comparable between the photo- 
cured Cal and Ca2 ISEs. However, differences 
between the photo-cured Cal and Ca2 ISEs were 
observed with selectivity coefficients for calcium 
over interfering divalent ions as shown in Fig. 4. 
The photo-cured Cal ISE experienced severe in- 
terference with measurements conducted in bar- 
ium and zinc ionic backgrounds, and this has 
been discussed in detail in a previous study [2]. 

The selectivity observed for the photo-cured 
Ca2 ISE over interfering divalent ions was supe- 

log,k -P°t 
Ca,M 

0 

-1 

-4 

Cal  [1] * Ca2 

Ca 2+ ~ C 2+ 

2+ 
Mg ~ Sr2+ 
C u 2 + ~  

Ni 2+ 

Cu 2+ 

Mg~+,s? + 

_ _  z ; ;  
Ni 

[- ~+,N...~..*,N.4 
NH4 + 

K + m  
L i  + ~ L i  + 

Na + m  

* Zn2+and Ba2+severely interferes with the Cal ISE. 

Fig. 4. T he  de te rmined  selectivity coefficients for  the pho to -  

curved  Ca2 ISE c o m p a r e d  with the Ca l  ISE [2]. 

rior and included the observed selectivity over 
barium and zinc ions compared with the photo- 
cured Cal ISE. The enhanced selectivity observed 
for the Ca2 ISE over interfering divalent ions 
compared with the Cal ISE can be attributed to 
the presence of the calcium-phosphonyl oxygen 
complex in the Ca2 membrane phase and this well 
be further investigated. Varying the amount of 
anhydrous calcium chloride in photo-cured mem- 
branes similar in composition to the Ca2 mem- 
brane, showed no significant difference in 
selectivity compared with that observed for the 
Ca2 membrane-based ISE. 

3.4. The photo-cured Ca2 ISEs in FIP mode 

The time taken for the photo-cured Ca2 ISE to 
achieve 90% of complete steady-state was 3 s, 
making the Ca2 ISE ideally suited for FIP mea- 
surements. The photo-cured Ca2 ISE exhibited an 
electrode slope of 30.3 + 0.3 mV change per activ- 
ity decade and a log-linear range between 0.01 
and 10 mM of calcium in a 100 mM sodium 
chloride background in the FIP mode. Typical 
flow injection peak heights are presented in Fig. 5. 
The peak heights in the FIP mode represent 95% 
of complete steady-state. A sample throughput 
rate of 150 injections h ~ with a high precision 
was achieved and baseline drifting of 5 mV day - l 

was observed for the photo-cured Ca2 ISE in the 
FIP mode. Baseline drifting of the Ca2 ISE was 
observed at the higher concentration in the FIP 
mode; however, electrode drifting in flow injection 
has little effect on calibrations since data process- 
ing can account for any drift when calculating 
peak heights. 

Similar to the Cal ISE, the Ca2 ISE could 
tolerate high levels of perchlorate background in 
the FIP mode, without any pernicious effect on 
the calcium ion response. The photo-cured Ca2 
ISE exhibited a near-Nernstian slope of 28.2 + 0.4 
and 24.7 + 0.3 mV change per activity with cal- 
cium standards containing a 10 mM sodium 
perchlorate and a 100 mM sodium perchlorate 
background, respectively in the FIP mode. The 
log-linear range for the Ca2 ISE was between 
0.01 and 10 mM in the FIP mode. The calibration 
plots for the Ca2 ISE in various perchlorate back- 
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Fig. 5. Typical peak heights observed for the photo-cured Ca2 
ISE in the FIP mode; the carrier and the referencev streams 
were 100 mM NaCI, the total flow rate was 1.5 ml min - ~ and 
the sample volume was 100 lal. Relative s tandard deviations 
are given in parentheses. 

grounds in the FIP mode are presented in Fig. 6. 
Comparison of the electrode performance be- 
tween the photo-cured Cal and Ca2 ISEs in the 
FIP mode are summarised in Table 2. Clearly, the 
photo-cured, Ca2 ISE exhibits a higher electrode 
slope than the Cal ISE in the FIP mode. 

To determine the reliability of the photo-cured 
Ca2 ISE, the total calcium level in a full cream 
milk sample that was digested with a nitric/ 
perchloric acid mixture was measured. The acid 
digestion of the milk sample was necessary in 
order to release all the complexed calcium. The 
nitric/perchloric acid digestion of the milk sam- 
ples was performed in triplicate and the procedure 
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Fig. 6. FIP calibration plots for the photo-cured Ca2 ISE with 
calcium standards in (A) 100 m M  NaCI; (B) 90 mM NaC1/10 
m M  NaCIO 4 (C) 100 mM NaCIO 4 backgrounds.  Total flow 
rate was 1.5 ml min ~ and the sample volume was 100 ~tl, 

has been reported elsewhere [2]. The acid-digested 
samples were diluted 250-fold and the final back- 
ground was 200 mM sodium perchlorate and 100 
mM NaC1. The background of the calcium stan- 
dards used in this experiment matched the acid-di- 
gested milk samples. The calcium levels 
determined in the acid-digested milk samples by 

Table 2 
The electrode slope exhibited by the photo-cured Cal and Ca2 
ISEs with various backgrounds in the FIP mode 

Background Electrode slope (SD) mV per 
pCa 2 + 

Cal ISE [2] Ca2 ISE 

100 mM NaCI 27.8 (0.7) 30.3 (0.3) 
10 m M  NaCIO4/90 m M  26.9 (0.8) 28.2 (0.4) 

NaCI 
100 m M  NaC104 23.2 (0.1) 24.7 i0.2) 
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Table 3 
Determined total calcium levels in full cream milk 

Method of analysis [CA2+]" (mg 1 1) 

Cal ISE in FIP mode 1087 (2.0%) b 
Ca2 ISE in FIP mode 1103 (1.1%) b 
AAS 1132 (3.3%) b 
Labelled 1100 

a Mean of the measurement; RSD in parenthess. 
b Diluted 250 fold. 

the photo-cured Ca2 ISE in FIP mode, compared 
favourably with atomic absorption spectroscopy 
(AAS) measurements and the results are presented 
in Table 3. 

4. Conclusion 

The introduction of anhydrous calcium chloride 
into the photo-cured membrane of the Ca2 ISE 
resulted in an improvement in the selectivity over 
interfering divalent ions, as wider pH independent 
range, and a greater electrode slope compared 
with the photo-cured Cal ISE [2]. The calcium 
chloride added to the Ca2 membrane dissolved 
easily with the aid of the DOPP plasticiser which 
is known to coordinate with calcium, and a 
lipophilic calcium-phosphonyl oxygen complex is 
believed to have formed. The formation of the 
calcium-phosphonyl oxygen complex in the Ca2 
membrane had lowered the membrane resistance 
compared with the photo-cured membrane of the 
Cal ISE, and this could have prompted the hy- 
per-Nernstian slope and improved selectivity over 
divalent interfering ions that was observed for the 
Ca2 ISE. Further research is in progress to ex- 
plain the improved selectivity observed for the 
photo-cured Ca2 ISE compared with the Cal ISE, 
including pH, and the role of the calcium-phos- 
phonyl oxygen in these photo-cured membranes. 
Similar to the photo-cured Cal ISE, the reliability 
and sensitivity of the photo-cured Ca2 ISE in FIP 
mode was demonstrated, since both ISEs were 
used to potentiometrically measure 0.1 mM cal- 
cium a 200 mM perchlorate background for the 
digested milk samples. 
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Abstract 

Electroactive biotin ligands were prepared by the reaction of daunomycin with biotinylating reagents with a 
different spacer. These biotin ligands exhibited similar electrochemical properties to those of daunomycin, but the 
adsorptivity of the ligands on the electrode increased with increasing length of the spacer. The electrode response of 
these ligands decreased when specifically bound with avidin. This made it possible to detect electroinactive avidin 
indirectly. Biotin was detected by observing the competitive reaction between biotin and the ligands for the limited 
binding sites of avidin. The binding strength of the labeled biotins with avidin was compared with that of unlabeled 
biotin by using an enzyme assay. © 1997 Elsevier Science B.V. 

Keywords: Avidin-biotin interaction; Daunomycin-labeled biotin ligands; Electrochemical detection 

I. Introduction 

Avidin-biotin" binding is one of the strongest 
bindings between proteins and ligands. Therefore, 
the strong interaction has been applied in various 
fields and is referred to as avidin-biot in  technol- 
ogy [1-5]. An avidin-biot in  binding assay is one 
of the typical avidin-biot in  technologies using 
this strong interaction. In these assays, it is neces- 
sary to detect the information about  the binding 
by using various methods. Generally, the av id in-  
biotin interaction has been investigated by a pho- 

* Corresponding author. Tel.: + 181 11 7062219; fax: + 181 
11 7166101. 

Present address: Faculty of Engineering, Kigami Institute 
of Technology, Kitami 090, Japan. 

tometric procedure which uses fluorescent ligands 
and enzyme conjugates [6,7]. However, these 
methods usually require the use of  a separation 
procedure such as filtration or centrifugation be- 
fore measuring in order to separate a free labeled 
biotin from a bound biotin. Radioisotopic ligands 
are very useful but the handling and disposal of  
the ligands is problematic. An avidin-biot in  assay 
using an electrochemical procedure is difficult be- 
cause both avidin and biotin are electroinactive. If  
it were possible to evaluate the avidin-biot in  
interaction electrochemically, a new electrochemi- 
cal assay without a separation procedure could be 
developed. Therefore, we attempted to detect 
avidin-biot in  interaction electrochemically by 
preparing biotins labeled with an electroactive 
compounds (LBs). When the LB and avidin are 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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mixed, the LB becomes electroinactive through 
binding with avidin. Therefore, the electroinactive 
avidin can be detected indirectly from the change 
of the electrode response of the LB. The biotin 
can also be detected by observing the competitive 
reaction biotin and the LB for the limited binding 
sites of avidin. Previously, we prepared a labeled 
biotin ligand with daunomcyin as an electroactive 
compound. We then evaluated the interaction be- 
tween avidin and biotin using the biotin ligand 
electrochemically [8]. 

It has also been reported that the affinity for 
labeled ligand-protein binding depends on the 
length of the spacer. The role of a spacer is to 
remove steric hindrance between two functional 
moieties and to facilitate the specific binding. If 
the length of the spacer is too short, the binding 
will be affected by steric hindrance. In this study, 
we prepared three LBs having spacers of different 
lengths as electrochemical probes for avidin-bi- 
otin binding assay. Subsequently, we observed the 
electrochemical behaviors of these LBs in the 
absence and presence of avidin. We also at- 
tempted to detect biotin using the competitive 
reaction of biotin and the LBs. Finally, the bind- 
ing strength of these LBs with avidin was com- 
pared with that of biotin by an enzyme assay 
using a microtiter plate. 

2. Experimental 

2.1. Materials 

Sulfosuccimidyl D-Biotin (Biotin-Sulfo-Osu), 
sulfosuccinimidyl N-(D-biotinyl)-6-aminohexan- 
oate (Biotin-ACs-Sulfo-Osu) and sulfosuccin- 
imidyl N-[N'-D-biotinyl-6-aminohexanoyl]-6'- 
aminohexamoate (Biotin-(ACs)2-Sulfo-Osu) were 
purchased from Pierce Rockford (IL, USA). 
Daunomycin was supplied by Sigma, St. Louis, 
(MO, USA) and avidin and biotin by Wako Pure 
Chemicals (Osaka, Japan). Biotinamidocaproyl 
bovine serum albumin (Biotin-BSA; ca. 9.6 mol of 
biotin per mole of BSA), bovine serum albumin 
fraction V(BSA) and 3',3,5,5'-tetramethylben- 
zidine (TMB) were supplied by Sigma. 

Horseradish peroxidase avidin D conjugate (Av- 
P, 1.5 M peroxidase-1 M avidin) was purchased 
from Vector Labs Burlingame (CA, USA). Phos- 
phate buffer was prepared with 0.1 MKH2PO4 
and the pH was adjustable to pH 7 with the 
addition of 0. l M NaOH. High quality nitrogen 
gas was used for deaeration of solutions for elec- 
trochemical measurements. All other reagents 
were of analytical-reagent grade. 

2.2. Apparatus 

All electrochemical measurements were carried 
out using a Yanaco P-1100 polarographic ana- 
lyzer (Yanagimoto Scientific, Kyoto, Japan) with 
a Rikadenki Electronic Model RY-101AT 
recorder (Rikadenki Kogyo, Tokyo, Japan). Visi- 
ble spectra of daunomycin and several biotins 
modified with daunomycin were measured with a 
Shimazu UV-2200 UV-VIS recording spec- 
trophotometer (Shimazu Tokyo, Japan). 

2.3. Electrode 

A glassy carbon electrode (Model No. 11-2012, 
3.0 mm diameter; Bioanalytical Systems (BAS, 
West Lafayette IN, USA)) was used as the work- 
ing electrode. Before a measurement was carried 
out, the electrode was polished with 1.0, 0.3 and 
0.05 gm alumina (Baikoski International, Char- 
lotte, NC, USA) followed by 10 min of ultrasoni- 
cation. An Ag/AgC1 electrode (Model No. 
11-2020; BAS) was used as the reference electrode 
and a platinum wire as the counter electrode. All 
potentials were measured against the Ag/AgC1 
electrode. Strong adsorption of the LBs on the 
electrode required us to reproduce a new electrode 
surface for all subsequent attempts of the proce- 
dure described above. 

2.4. Preparation o f  LB  

LBs were prepared as follows: 2 mM biotinyla- 
tion reagent in DMF (500 lal) and 1 mM dauno- 
mycin in 50 mM phosphate buffer (pH 7.0) (250 
lal) were mixed and incubated for 24 h at 4°C. The 
reaction product was separated from the biotiny- 
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Fig. 1. Structure of labeled biotins prepared in this study. 
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lation reagent by TLC (Developing solvent chlo- 
r o f o r m - m e t h a n o l - f o r m i c  acid (80:20:2)). The 
concentration of  LBs was determined from the 
absorbance at 475 nm because the spectra of  the 
LBs were identical with that of  daunomycin in 
visible region. The proposed structures of  the LBs 
as shown in Fig. 1, and were supported by N M R  
data. The LBs labeled with Biotin-Sulfo-Osu, Bi- 
otin-ACs-Sulfo-Osu and Biotin-(ACs)z-Sulfo-Osu 
are abbreviated to S-LB-D, M-LB-D and L-LB- 
D, respectively. 

To examine the stability of  the reagent, the 
spectra of  LBs were measured. After 2 months, 
the spectra were the same as those at the time of 
preparation. Only one spot was observed on TLC 
even it was developed 2 months later. Therefore, 
it was concluded that the LBs were stable for at 
least 2 months. 

2.5. Procedure .for electrochemical avidin-biotin 
a s s a y  

Avidin and the LBs were mixed in l0 ml of  0.1 
M phosphate buffer solution (pH 7.0) and the 
solution was incubated for 1 h at room tempera- 
ture while being stirred. To investigate the com- 
petitive reaction between the LBs and biotin, 
biotin was added to a solution containing LB and 
the avidin. The solution was incubated under 
same conditions as described above. After the 
incubation, the solution (10 ml) was subjected to a 
voltammetric measurement. Deaeration of the so- 

lution was carried out for 15 min under nitrogen, 
then a polished electrode was immersed in the 
solution and a potential of  - 1.00 V was applied 
to the electrode for 5 min to reduce and accumu- 
late the LB with stirring. After a rest time of 15 s, 
vol tammograms of the LB were recorded by scan- 
ning the potential from - 1.00 to - 0.30 V using 
differential-pulse polarography (scan rate 5 mV 
S ]). 

2.6. Procedure Jor enzyme assay 

After microtiter plates (Wako Pure Chemicals) 
had been washed with a detergent solution and 
water, 0.002°/,, biotin BSA (200 ~tl) in phosphate 
buffer solution was added to the wells of the 
plate, which was left to stand at 4°C for 16 h. The 
plate was then washed three times with 10 mM 
phosphate buffer containing 0.1 M sodium chlo- 
ride (pH 7.4) and 0.1% BSA (PBS-B) solution. 
Furthermore,  1% BAS solution (200 ~tl) was 
added to each well and kept for 1 h at 4°C to 
eliminate all remaining hydrophobic binding sites. 
The solution was discarded and the plate rinsed 
three times with PBS-B and subsequently once 
with PBS-B before being used. 

Sample (100 ~tl), PBS-B (50 ~tl) and Av (0.12 
nM, 50 ~tl) were mixed in the wells. The mixture 
was incubated overnight at 4°C with continuous 
shaking at 80 oscillations rain ~ on a Thermo 
Shaker NTS-1300 (Eyela, Tokyo,  Japan). After 
incubation, the wells of  the plate were washed five 
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times with a 10 mM phosphate buffer containing 
0.1 M sodium chloride (pH 7.4) (PBS), then TMB 
solution (100 ~tl) was added to each well. The 
enzyme reaction began with the addition of 0.01% 
hydrogen peroxide (50 ~tl). This mixture was 
shaken for 30 min. The reaction was stopped by 
adding 0.1 M sulfuric acid (50 ~tl). The ab- 
sorbance of  this solution was measured at 450 
nm. The absorbance of  a blank solution was 
taken as the unit (1.0) and the absorbance with 
1 × 10 5 M biotin was taken as zero, and the 
ratios of the absorbances at various concentra- 
tions of biotin and LBs were plotted against con- 
centration. 

3. Results and discussion 

3. I. Adsorptive behavior of L B  on an electrode 

Daunomycin has two pairs of redox peaks. The 
oxidation peak at - 0 . 6 5  V and the reduction 
peak at - 0 . 7 0  V were based on the redox reac- 
tion of  the quinone part of the reagent molecule. 
The oxidation peak at + 0.5 V and the reduction 
peak at + 0.30 V were due to the redox reaction 
of the hydroquinone part [9]. The biotins labeled 
with daunomycin (LBs) also have the same pairs 
of redox peaks at the same potentials as for 
daunomycin itself. This suggests that labeling with 
biotin did not affect the electrochemical behavior 
of  the daunomycin moiety. We investigated the 
binding behavior by using the oxidation peak at 
- 0 . 6 5  V vs. (Ag/AgC1) by differential-pulse 
voltammetry because this peak was the sharpest 
among the four peaks. 

Fig. 2 shows the relationship between the peak 
current and the accumulation time for 4 x 10 7 
M daunomycin and LBs on the electrode. Dauno- 
mycin was adsorbed on the glassy carbon elec- 
trode and the peak current increased linearly until 
15 min. The peak currents of  M-LB-D and S-LB- 
D increased with increasing accumulation time up 
to 10 min and L-LB-D up to 5 min. When 
sufficient accumulation time had elapsed, the peak 
currents remained constant. These values are 
probably due to the adsorptive equilibrium of the 
LBs on the electrode surface. The peak current of 

M-LB-D is similar to that of  L-LB-D, but is 
larger than those of  S-LB-D and daunomycin. It 
was found that the adsorption of M-LB-D and 
L-LB-D on the electrode is stronger than that of 
S-LB-D and daunomycin. This enhancement of 
the adsorbing properties of  the ligands may be 
attributed to the increase in hydrophobicity with 
increasing length of  the spacer and by converting 
the ionic amino group of daunomycin into a more 
hydrophobic biotin moiety. 

3.2. Change o f  the L B  electrode response based 
on the interaction with avidin 

The different pulse voltammograms of  M-LB-D 
and daunomycin with and without avidin are 
shown in Fig. 3. The peak shape of  the LB in the 
solution containing avidin was similar to that 
without avidin, but the peak current of the LB 
decreased considerably. When avidin was added 
to the solution containing daunomycin, the peak 
current of daunomycin did not decrease even after 
2 h. Accordingly, it was concluded that the de- 
crease in the peak current of LB was not due 
either to hindrance of  the electrode reaction by 
the adsorption of  protein on the electrode or to 
non-specific binding of ligand with protein. There- 
fore, the change in the peak current of  the LB was 
considered to be due to the specific binding be- 
tween avidin and biotin. 

4 
*. .......... v (c) 

O ~ - ~ O  • (d) 
3 

~. .,-" • ...A (b) 
o/~.."~" V ~ • "" • .."; ~ - ' "  .... 

"- 2 / / ~  (a) 

1 

O r i I 

0 5 10 15 20 

Accumulat ion time/min 

Fig. 2. Dependence of peak current on accumulation time 
4 × 10 -7 M S-LB-D (a), daunomycin (b), M-LB-D (c) L-LB- 
D (d). Results obtained by differential-pulse voltammetry (0.01 
M phosphate buffer, E, = - 1.0 V, t, = 5 min, scan rate = 5 
mVs '). 
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Fig. 3. Voltammograms of daunomycin and M-LB-D with and 
without avidin. (a) 4×10 7 M M-LB-D; as (a) + 6 x  10 
Mavidin;(c) 4x 10 7Mdaunomycin;(d) as(c) +1.2x10 
7 M avidin. 

The dependence of the peak current of  the LBs 
on the concentration of avidin is shown in Fig. 4. 
The peak current of  the LBs decreased with in- 
creasing concentration of avidin, which made the 
detection of the electroinactive avidin possible. 
The detection limits for avidin calculated from the 
relative standard deviation (10%) of the peak 
current without avidin were 5 x 1 0  _ 9  M using 
S-LB D, and 2 x 10 9 M using M-LB-D and 
L-LB-D. When a sufficient amount  of  avidin was 

2 

,b, iii 
0 I . . . . . . .  r ~  . . . . . . .  v - - j :  . . . . .  r x ' "  . . . . . . . . . . . .  " ' ~  
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Concentration of avidin/10 -7 M 

Fig. 4. Effect of avidin on peak current. 4 x 1 0 -  7 M L-LB-D 
(a) M-LB-D (b) and S-LB-D (c). 

added to bind all of  the LBs, the peak current 
became close to zero. It  can be suggested that the 
LB lost its electroactivity because the electroactive 
part  of  the daunomycin was covered with a large 
volume of avidin. If  so, the length of the spacer 
should affect the electrode response of the LB- 
avidin conjugates. More detailed observations 
showed that when a high concentration of avidin 
was added, the peak current of  S-LB-D was al- 
most zero but M-LB-D and L-LB-D showed a 
small peak current even when a high concentra- 
tion of avidin was added. This suggests that when 
avidin binds with M-LB-D and L-LB-D, the elec- 
troactive part  is not completely covered with 
avidin because the electroactive part  is located far 
from the binding site of  avidin owing to the 
presence of a longer spacer. Therefore, the elec- 
troactivity of  the ligands can be maintained but 
the diffusion constant decreases considerably. In 
contrast, the electroactive part  of  S-LB-D is cov- 
ered completely with avidin because of the short 
spacer length. 

3.3. Competitiz~e assay for  biot#7 

The competitive reaction of the LB ad biotin 
for the limited binding sites of  avidin makes the 
assay of biotin possible. When biotin, at various 
concentrations, was incubated in a solution con- 
taining a constant concentration of avidin and the 
LB, the peak current of  the LB increased with 
increasing the concentration of avidin and the LB, 
the peak current of  the LB increased with increas- 
ing the concentration of biotin, as shown in Fig. 
5. This is because biotin occupies the binding sites 
of avidin and, as a result, the amount  of  free LB 
increases with increase in biotin content. The re- 
sponse curves of  three types of  LBs were not as 
varied. The best response curve was obtained by 
using L- and M-LB-D, as shown in Fig. 5. The 
relative standard deviation of the peak current at 
1 × 10 -v M was 12% using M-LB-D. 

3.4, Enzyme assay using microtiter plate 

To investigate the strength of the binding of 
these ligands with avidin, an enzyme assay [10] 
was carried out and the results are shown in Fig. 
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Fig. 5. Competitive binding assay for biotin using LBs by the 
electrochemical procedure. 4 × 10-v M L-LB-D (a), M-LB-D 
(b), S-LB-D (c). Concentration of avidin 1.2 z 10-7 M. 

6. The order of the binding strength was M-LB- 
D > L-LB-D > biotin > S-LB-D. This is due to 
the difference in the length of spacer between 
biotin and the daunomycin part. The binding 
constant of M-LB-D is the largest of the LBs and 
that of S-LB-D is the smallest. Since the distance 
between the biotin part and the electroactive com- 
pound is short in S-LB-D, it is thought that steric 
hindrance weakens the binding between the LB 
and avidin. The distance of the spacer does not 
affect the binding. The binding strength of M-LB- 
D and L-LB-D seemed to be slightly larger than 
that of biotin. If the distance of the spacer is too 
long, the compounds have high hydrophobicity. 

The increase in the hydrophobicity of the ligand 
due to labeling caused it to bind non-specifically 
with avidin, having hydrophobic properties. 

4. Conclusion 

Three electroactive ligands for avidin-biotin as- 
say were prepared. The binding behaviors of these 
LBs with avidin were investigated by using elec- 
trochemical and enzyme assay methods. These 
ligands, adsorbed strongly on the electrode, were 
detected sensitively by accumulation voltammetry. 
It was found that the adsorption of the ligands 
becomes stronger as the length of the spacer 
increases because of an increase in hydrophobic- 
ity. The electrode response of these LBs decreased 
drastically by binding with avidin. Therefore, the 
detection of 10 -9 M avidin became possible. Bi- 
otin was also detected electrochemically using the 
competition reaction with these LBs. It is con- 
cluded that these LBs represent a new electro- 
chemical probe for the measurement of the 
avidin-biotin interaction. 
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Abstract 

The equilibrium extraction behavior of a series of trivalent lanthanide ions (Ln 3 + ) using a chloroform Kerosine 
solution containing Di(2-ethylhexyl)phosphoric acid, combined with an adductant, 1,10-phenanthroline monohydrate 
(phen), was studied. The enhancement of the extraction by addition of such a neutral adductant is explained in terms 
of the extraction of the quaternary complex, M(HX2)3(phen)2, in addition to the neutral complex, M(HX2) 3, into the 
organic phase. The stoichiometry, extraction constants and separation factors of these systems were determined. The 
extraction constants of these systems partially follow the order of the atomic numbers. The synergistic extraction 
constants increased in the other Gd > Er > Ho > Eu > Ce > La > Pr and the highest separation factor was observed 
for Er Ho (2.09). pH~ 2 values were also obtained. In this synergistic extraction system, both the extraction 
equilibrium constants and the separation factors were found to be greater than those of commercial extractants. ~ 
1997 Elsevier Science B.V. 

Keywor&': Di(2-ethylhexyl)phosphoric acid; Lanthanides; 1,10-Phenanthroline: Solvent extraction 

1. Introduction 

The separation of trivalent lanthanides by sol- 
vent extraction is still an interesting and 
formidable problem. As a part of a systematic 
evaluation of the use of chelating extractants in 
extracting and separating trivalent lanthanides, 
the equilibrium extraction behavior of a series of 

* Corresponding author. Fax: + 81 78 8030722. 

representative lanthanide ions with chloroform 
containing one of several kinds of ligands alone or 
combined with adduct-forming agents has been 
studied in detail [1-6]. Many acidic organophos- 
phorus compounds have been studied for the 
extraction of lanthanide metals [7 10]. One of the 
most important acidic organophosphorus com- 
pounds is Di(2-ethylhexyl)phosphoric acid 
(HDEHP), whose extraction behavior has been 
described by Marcus et al. [10]. H D E H P  and its 
analogs, in organic solvents of low polarity, are 
present as dimers [10,11]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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In synergistic systems, the extracting power of 
the mixture exceeds the sum of  the extracting 
powers of  its components. This phenomenon 
greatly enhances extraction or synergism with a 
mixture of extractants and has attracted consider- 
able attention in recent years. Handley and Dean 
[12,13] examined Di(2-ethyl- 
hexyl)phosphorodithioic acid (HDEHPDT)  as a 
metal extractant. According to their results, 
americium and europium could be extracted into 
dodecane fairly well with HDEHPDT.  That  a 
'hard'  metal ion such as Eu 3 + can be extracted 
with a 'soft' ligand such as D E H P D T  was remi- 
niscent of  our findings that a nitrogen ligand such 
as 1,10-phenanthroline (phen) seemed to bond 
with lanthanide chelates at least as readily as with 
the hydrated lanthanide ions [3]. 

Komatsu and Freiser [14] have reported exten- 
sive investigations on the solvent extraction of 
trivalent lanthanide metal ions (Ln 3 + ) with mixed 
ligands. They described the adduct formation of  
La(III), Pr(III), Eu(III), Ho(III) and Yb(III) with 
bis(2,4,4-trimethylpentyl)phosphinic acid 
(HBTMPP),  tri-N-octylphosphine oxide (TOPO), 
octyl(phenyl) 

-N,N-diisobutylcarbamoylmethylphosphine oxide 
(CMPO) and methylenebis(diphenylphosphine) 
oxide (MBDPO) in chloroform. The equilibrium 
extraction behavior of series of representative 
trivalent lanthanide ions (La, Pr, Eu and Yb) was 
studied with either chloroform solutions of se- 
lected 1-phenyl-3-methyl-4-acyl-5-pyrazolones 
(acyl =decanoyl ,  phenacetyl, 3-phenylpropionyl 
and p-tert-butylbenzoyl) (HP) alone or these solu- 
tions in combination with phen, TOPO or methyl- 
trioctylammonium chloride (R3 R' NC1) [15]. 
Extraction of  La(III) and Y(III) [16] and Eu(III) 
[17] with H D E H P  was carried out by Peppard 
and co-workers, and the extraction behavior of 
the metals was clarified. 

Nitrogen bases such as 1,10-phenanthroline, 
which have high proton affinity, are appropriate 
auxiliary ligands. This paper reports a study of  
adduct formation reactions between the lan- 
thanides and auxiliary ligands aimed at obtaining 
a better understanding of  the extractive separa- 
tion of lanthanides. The role of  the diluent was 

also examined for the evaluation of the associa- 
tion constant. 

2. Experimental 

2. I. Apparatus 

Extraction was carried out in a Taiyo M incu- 
bator at 25 + 0.1°C. Ultraviolet and visible ab- 
sorption spectra were measured with a Shimadzu 
self-recording spectrophotometer (Model 240- 
UV-Vis)  with 10 mm optical path glass cells. The 
pH of  the aqueous phase was measured with a 
Hitachi Horiba M-7II pH-meter. A Kokusan H- 
200 centrifuge was also used for rapid and com- 
plete separation of  the phases. 

2.2. Materials 

A 1 x 10 -2 standard solution of lanthanide 
nitrates was prepared by dissolution of a suitable 
amount of  the pure oxide (99.99%) (gadolinium 
was purchased from Santoku Chemicals, Osaka, 
Japan, hydrated Ce(NO3)3 from Wako Pure 
Chemical Industries, Osaka, Japan, and other rare 
earths from Nacalai Tesque, Kyoto, Japan) in a 
small volume of  concentrated nitric acid, followed 
by dilution with distilled water. The solution was 
then heated in order to remove any excess acid. 
The solution was diluted to 100 ml with distilled 
water and the concentration was determined as 
1 x 10-3 M. The solution was standardized com- 
plexometrically at pH 5.1-5.6 with xylenol orange 
as metal indicator [18]. The prepared solution was 
then stored in a polyethylene bottle. 

2.3. Preparation o f  Di(2-ethylhexyl)phosphoric 
acid stock solution 

For the preparation of a stock solution of 
HDEHP,  348 cm 3 of chemically pure H D E H P  
(DP-8R, Daihachi Chemicals) were placed in a 
clean, 1 dm 3 volumetric flask and diluted to vol- 
ume with chloroform-kerosine so that the solu- 
tion was 1 tool din-3.  This solution was washed 
three times with 500 cm 3 of  6 tool dm 3 HC1 and 
three times with 500 cm 3 of  distilled water, after 
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T a b l e  1 

Pe r cen t age  ex t r ac t i on  o f  r a re  e a r t h  meta l  ions  b y  H D E H P  in the  presence  o f  p h e n  ~ 

Solvent  L a  3+ Ce  3+ Pr  3+ Sm 3+ Eu  3+ G d  3+ T b  3+ D y  ~ ~ H o  3+ Er  3+ Y b  ~+ Lu ~* Y~ + 

C H C I  3 91.91 99 .92  84.58 99.53 97 .20  98.99 91.21 98.28 93.81 98.71 84.50 79,33 93.27 

K e r o s i n e  65.02 73.03 57.69 72.64 70.31 72.10 64.32 71.39 66.92 71.82 57.61 52.44 66.38 

" [Meta l  n i t ra te  ion] = 1 x 10 4 M; [l igand] = 2 x 1 0 - 3  M: [phen] = 2 x 10 " M: [succinic acid] = 2 x 10 ~ M: 250(  ̀  

which the solution was left overnight. Since water 
is slightly soluble in H D E H P ,  the final H D E H P  
contains a small amount  (1-2%) of  water, which 
can be removed by using a rotating evaporator  at 
50°C and 15 m m H g  pressure [8]. A 0.01 M phen 
solution was prepared by dissolving 1.9823 g of 
1,10-phenanthroline monohydrate  (Nacalai 
Tesque) in chloroform and diluting it to 100 cm 3 
with the same solvent. A 0.001 M Arsenazo III  
solution was prepared by dissolving 0.0776 g of 
the reagent (Dojin Chemicals) in 100 cm 3 of dis- 
tilled water. This solution was freshly prepared 
each week. Chloroform was used after distillation. 
All other chemicals were of  analytical grade. 

2.4. Soh,ent extraction procedure 

The distribution experiments were performed at 
room temperature. An aliquot (10 cm 3) of  the 
aqueous solution containing the metal ion (1 x 
10 4 M) was placed in a stoppered 50 cm 3 glass 
tube. After the addition of 10 cm 3 of synergistic 
mixture containing the extractant solution (2 x 
10 ~ M) and neutral adductant solution (2 x 
10 ~ M), the mixture was shaken for 10 min at 
200 strokes rain t at 25 + 0°C, which was suffi- 
cient for equilibration. The mixture was then cen- 
trifuged at 2000 rpm for 5 min and the pH of the 
aqueous phase was measured. The metal content 
in the aqueous phase was determined spectropho- 
tometrically by the Arsenazo III  method [19], as 
was the lanthanide concentration in the organic 
phase following back-extraction into hydrochloric 
acid. The concentration of  metal ion in the or- 
ganic phase was determined after back-extraction 
into 6 M hydrochloric acid for 30 min; 5 cm 3 of 
strip liquor thus obtained were transferred in to a 
separating funnel and washed once with 5 c m  3 of 
pure chloroform to remove the free ligand corn- 

pletely, then the strip liquor was allowed to evap- 
orate. The residue was decomposed and diluted, 
then the pH was adjusted to 2.5. The solution was 
transferred into a 10 cm 3 volumetric flask, 0.5 cm 3 
of the Arsenazo III  was added and the mixture 
was diluted to volume with distilled water. The 
absorbance was measured at 650 nm. Neither the 
extractant nor its complexes in chloroform 
showed appreciable absorption in the visible re- 
gion, hence Arsenazo lII was used in the dual role 
of a calorimetric reagent and a scavenger for the 
lanthanides. 

3. Results and discussion 

3. I. EJ]ect of pH on lanthanide(III) extraction 
systems containing HDEHP and adduetant into 
chloroform-kerosine 

First, we determined the percentage extraction 
of metal nitrates at pH 3-3.5 into chloroform 
(shown in Table 1). The effective extraction of 
lanthanides with H D E H P  in the presence of phen 
occurs at aqueous phase pH values ranging from 
3.00 to 3.35 for La 3+, 3.10 to 3.45 for Ce 3+, 3.15 
to 3.40 for Pr 3+, 2.89 to 3.20 for Sm 3+, 2.99 to 
3.25 for Eu 3 +, 2.77 to 3.00 for Gd 3 +, 2.85 to 3.20 
for Tb 3 - ,  2.76 to 3.25 for Dy 3+, 2.88 to 3.10 for 
Ho 3~, 2.90 to 3.10 for Er ~+, 2.99 to 3.30 tbr 
Yb 3~, 2.80 to 3.20 for Lu 3+ and 2.77 to 3.15 for 
Y~+. The logarithmic distribution coefficients di- 
minish monotonically with increasing aqueous 
acidities (at pH > 6.0), implying that the extrac- 
tions are dominated by an ion-exchange reaction 
in which hydrogen is liberated. Gaikwad and 
Damodaran  [20] studied the extraction behavior 
of  Ho(III )  with (2-ethylhexylphosphoric acid 
mono-2-ethylhexyl ester) (EHPNA) and they con- 
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cluded that there is no clear separation of  phases 
at higher pH values. The percentage extraction of 
Ln 3 + reaches the maximum in the case of phen 
adduct formation at pH 2.9-3.50. 

3.2. Percentage extraction 

The order of extraction with 2-thenoyltrifl- 
uoroacetone : (1-(2-thienyl)-4,4,4-trifluorobutane- 
1,3-dione) (HTTA) in the presence of  a bidentate 
heterocyclic amine, phen or 2,9-dimethyl-l,10- 
phenanthroline (dmp), was scandium(III)> lutet- 
ium(III) > europium(III) > neodymium(III) > pra- 
seodymium(III) >lanthanum(III) ,  but enhance- 
ment of  the extraction by tba + (tetrabutylammo- 
nium cation) was nearly the same with 
lanthanum(III) to europium(III); enhancement 
was negligible in the case of  scandium(III) delated 
[21]. The results (shown in Table 1) were com- 
pared with the previous data concerning the syn- 
ergistic enhancement of these metal complexes; 
the similarity of  ternary complex extraction and 
synergistic extraction was also considered. In the 
case of Ce 3 +, Eu 3 +, Er 3 + and Gd 3 + the extrac- 
tion of M(HX2)3B 2 is much greater than that of  
M(HX2)3, to the point where extraction of  
M(C104)(HX2)3 is also negligible. It is concluded 
that synergistic extraction systems in which ad- 
duct formation occurs enhance the separation ca- 
pability. In a mixed complex system containing 
7-dodecenyl-quinolin-8-ol (DDQ), the donating 
ability of quinolin-8-ol (HQ) is not sufficient to 
form an adduct [4]. The effect of  phenanthroline 
on the extraction of  Eu(III) with DDQ-8 (quinoli- 
nol mixtures) was examined and it appeared that 
the formation with mixed complexes with a mix- 
ture of  two chelating extractants and adduct for- 
mation with mixed complexes further enhance the 
separation capability in the lanthanide series. On 
the other hand, in the case of both La 3 + and 
Pr 3 +, the extraction of Ln(HX2)3B2 take place in 
a similar pH region, resulting in the extraction 
behavior shown in Fig. 1. In Table 1, the en- 
hancement of the extraction of La 3 + and Pr 3 + is 
not very marked, and the slopes for the straight 
portion are 2.7 for La 3+ and Pr 3+. Obviously, 
lanthanides are extracted by a different mecha- 
nism under these conditions. 

3.3. Slope analysis 

A traditional and effective means of obtaining 
both stoichiometric and equilibrium constant in- 
formation about extraction processes, slope analy- 
sis, is based on an examination of  the logarithmic 
variation of  the distribution ratio, D, with rele- 
vant experimental variables. The log- log plots of  
the extraction in the form of  D vs. a concentra- 
tion variable indicate the stoichiometry of the 
formation of the extractable complex and thus 
leads to the derivation of  a suitable equilibrium 
expression and then to the calculation of equi- 
librium constants. 

Plots of  log D vs. variables such as the pH of 
the aqueous phase and the logarithm of the con- 
centration of [(HX)2] were constructed [22]. 
Straight lines with a slope of + 3 for lanthanides 
were obtained with a low extent of metal ex- 
tracted. Thus the extraction reaction can be writ- 
ten a s  

Ln 3 + + 3(HX)2¢o)~ Ln(HX2)3(o) + 3H + (1) 

Examination of Eq. (1) leads to the conclusion 
that the slope of  a log D vs. pH plot should be 
+ 3, indicating that three hydrogen ions are re- 
leased in the extraction of the metal ion (the 
subscript (o) designates concentration in the or- 
ganic phase). The extraction constant, Kex, for this 
reaction 

2 

dE r 
1.5 - Eu Ce 

0.5- 

0 
2.75 3 3,25 3J5 3.75 

pH 

Fig. 1. Distr ibution constants  for lanthanides between chloro- 
form and the aqueous  phase as a function of  pH in the 
aqueous  phase. Aqueous  phase: [Ln 3+] = 1 x 10 4 M; suc- 
cinic acid = 2 x 10 3 M. Organic phase: H D E H P  = 2 × 10-  ~ 
M; [ p h e n ] = 2  x 10 3 M. 
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2- 

2 

0.5 

0 
-3.4 -3.2 -3 -2.8 -2'.6 -2.4 

Iogl(HX)~l 

Fig. 2. Distribution constants for lanthanides as a function of 
HDEHP concentration in the presence of phen in the organic 
phase. Aqueous phase: [Ln3+] = I × 10-4 M; succinic acid = 
2 x 10 ~ M. Organic phase: [phen]=2 x 10 3 M; 
HDEHP=2x 10 3 M. 

K~x = [Ln 3 + (HX2)3]o[H + ]3/[Ln3 + ][(HX)2] 3 (2) 

or  

log K,x = log D , , -  3pH - 3 log[(HX)2] (3) 

As ment ioned above, the adduct  format ion  of  
t r i s - D E H P A  complexes o f  Ln 3 + with the nitro- 
gen-containing chelating agent phen with a repre- 
sentative =N C - C - N :  d o n o r  g roup  was studied. 
It was found that  H D E H P  complexes showed an 
exceptionally large tendency to form adducts  with 
the ni t rogen-containing the chelating agent phen. 
The data  support  the conclusion that  the plot o f  
log D vs. log[(HX)2]o exhibits a slope o f  + 3 (Fig. 
2), that  the plot o f  log D / D  o vs. log[phen]o is 
linear with a slope o f  2, indicating that  two 
molecules o f  phen are included in the extracted 
species [22], where D represents the distribution 
ratio with time of  adduct  format ion  (Fig. 3) and 
that the plot o f  log D vs. pH also has a slope o f  
+ 3 (Fig. 1). Thus. 

Ln 3 + + 3(HX):/o I + 2B(,,) -~ Ln(HX2)3B2(o) + 3H + 
(4) 

log D / D o  = log K~x(m/K~ + n log[B]o (5) 

where K~(m represents the extraction constant  
with the adduct  format ion  and K,x the extraction 
constant  with H D E H P .  

The results o f  the extraction o f  lanthanides 
using a mixture o f  H D E H P  and phen are shown 
in Table 1, where it is seen f rom the lower pHj,~ 
(pH of  50% extraction) values that highly en- 
hanced extractions are achieved in the presence o f  
as little as 10 3 M auxiliary reagent. According 

to Eq. (4), the values for log KexIm were evaluated 
as 6.22, 5.81, 5.33, 5.15, 4.90, 3.95 and 3.95 for 
Gd  3 ~ , E r  3 + , H o  3 + , E u  3+ Ce 3 + , L a  3~ a n d P r  3 + 

respectively. As seen from the above data,  re- 
markable  extraction efficiencies and selectivities 
were observed. This strongly indicates a new pos- 
sibility that  the separation efficiency can be im- 
proved, even in the synergistic solvent extraction 
system. However,  H D E H P  in a synergistic extrac- 
tion system has proved to be an efficient extrac- 
tant because o f  its higher separation factors for 
consecutive elements. Al though heavy rare earths 
were selectively extracted with these extractants, 
the extraction sequence o f  yttr ium with respect to 
rare earths was Dy > Y > Lu. (Table 1 ). 

Generally, in the chelate extraction o f  lan- 
thanides; the extraction constant  increases with 
increasing atomic number  [23]. This general ten- 
dency was also observed in the present system. 
The extraction constant  increases as the atomic 

0.8- 

0.6- 

"3 

"~ 0.4- 

0.2- 

0 
-3.4 

La 

+ Er 

-3.2 -3 -i.8 -2.6 -2.4 
log[phen] 

Fig. 3. Plots of log D/D o vs. log[phen] at constant HDEHP 
and pH (3.10). Aqueous phase: [Ln 3+ ] = I × 10- 4 M; succinic 
acid=2× 10 3 M. Organic phase: HDEHP=2x 10 ~ M: 
[phen]= 2 x 10 ~ M. 
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Table 2 
Summary of results for extraction of lanthanides with H D E H P  
and phen as neutral ligand a 

Elemen t  S lope  b pH~ 2 

La 2.74 ± 0.11 b 3.15 
Ce 3.00 + 0.09 2.9 
Pr 2.80 _+ 0.03 3.15 
Eu 3.15 4- 0.07 2.76 
Gd 3.00 _+ 0.31 2.1 
Ho 3.05 _+ 0.02 2.7 
Er 3.22 + 0.07 2.55 

a [HDEHP](o)  = 2 × 10 - 3  M; [phen](o) = 2 × 10 3 M in c h l o r o -  

fo rm.  

Mean + S.D. (n = 2). 
pH] /2  is the  p H  va lue  a t  w h i c h  log D = 0. 

number increases until G d  3 +,  and then it starts to 
decrease. It is interesting that the extraction con- 
stants Kex(m of La 3 + and Pr 3 + are much smaller 
than those of  the other six trivalent metal com- 
plexes with the same ligand and the Kex(B) values 
of  the quaternary compounds from the neutral 
complex of  europium(III), holmium(III) and erbi- 
um(III) are similar to each other, although the 
values for the cerium(III) complexes are slightly 
smaller than those for the other complexes. It is 
very interesting that the values of log Ke×(m with 
H D E H P  are very large compared with those with 
H D E H P  alone in chloroform. This is because the 
steric hindrance of the synergistic mixture is low. 
In Table 2, the values of  pHi~ 2 show that lan- 
thanide(III) can be extracted at slightly lower pH 
in the system with H D E H P  alone than in the 
mixed system under the same extraction condi- 
tions and may be influenced by the distribution 
constant of the L n ( H X 2 )  3 complex. In the present 
study, chloroform was employed as the solvent. It 
was observed that the extraction constant K~x(m, 
given by Eq. (5), is more than one order of  
magnitude larger in chloroform than in kerosine. 

Fig. 4 shows the log K~(m values for the sys- 
tems studied here as a function of atomic number 
of the lanthanide metal ions. It is interesting that 
the relationship is linear up to G d  3 + and suggests 
that the slope might provide a good way of 
describing the selectivity of extractants used for 
the  Ln 3 + group. 

3.4. Separation factor 

The separation factor (SF) is the ratio of the 
distribution coefficients of two solutes measured 
under the same conditions. By convention, SF is 
greater than unity and a synonym for it is the 
separation coefficient. Mathematically it can be 
written as SF=logD,/togDii, where the sub- 
scripts I and II refer to two distinct metal ions. 

In the study of metal ion separations, the de- 
pendence of the separation factors on metal ion 
concentrations, aqueous acidities, organic phase 
extractant concentrations, temperature of extrac- 
tions and adduct concentration was investigated 
in order to determine the optimum experimental 
conditions in order to achieve the greatest separa- 
tion factors. For  evaluation of the selectivity of 
HDEHP,  we compared the separation factors for 
different pairs of lanthanide(III). The values of 
Iog(Dt/DII ) show that the separation of lan- 
thanides becomes better only for Er Ho, G d - L a  
and not for Gd-Ce .  However, there is a very 
small gain or no gain in the separation of C e - H o  
and Eu La, as shown by the values of log (DI/ 
DII ) in Table 3. 

All experiments were performed in the absence 
of perchlorate ion. In the absence of the perchlo- 
rate ion, the slope of the log D vs. pH lines was 
found to be 2.97, but when the perchlorate ion 
was present the slope was 1.98 [24]. Thus in the 

6.5 

6 -  

5.5-  

s~ 5-  

'-~ 4.5: 

4- 

3.5 

Gd 

Ce n / ~ E ~  

Atomic number 

Fig. 4. Relationship between log K,~(m and the atomic number 
of lanthanide ions. Organic phase containing HDEHP with 
phen, in the absence of sodium perchlorate. 
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Table 3 
Logarithmic separation factors in the extraction of lan- 
thanide(Ill) with HDEHP and 1,10-phenanthroline 

evaluation and characterization of organic sol- 
vents. 

Separation Log (separation factor) 

Er Ho 2.09 
Gd La 1.84 
Ho - La 1.79 
Ce Ho 1.75 
Eu La 1.45 
Gd - Ce 1.26 

case of lanthanide(III) ion extraction, the follow- 
ing equation can be written: 

Ln 3 + + 3(HX)2~o ~ + 2phen 

--* Ln(HXz)3¢o)(phen)2 + 3H  + (6) 

A l t h o u g h  all the  sys tems  e x a m i n e d  exh ib i t  excel-  

lent  ex t rac tab i l i ty ,  the  select ivi t ies  a re  i n fe r io r  in 

case  o f  La( I I I )  and  Pr( I I I ) .  It  is n o t a b l e  tha t  

a d d i t i o n  o f  p h e n  i m p r o v e s  the  s e p a r a t i o n  o f  the  

heav i e r  l a n t h a n i d e s  by v i r tue  o f  a su rp r i s ing  in- 

c rease  in the  ex t r ac t ab i l i t y  o f  the  l igh te r  m e t a l  

(Ce 3+)  to a g rea t e r  ex ten t  t h a n  those  o f  the  

heav i e r  meta l s .  H e n c e  such  a sys tem w o u l d  be  o f  

p rac t i ca l  va lue  in ex t r ac t i ng  the  l a n t h a n i d e s  as a 

g roup .  
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Abstract 

The aim of this work was to compare the characteristics of three methods, membrane inlet mass spectrometry 
(MIMS), purge-and-trap gas chromatography-mass spectrometry (P&T) and static headspace gas chromatography 
(HSGC), for the determination of volatile organic compounds in water samples as used in routine analysis. The 
characteristics examined included linear dynamic ranges, detection limits of selected environmentally hazardous 
volatile organic compounds (e.g. toluene, benzene and trichloroethene) in water, required analysis time and 
reproducibility of the analytical methods. The MIMS and P&T methods had the lowest detection limits for all the 
tested compounds, ranging from 0.1 to 5 lag 1-1. Linear dynamic ranges using the MIMS method were about four 
orders of magnitude and using the P&T method about two orders of magnitude. Detection limits of the HSGC 
method were 10-100 times higher than those of the other two methods, but the linear dynamic ranges were larger, 
even up to six orders of magnitude. The analysis time per sample was shortest for the MIMS method, from 5 to 10 
rain, and ranged around from 35 to 45 min for the HSGC and P&T methods. The reproducibilities of the methods 
were of the same order of magnitude, in the range of 1-13%. Agreement between the analytical results obtained for 
spiked samples and for environmental water samples by the three different methods was very good. ~2) 1997 Elsevier 
Science B.V. 

Keywor&': Membrane inlet mass spectrometry; Purge-and-trap gas chromatography-mass spectrometry: Static 
headspace gas chromatography; Volatile organic compounds; Water analysis 

1. Introduction 

In o rde r  to demons t r a t e  the excellent  capa-  

bilities o f  m e m b r a n e  inlet mass  spec t romet ry  

( M I M S )  in env i ronmenta l  analysis  and  to en- 

* Corresponding author. Fax: + 358 9 456 7026; e-mail: 
raimo.ketola@vn.fi 

hance  the acceptance  o f  M I M S  a m o n g  analy t i -  
cal chemists,  we have c o m p a r e d  the M I M S  
m e t h o d  deve loped  at  VTT Chemica l  Technol -  
ogy with the rout ine  water  analysis  me thods  
used at VTT Chemica l  Technology ,  viz. purge-  
a n d - t r a p  gas c h r o m a t o g r a p h y - m a s s  spec t rome-  
try (P&T) and stat ic  headspace  gas 
c h r o m a t o g r a p h y  ( H S G C ) ,  in the de te rmina t ion  
o f  env i ronmenta l ly  significant c o m p o u n d s  in 
water .  

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02072- 3 
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MIMS is an analytical technique based on the 
separation of organic compounds from water or 
air by a thin membrane, which is installed be- 
tween the sample and the ion source of a mass 
spectrometer [1]. Organic compounds, as well 
other compounds, dissolve in the membrane, dif- 
fuse through it and finally evaporate directly into 
the ion source of the mass spectrometer. As the 
flow of water or the major constituents of air 
(nitrogen and oxygen) through the membrane is 
smaller than the flow of organic compounds, 10- 
100-fold enrichment of the organic compounds 
compared with water or air may be obtained [2]. 
The main reason for this is the greater solubility 
of organic compounds in the typically used 
dimethylsilicone membrane compared with the 
solubility of water or gases. The first application 
of a membrane as an interface between a sample 
and a mass spectrometer was reported by Hoch 
and Kok in 1963 [3]. They studied the kinetics of 
photosynthesis by determining in situ the amounts 
of oxygen and carbon dioxide. Since then, MIMS 
has frequently been used for monitoring of fer- 
mentation and biochemical reactions [1,4-7]. 

A very rapidly expanding application field of 
MIMS is environmental monitoring, as evidenced 
by some recent reviews [1,8-10]. For example, 
MIMS has been used to monitor hazardous or- 
ganic compounds, such as halogenated aliphatic 
compounds, volatile aromatic compounds, chlo- 
ramines, low molecular weight aldehydes, acrolein 
and acrylonitrile in water samples. MIMS has 
recently also been shown to have very good capa- 
bilities for the high-precision measurement of dis- 
solved gases in environmental water samples [7] 
and for the measurement of dissolved gases in 
sediment samples [11]. An interesting series of 
MIMS studies was also recently published, 
demonstrating the on-site analysis capabilities of 
membrane inlet mass spectrometry during the 
characterization of a waste dump [8], detection of 
organic compounds at parts per 1015 levels in 
aqueous solutions [12], direct determination of 
organic compounds at parts per 10 9 levels in air 
[13] and measurement of microbial degradation of 
halogenated compounds at parts per 10 ~2 levels 
[14]. Various trapping methods combined with 
conventional membrane inlet mass spectrometric 

methods have also been designed recently in order 
to gain more selectivity or to enhance the detec- 
tion limits of compounds which are difficult to 
measure using conventional MIMS method [15- 
17]. One of these studies showed how an affinity 
membrane can be used to gain more selectivity in 
the analysis of aldehydes from water samples [16]. 
Perhaps the most promising method is the trap- 
MIMS method introduced by Leth and Lauritsen 
[17] for the determination of semi-volatile organic 
compounds. A detection limit of 10 ppb was 
obtained for pentachlorophenol, an improvement 
of more than 30 times over the conventional 
MIMS method. 

Static or dynamic headspace methods are the 
primary methods currently used to extract volatile 
organic compounds from water samples. These 
headspace methods rely on the establishment of 
equilibrium partitioning of an analyte between 
dissolved and gas phases. In the static headspace 
method (HSGC), a water sample is placed in a 
headspace vial and an aliquot of the closed 
airspace above the water phase is sampled directly 
to a gas chromatographic column with split injec- 
tion. Owing to the high detection limits of the 
static headspace method, sample pretreatment is 
often used, e.g. salting-out with sodium sulfate or 
chloride and adjustment of pH. In dynamic 
headspace methods, of which the purge-and-trap 
method (P&T) is the commonest, the analytes are 
removed from the water phase by bubbling them 
with an inert gas such as helium or nitrogen, 
collecting them in an adsorbent trap, such as 
Tenax or activated charcoal, and desorbing them 
from the trap into a gas chromatographic column 
via a cold trap. The theory and construction of 
headspace methods have been reviewed by 
Koester and Clement [18], Crompton [19], So- 
niassy et al. [20] and Poole and Schuette [21]. 
These techniques provide a clean sample, free 
from its matrix, and are best suited for the deter- 
mination of low molecular weight, slightly water- 
soluble volatile organic compounds. Theoretical 
considerations of the P&T method have been 
studied in detail by Pankow and co-workers [22- 
24]. Both headspace methods can be automated 
by commercially available headspace autosam- 
plers. The P&T method has been used in the 
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determination of vinyl chloride and 
dichloroethenes in water samples [25] and of 
volatile halogenated hydrocarbons in rainwater 
and ambient air [26]. Automation of the P&T 
method has been studied for the rapid determina- 
tion of volatile compounds [27] and optimization 
of the parameters of the P&T [28] and HSGC 
methods has also been studied [29]. 

Harland and Nicholson [30] compared the 
MIMS method with two purge-and-trap methods 
(GC-FID and G C - M S )  in one intercomparison 
study in which six volatile halogenated hydrocar- 
bons were determined in five environmental sam- 
ples. The MIMS method was used in the 
selected-ion monitoring (SIM) mode. The concen- 
tration levels of the hydrocarbons in the samples 
were from < 0.1 to 90 ~tg 1 ~, and the analytical 
results were in good agreement. However, the 
comparison included only this intercomparison 
exercise and not a detailed study of the character- 
istics of  the methods. 

In the following, the results of a comparison of 
the MIMS method with the conventional water 
analysis methods, purge-and-trap gas chromatog- 
raphy-mass  spectrometry (P&T) and static 
headspace gas chromatography (HSGC), are pre- 
sented. The analytical characteristics compared 
include detection limits and linear dynamic ranges 
of a set of environmentally significant organic 
compounds (e.g. benzene, toluene and 
trichloroethene), reproducibility of the methods, 
agreement of the results obtained by the different 
methods and the required analysis time. 

2. Experimental 

2.1. M e m b r a n e  inlet mass  spec t rometry  

Samples were analyzed using a quadrupole 
mass spectrometer with a mass range of l 500 u 
and equipped with an open cross-beam electron 
impact (70 eV) ion source (QMG 421C, Balzers, 
Liechtenstein). Either a capillary or a sheet mem- 
brane inlet was used for sample introduction. The 
design of the capillary inlet has been described in 
detail [8]. The capillary membrane used was a 
hollow-fibre dimethylsilicone membrane (Silastic, 

Dow Corning, Midland, MI, USA), length 40 
mm, o.d. 0.635 mm and i.d. 0.305 ram. The 
interface between the ion source of the mass 
spectrometer and the capillary membrane inlet 
was constructed on a standard 70 mm Conflat 
flange. Samples from the capillary inlet were di- 
rected to the ion source of the mass spectrometer 
using 50 cm x 0.22 mm i.d. deactivated silica cap- 
illary tubing and a 1 ml min ~ flow of helium 
through the membrane inlet and the interface 
silica capillary. The sheet membrane inlet was 
built on the basis of the design of Lauritsen [31]. 
The material of the sheet membrane was also 
dimethylsilicone (Specialty Silicone Products, 
Ballston Spa, NY USA) and had thickness 100 
~tm and contact area 28 mm 2. The interface and 
the membrane inlets were electrically heated to 
70°C. 

During operation of the system, a water stream 
is continuously supplied to the membrane inlet via 
a peristaltic pump (IPS4, Ismatec, Switzerland), 
typically at a flow-rate of 10 ml rain t and 
aliquots of sample solution are sampled into this 
stream as needed. A typical sampling lasts 3 rain. 
The temperature of the flowing water was equili- 
brated at 70°C with a circulating water-bath 
(Lauda M3, MGW, Germany). Detection limits 
(signal-to-noise ratio 3:1) and linear dynamic 
ranges of the test compounds were measured by 
SIM. Identification and quantification of the com- 
pounds in samples were accomplished by scanning 
the mass range (45-200 u) of the sample and 
processing the spectrum obtained with a calcula- 
tion program designed at VTT Chemical Technol- 
ogy [32]. This calculation program uses a modified 
algorithm of the general deconvolution method, 
which assumes that the intensity ot" any mass-to- 
charge ratio {m/z) is a linear function of the 
concentration of the chemical compounds which 
contribute to that particular m/z. The testing of 
the calculation program is still in progress, and 
the results will be published elsewhere. 

2.2. S ta t ic  headspace gas chromatography  

Samples were analyzed using a Model 5890 
Series II gas chromatograph (Hewlett-Packard, 
P a lo  Alto CA, USA) equipped with a Hewlett- 



376 R.A. Ketola et al. / Talanta 44 (1997) 373-382 

Packard Model 7694 headspace sampler, two 
flame ionization detectors (FID) and two capillary 
columns, 30 m x 0.32 mm i.d. SPB-1, film thick- 
ness 1.0 ~tm (Supelco, Bellefonte, PA, USA), and 
30 m x 0.32 mm i.d. x OV-1701, film thickness 
1.0 ~tm (J&W Scientific, Folsom, CA, USA). The 
carrier gas was hydrogen. The temperatures of the 
sampler oven, the sample loop and the transfer 
line of the headspace sampler were 80, 120 and 
120°C, respectively. The GC cycle time was 43 
min, the sample vial equilibrium time 30 rain and 
the injection time 1.0 min. Analyses were carried 
out using the following temperature program: 
45°C, held for 5 min, then increased at 10°C 
rain- 1 to 210°C, held for 2 rain. The temperature 
of the injector was 220°C and that of the detectors 
250°C. Sample volumes were 10 ml in 20 ml 
headspace bottles. Detection limits of the com- 
pounds were calculated from those peaks for 
which the signal-to-noise ratio was at least 3:1. 

2.3. Purge-and-trap gas chromatography-mass  
spectrometry 

Samples were analyzed using a system consist- 
ing of an LSC 2000 purge-and-trap sampler (Tek- 
mar, Cincinnati, OH, USA), a Model 5890 Series 
II gas chromatograph (Hewlett-Packard) 
equipped with a DB-1 capillary column, 30 m x 
0.32 mm i.d., film thickness 1.0 ~tm (J&W Scien- 
tific) and a JMS-AX505WA mass spectrometer 
with electron impact ionization at 70 eV (Jeol, 
Tokyo, Japan). The conditions of the purge-and 
trap sampler were as follows: standby time 30 
rain, prepurge time 0 rain, preheat time 0 rain, 
sample time 20 rain, purge time 6 rain, dry purge 
time 2 min, cool down temperature -120°C, 
desorb preheat temperature 200°C, desorb time 4 
min at 225°C, inject time 2 min at 250°C and bake 
time 8 rain at 250°C. The GC temperature pro- 
gram was as follows: 30°C, held for 5 min, then 
increased at 20°C min 1 to ll0°C and at 10°C 
min i to 300°C, held for 5 min. The carrier gas 
and purging gas was helium and the sample vol- 
ume was 5 ml. Identification of compounds in the 
samples was accomplished by analysing mass 
spectra obtained over the mass range 29-400 u. 
Quantification was performed on the basis of the 

peak areas obtained from the single ion chro- 
matograms extracted from the data measured in 
the scanning mode. Detection limits of the com- 
pounds were calculated from those peaks for 
which the signal-to-noise ratio was at least 3:1. 
Better detection limits can be obtained in the SIM 
mode, but to save analysis time the samples were 
analysed only in the scanning mode. 

Aqueous standard solutions were prepared by 
volumetrically diluting stock standard solutions 
(typically 10 g 1-1 in methanol) of commercial 
reagents using deionized water. The final concen- 
trations of the standard solutions were in the 
range 0.1-500 ~tg 1 1. The commercial reagents 
used were trichloroethene [79-01-6] (99.5%), 
benzene [71-43-2] (99.5%), tetrachloroethene [127- 
18-4] (99%), carbon tetrachloride [56-23-5] 
(99.7%), xylenes (mixture of isomers) [95-47-6], 
[108-38-3], [106-42-3] (99.8%), toluene [108-88-3] 
(99.5%), chloroform [67-66-3] (99%), benzalde- 
hyde [100-52-7] (99%), butan-2-one [78-93-3] 
(99.5%) from Merck (Darmstadt, Germany), ace- 
tone [67-64-1] (99.5%) from Mallinckrodt, St. 
Louis, MO, USA) and methyl tert-butyl  ether 
[1634-04-4] from Neste Oy (Finland). 

Spiked samples were prepared by diluting the 
stock standard solutions (10 g 1 1) with methanol 
to a concentration of 100 mg 1-~ and diluting 
these solutions to the final concentration with 
deionized water. The content of methanol in the 
spiked sample was about 1%. All unknown and 
spiked samples were stored in 100 ml headspace 
vials and similar headspace vials were also used as 
sample vials in the MIMS method. The 12 envi- 
ronmental water samples analyzed were obtained 
from various customers of VTT Chemical Tech- 
nology. Appropriate dilutions of the samples were 
made with deionized water when needed for both 
the MIMS method and the P&T method. 

3. Results and discussion 

The analytical characteristics of the MIMS, 
P&T and HSGC methods were studied with nine 
different volatile test compounds presented in 
Table 1, including six halogenated organic com- 
pounds and three aromatic compounds. Note that 
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Table ! 
Detection limits and linear dynamic ranges (LDR) of selected compounds (in p.g 1- ~) measured by MIMS, P&T and HSGC 

Compound MIM S P&T HSGC ~ 

Detection limit LDR Detection limit LDR Detection limit LDR 

Toluene 0.1 0.3- 1000 0.2 0.2 15 3 3-380000 
Benzene 0.1 0.1 1000 0.2 0.2 20 4 4 100000 
Xylenes 0.1 0.1 5000 0.2 0.2 15 4 4 100000 
1,2-Dichloroethane 0.4 0.4 4000 0.2 0.2 15 12 12 ll)0000 
l,l,l-Trichloroethane 0.6 0.6-5000 0.2 0.2 15 30 30 100000 
Trichloroethene 0.1 0.1-1000 0.2 0.2 20 8 8 100000 
Tetrachloroethene 0.1 0.3-1000 0.2 0.2 20 10 10 100 000 
Chloroform 0.3 0.5 5000 0.2 0.2 30 30 30 100000 
Carbon tetrachloride 0.5 0.5 5000 0.2 0.2 20 40 40 100000 

~' The upper limit of LDR by the HSGC method is partly determined by the solubilities of the tested compounds in water, 

the P&T and the HSGC methods are the analyti- 
cal methods used in routine water analysis at VTT 
Chemical Technology. All methods were opti- 
mized for routine analysis and for this reason the 
operating conditions used were a compromise be- 
tween several different factors (e.g. detection lim- 
its required by government regulations, speed of 
analysis and capability to identify unknowns) and 
therefore the best performance characteristics of 
these techniques were not necessarily obtained. 
For example, lower detection limits with all three 
different methods can be obtained. Typical detec- 
tion limits using the P&T method range from 0.01 
to 0.1 lag 1 ~ [33], but detection limits below 1 ng 
1-t  have been reported [34]. With the MIMS 
method the typical detection limit range is 0.1-10 
lag 1 ~. However, it has already been demon- 
strated that under optimum conditions detection 
limits at parts per 10 t5 (ppq) levels can be 
achieved, for example a detection limit of  500 ppq 
was measured for toluene in water [12]. With the 
HSGC method, detection limits of  0.1-1 lag 1 
are often obtained [35,36]. Organic chloro com- 
pounds, e.g. trichloroethene and chloroform, can 
be measured by the HSGC method even at lower 
levels under optimum conditions, i.e. at 0.05-0.2 
lag I ~ using an electron-capture detector (ECD) 
[37]. 

In this study, the main interest was to measure 
the detection limits and the linearity of the signals 
of  these compounds with the three different rou- 
tine analysis techniques. The detection limits (sig- 

nal-to-noise ratio 3:1) for most of  the compounds 
are comparable for the MIMS method and for the 
P&T method, being in the range 0.1 1.0 lag 1 
In the case of the HSGC method the detection 
limits are about 10 100 times higher than those 
for the other two methods. The reason for this is 
that in the MIMS and P&T methods, compounds 
can be concentrated very effectively by the mem- 
brane or by the adsorbent trap, respectively. In 
the HSGC method this kind of concentration step 
is lacking and the concentrations of the com- 
pounds detected are determined by their Henry's 
laws coefficients at the temperature of measure- 
ment. For this reason the total amount of a 
compound detected is not as large in the HSGC 
method as in the MIMS and P&T methods. 

The linear dynamic ranges of test compounds 
by the MIMS method are three to four orders of 
magnitude, which is more than sufficient for the 
analysis of unknown samples with varying con- 
centrations. For the P&T method the linear dy- 
namic ranges are much narrower~ about two 
orders of magnitude, owing to the limited capac- 
ity of the adsorbent trap and the cryofocusing 
trap. These narrow linear dynamic ranges can 
cause problems in the analysis of samples contain- 
ing analytes in a wide concentration range. How- 
ever, with a different P&T configuration a linear 
dynamic range up to 5000 lag 1 L has been 
achieved [38]. The best performance in this respect 
was obtained with the HSGC method, for which 
linear dynamic ranges up to six orders of magni- 
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Table 2 
Analytical results for a spiked sample measured by the three methods and RSD between calculated and measured concentrations 

Compound  Concentrat ion (~tg l - I )  RSD (%) 

Spiked M | M S  HSGC P&T MIMS HSGC P&T 

Toluene 50 51 41 44 1 13 8 
Tetrachloroethene 8 12 8 12 35 0 35 
1,2-Dichloroethene 98 120 110 90 16 9 6 
C2-benzenes 201 240 210 190 14 3 4 
Benzene 20 26 19 12 21 4 28 
C3-benzenes 52 48 43 40 5 12 16 
1,1,1-Trichloroethane 432 370 410 350 10 4 13 
l , l -Dichloroethane 49 59 44 ~ 14 7 - - J  
Dichloromethane 47 59 50 49 18 5 3 
1,2-Dichloroethane 108 79 110 200 19 1 60 
Trichloroethene 800 760 720 820 4 7 2 
Sum a 1865 1820 1760 1800 2 4 2 
Mean b 13 6 16 

Sum is the total amount  of  analytes. 
b Mean is measured as an average of  the RSDs between observed and spiked concentrations. 

Not found. 
a Not measured. 

tude were measured, owing to the very wide dy- 
namic range of  the flame ionization detector. The 
linear dynamic ranges of some compounds might 
be even wider, but for practical reasons the upper 
limit in the measurements was limited to 100 mg 
1-~ except in the case of  toluene. For  the HSGC 
method our results are in good agreement with 
the literature, e.g. using the HSGC method with a 
photoionization detector (PID) followed by F1D 
the useful working range was reported to be 1- 
15000 lag 1 -~ [35]. 

The identification and quantitation capabilities 
of the three methods were compared by analyzing 
spiked samples. A good example of these results is 
presented in Table 2. The concentrations of the 
analytes were calculated for each method using 
external standards. For  the MIMS method the 
results were calculated using the calculation pro- 
gram developed at VTT [32] and external stan- 
dards of  three different concentration levels (5.0, 
20 and 50 ~tg 1 ~ ). Three different external 
standards (1.0, 5.0 and 10 lag 1 ~) were also used 
for the P&T method. For  the HSGC method, 
however, external standards of  five different con- 
centration levels were used (10, 50, 100, 500 and 
1000 lag 1- ~). Note that the notation C2-benzenes 

and C3-benzenes in Table 2 indicates the sum of 
benzene derivatives substituted by two (dimethyl- 
benzenes and ethylbenzene) or three carbons 
(trimethylbenzenes, ethylmethylbenzenes, propyl- 
benzene and isopropylbenzene), respectively. 
These compounds can be quantitated separately 
using the HSGC and P&T methods due to the 
chromatographic separation. The sum of these 
compounds can also be calculated with the M1MS 
method, but the identification of individual com- 
pounds is difficult. 

The results presented in Table 2 show that 
compounds with low concentrations can be 
quantified reliably by all the three methods, even 
if the concentration difference between some com- 
pounds is as much as two orders of  magnitude. 
The small variations between the observed and 
spiked concentrations are believed to be due to 
evaporation of  the compounds during the prepa- 
ration of the spiked sample and standards. The 
loss of volatile compounds in the sample handling 
has been experienced before, e.g. by Wise et al. 
[39]. Note that the high content of methanol in 
the sample did not seem to affect the analysis, 
although it can interfere with the chromato- 
graphic behavior of low molecular weight corn- 
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Table 3 
Results of the analysis of two waste water samples by the three methods 

379 

Compound Concentration (lag I -  ~ ) 

Sample A Sample B 

M IMS HSGC P&T M IMS H SGC P&T 

1,2-Dichloroethene 
Dichloromethane 
1, l-Dichloroethane 
Chlorolk~rm 
Tetrachloroethene 
Tricbloroethene 
Toluene 
Benzene 
C2-benzenes 
C3-benzenes 
1.1-Dichloroethene 
Carbon tetrachloride 
1, l,l-Trichloroethane 

420 490 360 
48 28 b 
40 38 b 

48 ~,b 26 
58 60 55 

200 160 180 
b b h 

b b b 

b b h 

b b b 

b h b 

b h b 

b b b 

2000 '~ 1600 96(1 
2000 1200 1300 

b b h 

b b h 

650 441) 310 
2000 1100 1400 
3900 2700 2100 

50 t, h 

3000 1800 1300 
500 310 230 

d 500" 1000 
50 h h 

4700 4300 24q 0 

~' Detection limit 50 lag I i. 
b NOt found. 
c Quantitated by 1,2-dichloroethene. 
d Sum of 1.2-dichloroethene and 1,1-dichloroethene. 

pounds. The smallest mean difference between 
observed and spiked concentrations was obtained 
with the HSGC method (6%) and the largest with 
the P&T method (16%). The largest differences 
between observed and spiked concentrations with 
the MIMS and the P&T methods were observed 
in the case of  tetrachloroethene, probably owing 
to its low concentration. In the case of  the P&T 
method, relatively large errors were also observed 
in the determination of 1,2-dichloroethane and 
benzene. The former error was probably due to 
inadequate chromatographic separation of 1,2- 
dichloroethane from 1,1,l-trichloroethane when a 
dimethylpolysiloxane column was used. The latter 
error was due to the leakage of benzene from the 
Tenax adsorbent trap, which was observed in the 
analysis of  blank samples. The leakage of benzene 
and alkylbenzenes from the adsorbent is due to 
decomposition of the Tenax trap material [40]. 
From Table 2, it can also be seen that the MIMS 
method gives the closest result for the total 
amount  of  volatile organic compounds in the 
sample. 

A number of  unknown environmental water 
samples were also analyzed during this study in 
order to compare the capabilities of  these three 
methods in the analysis of  typical water samples 
delivered to VTT by customers of  the laboratory. 
The analytical results for two of these samples are 
presented in Table 3. The samples were waste 
water samples containing hazardous organic com- 
pounds in various concentrations. The results 
show that all three methods produced same re- 
sults, i.e. the same compounds are identified and 
the concentrations of the compounds are about 
the same. They also show that in some cases the 
MIMS method overestimate the concentrations of  
some of the analytes. This is due to the fact that 
in the MIMS method all the compounds are 
analyzed at the same time on the basis of  a 
mult icomponent mass spectrum and theretbre 
unidentified minor compounds can cause overesti- 
mation of the concentration of the identified com- 
pounds if the minor compounds produce the same 
fragment ions as the identified major  compounds.  
However, it should be noted that in all cases 
presented the errors are small and that the same 
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Table 4 
Agreement of  analytical results obtained by three methods (MIMS, HSGC and P&T) by calculating the RSD for the analytical 
results of unknown or spiked samples (the total number of  samples was ten) 

Compound No. of analytes Concentration range (lag 1 ~) RSD range (%) Mean RSD (%) 

Halogenated compounds 31 0.2 4700 2 71 26 
Aromatics 26 0.2 27000 4 52 25 

compounds were identified with the MIMS 
method as with the other two methods. 

On the basis of the results presented above, the 
analysis time per sample for the three different 
methods can also be discussed. The analysis time 
is shortest for the MIMS method, the cycle time 
from sampling of one sample to sampling of the 
next being 5-10 min. The cycle time can easily be 
changed by varying the sampling time; especially 
for high-concentration samples, very short sam- 
pling times (1 min or less) can be used. At low 
compound concentrations very short cycle times, 
less than 5 min, can be obtained, since the signals 
of the monitored ions return from their maximum 
to the ground level very rapidly. In the HSGC 
and P&T methods the analysis time depends on 
the GC run time and the headspace parameters. 
In our experiments the analysis time was 43 min 
for the HSGC method and 40 min for the P&T 
method. In both cases the analysis time can be 
shortened by a few minutes, at the expense of 
accuracy and reproducibility. This comparison 
clearly shows that a much larger sample through- 

Table 5 
Characteristics of  the three analytical methods 

Characteristic MIMS P&T HSGC 

Detection limit (lag 1 ~) <1 <1 1-10 
Linear dynamic range 104 l02 106 
Repeatability (%) 1 I1 2 13 1-8 
Analysis time (min) 5-10 35-45 35-45 
On-line monitoring capabil- + + + + + 

ity" 
Identification capability a + + + + + + + b 
Simplicity of  instrumenta- + + + + + + 

tion a 

a + + + ,  Very good; + + ,  good; + ,  fair. 
b Flame ionization detector used. 

put can be obtained with the MIMS method than 
with the other two methods. 

The repeatability of the analysis method was 
measured from three successive injections of the 
same sample and calculating the relative standard 
deviation (RSD) of the repeated injections from 
the measured concentrations of compounds in the 
sample. The repeatability obtained from ten indi- 
vidual measurements with each method ranged 
between 1 and 11% (mean 8%) for the MIMS 
method, 1 and 8% (mean 6%) for the HSGC 
method and 2 and 13% (mean 8%) for the P&T 
method. The results obtained are very close to 
those reported earlier by Ho [33] (1-10% with the 
P&T method) and Roe et al. [36] (2-8% with the 
HSGC method). As can be seen from these re- 
sults, the repeatabilities of all three methods were 
good, demonstrating that minor changes in the 
measurement conditions do not affect the analyti- 
cal results. 

The agreement of the analytical results obtained 
by the three different methods was estimated by 
calculation of the RSD of the analytical results 
measured for unknown or spiked samples (Table 
4). The total number of compounds measured was 
57 (31 halogenated compounds and 26 aromatic 
compounds) from ten unknown samples. The 
RSDs were usually good, ranging from 2 to 40%, 
demonstrating that all three methods gave com- 
parable results in the determination of volatile 
organic compounds in water. Larger RSD values 
(40-71%) were normally obtained for samples 
containing low concentrations of analytes, i.e. at 
concentration levels close to detection limits, 
whereas very good agreement (RSD < 10%0) was 
obtained in the concentration range from 10 to 
1000 gg 1- 1. The mean RSDs of both compound 
classes (halogenated and aromatic compounds) 
were almost the same, indicating that equally 
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good data can be obtained for these classes of 
compounds. 

4. Conclusions 

Acknowledgements 

The assistance of Kaija Luomanper/i and Harri 
Sorsa is gratefully acknowledged. Financial sup- 
port of the Technology Development Center 
(TEKES) is also gratefully acknowledged. 

The analytical characteristics of the three meth- 
ods are summarized in Table 5. As can be seen, in 
the determination of volatile organic compounds 
MIMS is very comparable to the conventional 
P&T and HSGC methods. The main advantages 
of the MIMS method are low detection limits and 
short analysis times. The MIMS method is also 
the only method of these three which can be used 
for continuous on-line monitoring [41-44]. The 
major difficulty with the MIMS method is the 
lack of chromatographic resolution of compo- 
nents, especially with heavily contaminated sam- 
ples, but the recently developed deconvolution 
program for multicomponent mass spectra re- 
solves this problem in many cases. The major 
advantages of the P&T method are low detection 
limits and the capability to analyze very complex 
mixtures owing to the gas chromatographic sepa- 
ration. In addition, identification of unknowns is 
relatively easy since commercial reference libraries 
of electron impact mass spectra can be used to 
assist the identification. The best qualities of the 
HSGC method are the wide dynamic range, sepa- 
ration of compounds by GC and simpler instru- 
mentation than for the other two methods. The 
major disadvantages of the HSGC method are 
poor detection limits compared with the other two 
methods and poor identification capability when a 
flame ionization detector is used. The measured 
results also showed that the reproducibilities of 
the methods are of the same order of  magnitude 
and that agreement between the analytical results 
obtained by the three different methods is very 
good. 

The main conclusion of this study is that in 
many cases MIMS can produce much faster ana- 
lytical results of the same quality as the conven- 
tional P&T and HSGC methods for water 
analysis, and therefore it should be the preferred 
method especially when high throughput is re- 
quired. 
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Abstract 

The design of a simple, highly miniaturized instrument for manual microsequence analysis of proteins and peptides 
is described. The reaction chamber is made of fused silica capillary tubing with all reagents and solvents necessary for 
coupling and cleavage delivered via two valves and a syringe-based dispenser. Only two pressure regulators are 
required. A section of the flow-through reaction chamber is heated by thermoelectric modules to control the 
sequencing reaction temperature. Conversion of the extracted amino acid product to the more stable phenylthiohy- 
dantoin (PTH) form is performed off-line so that it may be dissolved in 1 /11 buffer for identification. Approximately 
0.1% of this PTH product is analyzed by micellar electrokinetic capillary chromatography (MECC) with thermo-op- 
tical absorbance detection (TOAD), providing femtomole detection of the phenylthiohydantoin amino acids. 
Preliminary results at the 50 pmol level for both adsorptive and covalent sequencing methods are presented. © 1997 
Elsevier Science B.V. 
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The  de t e rmina t ion  o f  the p r imary  amino  acid 

sequence o f  minu te  a moun t s  of  pro te ins  remains  

i m p o r t a n t  in b iology.  Cur ren t  t echnology  relies 

on the repeti t ive app l i ca t ion  of  the E d m a n  degra-  

da t ion  reac t ion  [1], In  this react ion,  the N- te rmi -  
nal amino  g roup  o f  the po lypep t ide  reacts with 
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phenylisothiocyanate (PITC) under basic condi- 
tions (the coupling reaction) to form the phenylth- 
iocarbamyl (PTC) derivative. After excess reagent 
is extracted, the PTC peptide is treated with anhy- 
drous acid (the cleavage reaction) to release the 
cyclic anilinothiazolinone (ATZ) amino acid. In 
the process, the peptide is truncated by one amino 
acid residue. Last, the ATZ product is extracted 
from the truncated peptide and treated with 
aqueous acid (the conversion reaction) to produce 
the more stable phenylthiohydantoin (PTH) 
amino acid. There are also two common side 
products produced in the sequencing reaction, 
diphenylthiourea (DPTU) and dimethylphenylth- 
iourea (DMPTU). Cysteine does not survive the 
Edman degradation reaction. As a result, there 
are 19 possible PTH amino acid products for 
unmodified amino acids, plus the two main inter- 
fering products. Chromatographic analysis of the 
PTH product obtained from each degradation 
cycle is compared with a standard chromatogram 
of the 21 possible products for positive amino 
acid identification. 

Introduction of the gas liquid-solid phase (ad- 
sorptive sequencing) instrument in 1981 revolu- 
tionized microsequencing by providing sequence 
information on as little as 5 pmol of protein [2]. 
In the last 15 years most reports on improving the 
sensitivity of Edman degradation have not pro- 
gressed significantly beyond the picomole barrier 
[3-9]. Kent et al. [10] have pointed out that rare 
proteins are only present at the 30-300 fmol level 
on 2D-polyacrylamide gels and that sequencing 
improvements ranging from better immobilization 
of the sample to better data analysis of the prod- 
ucts was necessary to achieve a significant increase 
in sequencing sensitivity over methods that were 
currently being used. This task remains important 
as protein analysis progresses [11]. 

In response to this challenge, improvements in 
sequencing sensitivity have come from many 
sides. Miniaturization and modification of se- 
quencer components, from separation column to 
reaction cartridge, are typical. Reduction of 
HPLC column inner diameter from 4 to 2 mm 
resulted in a four-fold improvement in sensitivity. 
The continuous flow reactor described by Shiv- 
ely's group consisted of concentric Teflon tubes in 

which Polybrene-coated silica beads [3] or 
polyvinylidene difluoride (PVDF) membrane [7] 
were used for adsorptive immobilization of 
polypeptide sample. While high sensitivity se- 
quence analysis on PVDF-bound protein at the 5 
pmol level was reported, the authors suggested 
that at least 10 pmol protein sample be loaded for 
accurate sequencing results. Similarly, the 
Hewlett-Packard biphasic reaction column se- 
quencer relies on adsorption for sample immobi- 
lization. The hydrophobic packing doubles as a 
clean-up column for removal of salts, urea and 
sodium dodecyl sulfate that may be present after 
protein purification. The biphasic column system 
can sequence less than 5 pmol protein [12], but 
routine use at this level is difficult. Regardless of 
configuration, miniaturizing the reaction cartridge 
volume permits the use of less reagent and thereby 
reduces the level of non-specific reactions that 
give rise to background noise in the chromato- 
graphic identification of sequencing products. 

From another perspective, advances in the Ed- 
man degradation chemistry for amino-terminal 
sequencing have focused on PITC analogs to 
provide enhanced sensitivity of the amino acid 
derivatives through a variety of detection meth- 
ods. For example, detection limits were 300 amol 
for ethylenetrimethylamino phenylthiohydantoins 
(P(ETAP)THs) [13] by HPLC-electrospray mass 
spectrometry (ESI-MS), 100 amol for dimethy- 
laminoazobenzene thiohydantoins (DABTHs) [14] 
by micellar electrokinetic capillary chromatogra- 
phy-thermo-optical absorbance detection 
(MECC-TOAD), and 2 zmol for fluorescein thio- 
hydantoins (FTHs) [15] by capillary electrophore- 
sis (CE) with laser induced fluorescence detection. 
Unfortunately, these reagents have not found use 
in routine sequencing because of their poor cou- 
pling chemistry. Only recently, the PITC analog 
4-(3-pyridinylmethylaminocarboxypropyl) 
phenylisothiocyanate [16] was used successfully to 
sequence 500 fmol of synthetic peptide in a com- 
mercial sequencer with modified adsorptive se- 
quencing chemistry and HPLC-ESI-MS analysis 
of thiohydantoins [17]. Alternatively, postcleavage 
reaction of the ATZ derivatives with 4- 
aminofluorescein demonstrated sequence analysis 
on 500 fmol protein using HPLC with fluores- 
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cence detection [18]. For non-chemical degrada- 
tion, tandem mass spectrometry has demonstrated 
rapid and sensitive primary sequence determina- 
tion [19], but is typically limited to peptides 
smaller than 10 residues; large peptides generate 
very complex spectra that are difficult to interpret. 
However, ESI-MS coupled to capillary elec- 
trophoresis has been successfully used for protein 
identification by peptide mass mapping of 38 fmol 
of a tryptic digest from bovine serum albumin 
[201. 

Given the reliance of routine microsequencing 
on PITC degradation chemistry, further improve- 
ments in sequencing sensitivity have focused on 
the UV-absorbing PTH amino acid derivatives. 
Increasing yields and reducing non-specific reac- 
tions with PITC to improve signal/noise have 
typically been achieved by modification of se- 
quencing protocols and sample loading techniques 
[8]. Efforts to improve chromatographic identifi- 
cation include injecting a larger proportion of the 
conversion product [21], improving the resolution 
of PTH peaks from degradation by-products 
peaks [22], and reducing sequencing times to im- 
prove throughput. However, further miniaturiza- 
tion of sequencer components has not progressed 
much because of the large amounts of PTH 
product required for detection in HPLC. It re- 
mains that detection of PTHs at very low levels, 
amongst a high background of UV-absorbing by- 
products, is the limiting factor to improving 
polypeptide sequencing sensitivity. As Calaycay et 
al. [7] pointed out, "The sequencing levels depend 
heavily on the performance of the narrow-bore 
HPLC system. It is clear that further improve- 
ments in the detection of all the PTH amino acids 
are in order before femtomole level sequencing 
can be achieved". It is our feeling that advances in 
detection techniques have not been fully investi- 
gated as a means of improving sequencing sensi- 
tivity. 

We reported subfemtomole detection of PTH 
amino acids in 1992 [23] using a MECC-TOAD 
technique. While it is trivial to apply MECC- 
TOAD determination of the PTHs to manual 
sequencing studies [24], it has been difficult to 
efficiently transfer this analysis method to auto- 
mated sequencers. The bottleneck comes from 

interfacing the large volumes of product formed 
in commercial sequencers ( > 100 Ill) to the small 
volumes injected into the CE ( < 10 nl). In order 
to address this 10 000 fold volume differential, we 
have investigated additional miniaturization of 
the sequencer first described by Hewick et al. in 
1981. This work describes two configurations of a 
protein microsequencer and presents some prelim- 
inary sequencing results. 

2. Experimental 

2. I. Materials 

Sequencing grade ethyl acetate, n-heptane, 
12.5% trimethylamine (TMA) in water, polyte- 
trafluoroethylene (PTFE) membrane (Zitex TM) 
and PTH amino acid standard were purchased 
from Applied Biosystems (Foster City, CA). Se- 
quencing grade PITC, anhydrous trifluoroacetic 
acid (TFA), Polybrene, oxidized insulin chain B, 
oxidized insulin chain A, fl-lactoglobulin-A and 
Tyr-bradykinin were from Sigma Chemical (St. 
Louis, MO). Glass fibre filter disks (GFF) pre-cy- 
cled with Polybrene were received as a gift from 
R. Aebersold. Porton sequencing disks were re- 
ceived as samples from Beckman Instruments. 
Sodium dodecyl sulfate (SDS), sodium dihydro- 
gen orthophosphate and HPLC-grade acetonitrile 
were obtained from BDH, (Toronto, ON). 
Sodium tetraborate and 1-chlorobutane were sup- 
plied by Fisher Scientific (Fair Lawn, N J). Cova- 
lent sequencing reagents (N MM: 5% 
N-methylmorpholine in 70% methanol, 50/50 
heptane/ethyl acetate, methanol), Immobilon-CD 
membrane, PVDF, Sequelon-AA (aryl amine) 
reagent kit and Sequelon-DITC (diisothiocyanate) 
myoglobin standard were purchased fi'om Mil- 
lipore Canada (Nepean, ON). Porasil T silica 
beads were donated by F. Cantwell. Pre-purified 
argon (Union Carbide Canada, Edmonton, AB) 
was passed through an OT-3-2 oxygen trap from 
Chromatographic Specialties (Brockville, ON). 
Distilled water was purified with a NANOpure 
ultrapure water system (Barnstead Corp., 
Dubuque, IA~ for buffer preparation. Teflon tub- 
ing, large-bore fused silica tubing, and Hamilton 
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glass syringes were obtained from Chromato- 
graphic Specialties (Brockville, ON). Narrow-bore 
fused silica tubing and Innerlok TM connectors 
were purchased from Polymicro Technologies 
(Phoenix, AZ). 

2.2. Identification o f  P T H  amino acids 

Separation and detection of PTH amino acids 
was performed using the MECC-TOAD instru- 
ment described in detail elsewhere [23,24]. A 40 
cm long fused silica capillary (50/lm i.d., 190/tm 
OD) was used for the separations. The column 
length from injection (anode) to detection was 35 
cm. Separation buffer of 10.7 mM sodium phos- 
phate, 1.8 mM sodium tetraborate and 25 mM 
SDS, pH 6.7, was filtered through a Millex-GS 
0.22 ~tm syringe filter unit (Millipore, MA) before 
use. Sequencing produce was dissolved in 1 /~1 
10% acetonitrile/90% running buffer spiked with 
internal standard (5 × 10 5 M PTH-tyrosine or 
PTH-alanine). The dry PTH amino acid standard 
was dissolved in acetonitrile (5 x 10 -5 M) and 
stored at - 20°C. A 5/~1 aliquot of standard was 
dried and re-dissolved in the same volume of 10% 
acetonitrile/separation buffer for injection into the 
CE system. Samples and standard were injected 
hydrodynamically (injection volume 1 nl) and sep- 
arated at 10 kV. The current was 8 /~A. 

2.3. Instrument design 

A schematic of the instrument is shown in Fig. 
l A. Purified argon was directed to two stainless 
steel manifolds (M1, M2) each equipped with a 
pressure regulator (M1 at 3.5 psig, M2 at 8.0 
psig), pressure relief valve, and twelve 1/16 in. 
fittings (Swagelok). Reagents and solvents were 
delivered to the Valco 16-position multiport valve 
V1 (machined from Hastalloy C, Chromato- 
graphic Specialties) through capillary tubing feed 
lines from delivery vessels pressurized via 1/16 in. 
Teflon tubing from manifold M1. The delivery 
vessels were adapted from amber 5 ml Reactivials 
(Chromatographic Specialties) and Teflon 1/16 in. 
male-run tees (Cole-Parmer) that were screwed 
into inserts (threaded inside with 1/8 in. NPT, 
machined in-house from Teflon) that fit through 

the holes in the Reactivial caps. The top arm of 
each tee was connected to 360/tm OD fused silica 
capillary tubing adapted with a 2 cm long Teflon 
sleeve to provide a gas-tight fitting against the 
ferrule. The tubing from manifold M I to the 
TMA and TFA vials was adapted with 0.3 psi 
check-valves (Swagelok) to prevent back flow of 
solvent vapours into M1. 

The capillary tubing feed lines, connected to 
valve V1 using fused silica tubing adapters 
(Valco), had inner diameters of either 75, 100 or 
250/~m and lengths from 30 to 60 cm depending 
on desired flow rate. The V1 outlet was connected 
to the reaction chamber RC via 250 /~m i.d. 
capillary tubing (12 cm) and an Innerlok compres- 
sion fitting, IL. The tapered inner diameter of the 
IL provided an excellent compression seal with 
the polyimide-coated capillary and allowed rapid 
connection to the reaction chamber. The outlet of 
the reaction chamber was left open for manual 
collection of waste or anilinothiazolinone (ATZ) 
amino acid derivative. Electronic switching of 
valve V1 provided sequential access to the sixteen 
ports for timed deliveries of solvents, reagents and 
argon. Manipulation of argon pressure, capillary 
length, and capillary i.d. were used to control flow 
rates of reagents and solvents to the reaction 
chamber. Wetted pH paper held at the reaction 
chamber outlet was used to monitor the pH dur- 
ing coupling and cleavage. Sequencing reagents 
were delivered according to the protocol in Table 
1. 

The coupling reaction was carried out at 55°C 
and the cleavage at 48°C. The extracted ATZ 
product was collected directly into a 600/~1 micro- 
centrifuge vial containing 10 /~1 25% TFA for 
off-line conversion. The mixture was vortexed and 
rapidly dried by vacuum centrifuge. The dried 
ATZ amino acid was converted to the PTH form 
by adding 20 /tl 25% TFA, flushing with argon, 
and heating 10 min at 60°C in a dry block. The 
converted PTH amino acid derivative was dried 
and stored at -20°C or reconstituted in 1 /xl 
acetonitrile/running buffer from which 1 nl (0.1%) 
was injected for identification by MECC-TOAD. 

The single-valve instrument was later modified 
by adding a Hamilton Microlab-500 dual-syringe 
dispenser, ML, (Chromatographic Specialties) for 
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Fig. 1. Schematic of a miniaturized instrument for adsorptive (A, B) and covalent (C) sequencing. Components are described in 
detail in the text. In figures A, B and C: VI, valco multiposition distribution valve: MI, M2, argon manifold; IL, lnnerlok 
compression fitting; RC, reaction chamber; TM, thermoelectric module; R1 R3, reagents; S1 $3, solvents. In figures B and C: V2, 
PTFE multiport distribution valve; ML, Microlab-500 dual-syringe dispenser; SY1, SY2, syringes. In figure C: TFA, syringe 
containing liquid TFA. 

accurate PITC delivery, and a 5-way PTFE mi- 
cro-tubing distribution valve, V2, (Cole-Parmer) 
as shown in Fig. lB. Valve VI was coupled to 
position 1 of valve V2 through 5 cm of 250 ltm 
i.d., 1/16 in. OD Teflon tubing. The ML syringe 
dispenser was equipped with one 25 /ll syringe 

(SY1) and one 250/ll  syringe (SY2) whereby each 
could be programmed to deliver a specitic volume 
at a given speed. SY1 was used to deliver R1 
(PITC in solvent). SY2 was connected to argon 
manifold M I. A low-volume tee (machined in- 
house from Teflon) was used to connect the 
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Table l 
Sequencer protocol for adsorptive sequencing chemistry: coupling and cleavage reactions ~ 

Step VI position Reagent/solvent b Flow rate/amount  delivered Time (s) 

I. Dry l Argon 3.5 psig 120 
2. Coupling 2 R2 1.6 pl/s 60 
3. Coupling 3 RI 3.5-8 /ll 1 
4. Coupling 4 Argon 3.5 psig 60 
5. Coupling 5 R2 1.6 /ll s ~ 720 
6. Dry 6 Argon 8 psig 120 
7. Wash 7 S1 13 /~1 10 
8. Dry 8 Argon 3.5 psig 120 
9. Cleavage 9 R3 6.5 /~l/s 300 
10. Dry I0 Argon 8 psig 120 
11. Extraction 11 $2 10 ~1 15 
12. Extraction 12 Argon 3.5 psig 210 
13. Wash 13 $3 14 /~1 60 
14. Dry 14 Argon 3.5 psig 240 
15. Wash 15 SI 18 Ill 60 
16. Dry 16 Argon 8 psig 120 

a Conversion reaction was carried out off-line. 
b RI,  5% PITC in heptane; R2, 12.5% TMA in water (vapour); R3, anhydrous TFA (vapour); SI, ethyl acetate; $2, benzene; $3, 
l-chlorobutane. 

Teflon tubing outlets of the ML dispenser to 
position two of valve V2 through 5 cm of 250/Lm 
i.d. Teflon tubing. A combination of electronic 
switching of valve V1, activation of the ML dis- 
penser and manual switching of valve V2 were 
used to time the delivery of solvents and reagents 
to the reaction chamber for coupling and cleav- 
age, following the protocol in Table 2. Coupling 
temperature, cleavage temperature, and conver- 
sion conditions were the same as for the initial 
instrument design. 

The modified instrument was adapted for cova- 
lent sequencing by replacing reagents and solvents 
with those suitable for covalently bound polypep- 
tide (Table 3). A glass syringe containing anhy- 
drous TFA for both cleavage and ATZ product 
extraction was connected to position three of 
valve V2, as shown in Fig. 1C. Concurrent deliv- 
ery of PITC (via syringe SY1) and N-methylmor- 
pholine (NMM) coupling buffer (via syringe SY2) 
was necessary as the Microlab-500 (ML) could 
only activate the syringes simultaneously. Position 
four and nine of valve V1 were unused (plugged). 
The argon manifolds M1 and M2 were main- 
tained at 3 and 30 psig, respectively. Delivery of 
reagents and solvents for covalent coupling and 

cleavage reactions followed the protocol in Table 
3. The reaction chamber was held at 56°C for all 
eighteen steps. The extracted ATZ product was 
collected into a 200 /~1 polypropylene microvial 
containing 10/~1 25% TFA, and was dried with a 
stream of argon for 2 rain. The ATZ amino acid 
was converted to the PTH form as described 
above, except heating was at 67°C. 

2.4. Reaction chamber 

The flow-through reaction chamber, analogous 
to the reaction cartridge described by Hewick in 
1981 [2], was constructed from two lengths of 
polyimide-coated fused silica capillary tubing and 
a mat of porous PTFE membrane as shown in 
Fig. 2. The upper 4 cm length of 400/~m i.d., 525 
~tm OD capillary was easily cut to very flat ends 
using a fused silica cutting stone (Chromato- 
graphic Specialties). By gently pushing and turn- 
ing the capillary tube end against a piece of 
PTFE, a tiny mat exactly the size of the tube's 
inner diameter could be cut. The mat was pushed 
into place using the lower 8 cm length of 100/~m 
i.d., 360/zm OD capillary. The reaction chamber 
was secured by gluing the two capillaries together 
with 5 min epoxy. 
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Table 2 
Sequencer protocol for adsorptive sequencing chemistry with ML: coupling and cleawtge reactions ~' 

Step VI V2 b Reagent/solvenff Flow rate.,amount delivered Time (s) 

I. Dry I 1 Argon  3.5 psig 
2. Coup l ing  2 I R2 1.6 l*l s 
3. Coup l ing  3 2 RI ,  a rgon  (SY2) 3. 18 ill 
4. Coup l ing  3 I R2 1.6 ILl s 
5. Coup l ing  4 2 R1, a rgon (SY2) 3, 18 tll 
6. Coup l ing  4 1 R2 1.6 Ill s 
7. Coup l ing  5 2 RI ,  a rgon  (SY2) 3, 18 Ill 
8. Coup l ing  5 I R2 1.6 /ll s 
9. Dry  6 1 A rgo n  8 psig 
10. W a s h  7 1 S1 13 Ill 
11. Dry 8 1 A rgo n  3.5 psig 
12. Cleavage 9 1 R3 6.5 ill s 
13. Dry 10 1 Argon  8 psig 
14-. [-xtraction 11 1 $2 10 ,ul 
15. Extract ion 12 1 Argon  3.5 psig 
16. Wash  13 1 $3 14 fll 
17. Dry 14 1 Argon  3.5 psig 
18. Wash  15 1 SI 18 /zl 
19. Dry 16 1 Argon  8 psig 

120 
6O 
10 

3OO 
10 

300 
I() 

300 
120 

10 
12{) 
30O 
120 

15 
21{) 

6O 
24O 

6O 
12O 

5, Conversion reaction was carried out off-line. 
b Posi t ions 3 and  4 of  V2 were unused (plugged). 
c See Table  I. 

The elevated temperature required for coupling 
and cleavage was generated with thermoelectric 
modules, made in-house from copper blocks and 
solid-state thermoelectric devices (Melcor, Tren- 
ton, N J), as shown in Fig. 3. Temperature control 
was achieved by adjusting the voltage applied to 
the thermoelectrics with a 10 volt/10 ampere 
power supply (Kepco, Flushing, NY). The copper 
heat sinks (10 x 20 x 2 mm) and grooved copper 
plates (6 × 15 x 1 mm) were attached to the ther- 
moelectrics with heat conducting glue made from 
silver paint and epoxy. These thermoelectric mod- 
ules, TM, were mounted on a Hoffman open-side 
tubing clamp (Fisher Scientific) which could be 
easily opened to insert the reaction chamber along 
the groove in a few seconds. To calibrate the 
applied voltage versus temperature, the reaction 
chamber was filled with water and a thermocouple 
(Digi-Sens, Cole-Parmer) was inserted to the level 
of the PTFE mat. The voltage versus temperature 
curve was linear from 25 to 70°C, with the desired 
temperature being reached in 50 s. During degra- 
dation, the thermocouple was coated with a ther- 

real compound (Dow Corning) and inserted into a 
small hole (0.5 mm i.d.) drilled in one copper 
plate to monitor the temperature, which stayed 
within _+ 2°C of the set point. 

A variety of sample immobilization techniques 
were tried for adsorptive sequencing in the reac- 
tion chamber. A mat from either a glass fibre disk 
(GFF precycled with Polybrene) or a Porton disk 
was cut and inserted into the reaction chamber in 
the same manner as the PTFE mat. For some 
experiments, porous silica beads (Porasil T) pre- 
coated with Polybrene solution (100 mg ml ' in 
50% methanol) and dried in a vacuum desiccator 
were poured into the reaction chamber using a 
pipette tip as a funnel. A loosely packed bed of 
beads was obtained by gently tapping the tube as 
the particles were poured. 

2.5. Sample loading 

Samples consisted of aqueous solutions of 
polypeptide, approximately 0.1 mM in 0.3% TFA. 
A sample volume of 0.2 /11 or less was drawn 
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Table 3 
Sequencing protocol for covalent sequencing chemistry: coupling and cleavage reactions" 

Step V1 b V2 c Reagent/solvent d Amount delivered Time (s) 

1. Dry 
2. Coupling 
3. Coupling 
4. Coupling 
5. Coupling 
6. Coupling 
7. Wash 
8. Wash 
9. Dry 
10. Dry 
11. Cleavage 
12. Extraction 
13. Wash 
14. Dry 
15. Wash 
16. Dry 
17. Wash 
18. Dry 

1 1 
2 1 
3 1 
4 2 
4 2 
4 2 
5 
6 
7 
8 
9 3 

10 
II 
12 
13 
14 
15 
16 

Argon 3 psig 30 
R2 5 /tl 5 
Argon 3 psig 45 
R1, R2 4, 42 /~1 300 
RI ,  R2 4, 42 /~1 300 
RI ,  R2 4, 42 itl 300 
SI 125 /tl 25 
$2 75 / t l  15 
Argon 3 psig 20 
Argon 30 psig 120 
R3 45 / t l  300 
Argon 3 psig 60 
S1 125/zl 25 
Argon 3 psig 35 
$2 100 ,ul 20 
Argon 3 psig 40 
SI 150/l l  30 
Argon 30 psig 180 

Conversion reaction was carried out off-line. 
b Positions 4 and 9 of  V1 were unused (plugged). 
" Position 4 of  V2 was unused. 
a RI ,  10% PITC in acetonitrile; R2, 5% N M M  in 70/30 methanol:water (liquid); R3, anhydrous TFA (liquid); S1, methanol; $2, 
50/50 heptane/ethyl acetate. 

through either the upper or lower half of the 
reaction chamber, to the adsorptive support, via 
an Innerlok attached to a 1 /zl glass syringe. The 
difference in weight of the reaction chamber be- 
fore and after protein loading (at a known con- 
centration) was used to estimate the amount of 
loaded sample. The loaded sample was dried with 
a stream of  argon. 

For non-Polybrene immobilization, small pieces 
(1 x 5 mm) of  PVDF or Immobilon-CD mem- 
brane were pre-wet with methanol and 1 /~1 of 
polypeptide sample applied. The pieces were fur- 
ther cut into 0.3 mm strips using a razor blade 
and inserted into the reaction chamber using 
tweezers. Similarly, Sequelon disks with cova- 
lently bound polypeptide were cut and inserted 
into the reaction chamber for covalent sequenc- 
ing. A larger diameter reaction chamber was used 
(4 mm of 530 i~m i.d., 700 /tm OD) to simplify 
insertion of the membrane strips. Insulin chain B 
was bound to Sequelon-AA following the manu- 
facturer's directions, and stored at - 2 0 ° C .  The 

weight of  membrane inserted into the reaction 
chamber versus total weight of  disk (with known 
amount of bound polypeptide) was used to calcu- 
late the amount of  sample loaded into the reac- 
tion chamber. 

3. Results 

3.1. Identification of PTH amino acids 

Optimization of the MECC separation of 19 
PTH amino acids and two degradation by-prod- 
ucts has been described elsewhere [24]. For this 
work, PTH product from each cycle was dissolved 
in 10% acetonitrile: 90% separation buffer com- 
pared with 100% separation buffer described pre- 
viously. The addition of  10% acetonitrile 
improved PTH product solubility without signifi- 
cantly altering the MECC elution profile. An 
internal standard of  either PTH-tyrosine (PTH-Y) 
or PTH-alanine (PTH-A) was also added to per- 
mit quantification of the PTH product. 
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J 
Fig. 2. Schematic of fused silica capillary-based reaction cham- 
ber. 

3,2. Instrument design 

The primary objective in the design of the 
sequencer was to miniaturize the reaction volume 
to improve compatibility with the nl injection 
volumes required for capillary electrophoresis. A 
second objective was to simplify the plumbing in 
comparison to commercial sequencers, which typi- 

eo perp,ate  Ii 

!\ti- 

. .  _ 

device I 

reaction chamber 

thermocouple 

copper heat 
sink 

Fig. 3. Schematic of thermoelectric modules for temperature 
control during coupling and cleavage reactions. 

cally have four or more pressure regulators and 
six or more valves. A third objective was to design 
a system made mostly from commercially avail- 
able parts so that it could be constructed and used 
in any laboratory. The initial instrument design 
shown in Fig. 1A required only two pressure 
regulators and one valve for the coupling, cleav- 
age and extraction steps. 

Polyimide-coated fused silica capillary tubing 
was used for delivery of solvents and reagents to 
the Valco multiposition valve (Vl) because it was 
impermeable to oxygen, flexible, inert, simple to 
connect and costs about the same as Teflon tub- 
ing when bought in bulk. Several different inner 
diameters of capillary tubing were investigated tot 
delivery. Either 75 or 100 jim i.d. tubing proved 
best for delivery of argon and gas phase reagents 
(TMA vapours and TFA vapours) whereas 250 
/Ltn i.d. tubing was required for delivery of sol- 
vents to keep working pressures below 30 psig. 

The use of valve V1, originally designed for 
capillary GC and LC, simplified the sequencer 
plumbing compared with commercial designs. 
However, the sequential nature of activation of 
valve V1 limited the sequencer to 16 steps for 
reagent and solvent delivery and drying (Table 1). 
This constraint required that extracted ATZ 
amino acid product be converted to the PTH 
form off-line. Additional drawbacks o1" valve V I 
were its relatively large internal volume ( ~ 8 /tl) 
and internal flow path (circular), neither of which 
were well matched to the reaction chamber vol- 
ume (0.3/ll). A small volume (1 2/~1) of reagent 
R 1 (PITC in heptane) delivered from the pressur- 
ized vessel was trapped inside valve V1 when 
argon was applied in the ensuing step. Essentially, 
a widening of the flow path from 250 /~m i.d. 
(delivery line to VI) to 760 /tin i.d. (the port 
diameter of V1) caused the reagent plug to be- 
come meniscus-like and rupture upon application 
of argon pressure. The result was that reagent R I 
adhered to the valve's inner surface, never reach- 
ing the reaction chamber, until it was washed 
through with solvent. Consequently, R I delivery 
was inconsistent, ranging from 3.5 to 8 /~1. 

Delivering an excess volume of RI (PITC in 
heptane) in order to overcome the V I valve design 
was also problematic. The sample support was 
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unable to absorb the excess liquid. Drying with 
argon left an insufficient amount of PITC for 
coupling. When some R1 was purposely allowed 
to remain in the reaction chamber, residual hep- 
tane impeded coupling. The best yields achieved 
for sequencing either insulin chain B or /¢-lac- 
toglobulin-A were 15% in cycle one, and 0% in 
cycle two. Increasing the PITC concentration to 
10% in heptane did not significantly improve 
yields because this mixture did not leave sufficient 
PITC on the sequencing support. The higher con- 
centration of PITC led to DPTU contamination 
of valve V1. Extraction of the ATZ amino acid 
was initially done with 1-chlorobutane and later 
benzene, which reduced the background peaks in 
the MECC analysis. 

The Microlab-500 syringe dispenser, ML, was 
added to the sequencer both for accurate delivery 
of R1 to the reaction chamber and to compensate 
for lack of random access (via valve V1) to 
reagents, solvents and argon for gas-phase cou- 
pling. Unfortunately, the PTFE valve V2 that was 
used to interface the ML dispenser and valve V1 
to the reaction chamber had a fairly large internal 
volume and delivery of less than 2 pl was prob- 
lematic. Nevertheless, reproducible delivery of 
PITC in heptane, R1, was made possible by pro- 
gramming syringe SY1 for 3 pl of R1 at maxi- 
mum syringe speed and syringe SY2 for 18 /zl of 
argon at slower syringe speed as a means to 
transfer R1 to the reaction chamber. Three deliv- 
eries of R1/argon were made during coupling to 
increase the amount of PITC available for reac- 
tion. Long argon drying steps after each R1 deliv- 
ery made no difference in sequencing yields and 
were eliminated as indicated in Table 2. This 
sequencer protocol was used for all subsequent 
adsorptive sequencing studies. 

The miniaturized instrument was adapted for 
covalent sequencing by changing the reagents and 
solvents and adding a source of liquid TFA for 
cleavage and product extraction (Fig. 1C). Simul- 
taneous delivery of R1 (PITC in acetonitrile) and 
liquid phase R2 (coupling buffer), which are fully 
miscible, circumvented the need for R1 solvent 
removal. A large amount of R2 (42 /tl, equal to 
the dead volume from valve V2 to reaction cham- 
ber RC) was used for coupling (Table 3) to ensure 

that the sample support stayed wet with reagent 
after each delivery from the ML dispenser. Ide- 
ally, another syringe to accurately deliver and 
hold a smaller R1/R2 liquid plug would have been 
preferable; a syringe-based sequencer that ad- 
dresses this is described in Li et al. [25], the 
following paper in this series. The third port of 
valve V2 was used for TFA (liq), which could not 
be delivered through V1 as it adsorbed strongly to 
the inner surfaces of valve V1, requiring several 
rinses with ethyl acetate. A 45 pl aliquot of TFA 
was delivered such that the leading edge of the 
plug just wet the sample support. Ideally, a 5 ~tl 
plug of TFA would be sufficient if a deliver-hold- 
transfer mechanism were used. When the cleavage 
reaction was complete, the remainder of the TFA 
plug was passed slowly through the reaction 
chamber by argon pressure to extract ATZ 
product for off-line conversion to PTH amino 
acid. 

3.3. Reaction chamber and sample loading 

The reaction chamber (Fig. 3) was analogous to 
the Hewick et al. adsorptive sequencing reaction 
cartridge [2], except with 1000 times smaller vol- 
ume to better match that needed for capillary 
electrophoresis analysis. The aim was also to de- 
velop a simple method for making the reaction 
chamber. Construction of the reaction chamber 
from fused silica tubing was based on several 
considerations. First, tubing with a variety of 
inner diameters is commercially available. Second, 
fused silica has good thermal conductivity for 
temperature control during coupling and cleav- 
age. Third, the polyimide coating keeps the tubing 
flexible yet is transparent so reagent flow can be 
visually monitored. Last, it is compatible with 
performing electrophoretic separations for future 
on-line CE injection of sequencing products. 

Approximately 15 rain were required to build 
five reaction chambers at a cost of about $2 each. 
Over 100 mats could be made from each piece of 
PTFE, which was used primarily because the glass 
fibre mat had very little structural integrity when 
wet and tended to collapse into the lumen of the 
lower capillary. Several methods of loading sam- 
ple for adsorptive degradation were tried. The 
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Table 4 
Initial yields for adsorptive sequencing 

[3-Lactoglobulin A Insulin chain B Insulin chain A Y-Bradykinin 

Sample % Yield Sample % Yield 
(pmol) (PTH-leu) (pmol) (PTH-phe) 

Sample % Yield Sample %, Yield 
(pmol) (PTH-gly) (pmol) (PTH-tyr) 

52 17 40 75 
60 8 150 71 

200 20 180 36 
220 14 190 II 

1000 6 250 13 
260 36 
890 10 

95 61 66 26 

simplest and quickest method was to draw protein 
solution up through the lower half of the reaction 
chamber using a 1 ~1 syringe and Innerlok. For  
example, a 10 mm long plug of solution in 100 
ltm i.d. tubing equals 0.08/l l ,  which could easily 
be seen in the tube. Ideally, one wants to just wet 
the support and evaporate the solvent leaving a 
residue of  polypeptide, similar to the requirement 
for RI delivery. Unfortunately, as little as 0.05/LI 
of solution would more than soak a glass fibre 
mat since its surface area was only 0.12 mm 2. 
Very long drying times at 8 psig argon were 
required to remove solvent and frequently some 
of the sample solution was lost from the end of 
the reaction chamber. 

In general, poor  sequencing results were ob- 
tained using mats made from either the glass fibre 
or Porton disks. A sample of 240 pmol insulin 
chain B loaded into a reaction chamber contain- 
ing one PTFE and two glass fibre mats gave less 
than 10% yield of  PTH-phenylalanine (PTH-F) in 
cycle 1 and no PTH-valine (PTH-V) in cycle 2. A 
sample of 120 pmol insulin chain B loaded into a 
reaction chamber containing one Porton mat with 
PTFE yielded about 28% PTH-F in cycle 1 but ilo 
PTH-V in cycle 2. Unfortunately, both cycles 
performed using the Porton support showed a 
large amount of peptide in the extract, indicating 
that sample washout had occurred. Haniu and 
Shively [26] attributed similar results to the low 
mass of the supporting material. Sample loading 
onto PVDF or Immobilon-CD membrane suf- 
fered from the same problems as glass fibre mats. 

Very poor adsorptive sequencing results were ob- 
tained with both these membrane supports: less 
than 5% yields in cycle 1 and 0% yield in cycle 2, 
for both insulin chain B and fl-lactoglobulin-A 
samples. 

In order to increase absorption of solution into 
the sample support and facilitate protein adsorp- 
tion, a bed of porous silica beads analogous to 
Shively's continuous flow reactor [3] was used, 
Porasil T (25 37 pm, pore size = 15 nm, surface 
area = 300 m 2 g 1) was coated with Polybrene 
and packed into the reaction chamber as de- 
scribed in the methods section. The bed depth was 
kept less than 5 mm Porasil T to minimize back- 
pressure during sequencing. Coatings from 5 to 
50°/,, (w/w) Polybrene to Porasil T were investi- 
gated for sample loadings ranging from 25 to 250 
pmol insulin chain B. Poor yields ( < 5%) in the 
first cycle were seen when less than 10% Polybrene 
was used and no correlation between yield and 
percent Polybrene was found for 20 50% coating. 
Precycling of Polybrene-coated Porasil T had little 
effect on sequencing yields but did decrease the 
number of background peaks in the electrophero- 
grams of cycles 1 and 2. Unfortunately, any traces 
of Polybrene in the extracted ATZ product ad- 
versely affected the CE analyses by altering the 
electroosmotic flow. Therefore, a loading of 20% 
Polybrene to Porasil T was used for further work. 
Table 4 presents a summary of initial yields for 
various polypeptide sample sizes sequenced fol- 
lowing the protocol of Table 2 after immobiliza- 
tion on 20% Polybrene to Porasil T. It is 



394 K.C. Waldron et a l . /  Talanta 44 (1997) 3 8 3 - 3 9 9  

0 

e~ 

o 

0 

N 

r .  
0 
E 

8 

< 

8 

0 

L.) 
.=_ 

8 

0 

0 

N 

important to note also that the proportion of 
protein to total Polybrene (w/w) in the reaction 
chamber was typically 10 times less than in com- 
mercial systems yet no sample wash-out was ob- 
served in the electropherograms. 

Occasionally, incomplete coupling or cleavage 
in a given degradation cycle can lead to lag, the 
phenomenon in which amino acid product from 
cycle n -  1 is detected in cycle n. Lag was often 
observed in both the second and third degrada- 
tion cycles and was particularly severe for large 
samples such as 1 nmol of fl-lactoglobulin-A. 
Table 5 demonstrates lag from samples sequenced 
by adsorption on Porasil T coated with 20% 
Polybrene following the protocol in Table 2. Al- 
though the volume of R1 delivered contained a 
large molar excess of PITC, it is conceivable that 
much less remained on the sample support be- 
cause of overwetting. Coupling times of 40 rain, 
additional R1 deliveries to the reaction chamber 
and cleavage times of 15 rain made little differ- 
ence in either the sequencing yields or the appear- 
ance of lag. These results suggest that insufficient 
PITC was present rather than an incomplete cou- 
pling reaction. Shively et al. [3] indicated that 
overloading (overwetting) a glass fibre disk may 
result in loss of the sample, or in our case loss of 
reagent. 

Improved yields were observed with covalent 
sequencing. Using the protocol in Table 3, seven 
cycles of 55 pmol myoglobin covalently bound to 
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Fig. 4. Cycle yields for the covalent sequencing of 55 pmol 
horse heart myoglobin covalently attached to Sequelon-DITC 
membrane. 
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Fig. 5. Electropherograms showing covalent sequencing results for 53 pmol insulin chain B covalently attached to Sequelon-AA 
membrane. Top left panel: injection of 50 fmol standard PTH mixture, labelled with the one-letter amino acid abbreviations. 
Remaining panels: cycles 1 6 results, in which 0.1% of PTH amino acid product from sequencing was injected. U I, U2: unconfirmed 
by-product peaks. 

Seque lon-DITC were sequenced with a repetitive 
yield o f  73%. The repetitive yield was calculated 
f rom the slope o f  a plot o f  log [yield] versus cycle 
number  2 7 as shown in Fig. 4. The cycle 1 result 
was not  included in the calculation because it is 
the N-terminal  amino acid covalently bound  to 
the membrane.  The first seven amino acid residues 

in myoglobin  are: G~ (glycine), L2 (leucine), $3 
(serine), D4 (aspartic acid), Gs, E~, (glutamic acid), 
W7 (tryptophan).  The covalent sequencing proto-  
col (Table 3) was later modified to increase the 
ratio o f  R1 to R2 (from 4:42 pl  to 3:9 F1) and to 
reduce the total volume of  reagents delivered to 
the reaction chamber.  Valve V I was kept at posi- 
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tion 3 (argon) for steps 4-6 and valve V2 was 
opened briefly after each delivery of RI:R2 to 
facilitate reagent transfer to the reaction chamber. 

Sequencing results for 53 pmol insulin chain B 
covalently bound to Sequelon-AA using the 
modified coupling reaction volumes are presented 
in Fig. 5. The first six amino acid residues in 
insulin chain B are: F~ (phenylalanine), V2 (va- 
line), N3 (asparagine), Q4 (glutamine), H5 (his- 
t id ine) ,  L 6 (leucine). For each cycle, an internal 
standard (STD) of 5 x 10 5 M PTH-tyrosine was 
added. A standard mixture of 19 PTH amino 
acids and two by-products is shown in the first 
panel. The first degradation cycle showed several 
large background peaks resulting from contami- 
nation acquired during sample storage. The 
polypeptide sample had been covalently coupled 
to the membrane and stored at -20°C for ap- 
proximately 1 month before being sequenced. The 
unidentified peaks labelled U1 and U2 were seen 
in all degradation cycles. U1 was presumed to be 
diphenylurea (DPU) which typically migrates be- 
tween PTH-F and PTH-H in standard solutions 
(data not shown). The unlabelled by-product 
peaks seen in cycle 1 gradually diminished over 
the course of the six degradation cycles, emphasiz- 
ing the importance of the wash steps in the se- 
quencing protocol. In cycle 5, PTH-histidine 
(PTH-H) was obscured by the unidentified by- 
product peak U1 and could not be detected, as 
discussed further in the next section. The baseline 
in cycle 6 rose sharply after DPTU eluted, caused 
by a contamination in the separation capillary, 
however PTH-leucine (PTH-L) was quantified by 
its peak height minus the increased baseline rela- 
tive to the internal standard peak height (STD = 
5 x 10 -5 M PTH-Y). The repetitive yield for 
cycles 1-6 was 89%. The negative peak (acetoni- 
trile) seen at 3.93 min in cycles l -6  indicates the 
electroosmotic flow. 

4. D i scuss ion  

Capillary electrophoresis has steadily grown as 
a separation method for biomolecules since its 
resurgence in 1981 [27]. CE has demonstrated 
improved efficiency, resolution, and speed corn- 

pared with HPLC for the separation of the PTH 
amino acids. In addition, the low cost of capillary 
tubing and the minute solvent consumption in CE 
reduce the overall operating cost compared to 
HPLC. On the other hand, difficulties associated 
with manipulating the small volumes of CE are 
many. These difficulties dominate the design of 
our miniaturized sequencer. 

The difficulties we found with absorbing liquid 
samples onto the tiny glass fibre supports were 
multiplied when delivering liquid reagents during 
sequencing, particularly reagent R1, the PITC in 
solvent. The conditions necessary for efficient 
coupling are that PITC be in large molar excess of 
polypeptide and that the reaction take place under 
aqueous, alkaline conditions. For adsorptive se- 
quencing, it is essential that R1 solvent (e.g., 
heptane) be evaporated if it is not miscible with 
the coupling buffer. Ideally, a film of PITC is 
deposited on the support and comes in contact 
with the sample for coupling. Whereas the 12 mm 
disks used in many sequencing instruments may 
have regions that are not totally wet by reagents, 
our problem was overwetting. For example, a 
single glass fibre mat was fully wet with only 0.05 
/~1 liquid, a strip of PVDF with 0.2/tl and a bed 
of Porasil T with 1 /~1, all of which were volumes 
too small to deliver through VI. The smallest 
volume of reagent R1 that could be delivered (3.5 
/~1) contained 850 nmol PITC, which remained 
dissolved in heptane leaving an insufficient 
amount deposited on the support for quantitative 
coupling. This phenomenon was blamed for the 
low sequencing yields ( < 10%) using the protocol 
in Table 1. 

Purposely allowing R 1 to remain in the reaction 
chamber, after delivering coupling buffer which 
deprotonates the N-terminus, also gave poor re- 
sults. The presence of heptane created an or- 
ganic-aqueous interface, which retarded phase 
transfer across the interface. Aqueous conditions 
are necessary for the polypeptide-PITC reaction, 
not only to establish an alkaline environment but 
also because water may act as a catalyst in the 
coupling reaction [28]. Whether the coupling base 
acts as a buffer [29], a catalyst [30,31], or simply a 
means to guarantee deprotonation of the N-termi- 
nus is not clear. 
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To ensure that sufficient PITC was available 
for coupling, three deliveries of RI followed by 
300 s coupling buffer (R2) were used. Although 
the cycle yields presented in Table 4 are less than 
half of those reported for the continuous flow 
reactor (CFR) sequencer packed.with Porasil B 
[3], or for the CFR with PVDF membrane [7], 
they are promising. Our reaction chamber had 
about 15 times smaller volume than the CFR, 
e.g., a 15-fold lower capacity to absorb liquid. 
Precise deliveries of reagent R1 and solvent $2 
are crucial to sequencer performance, hence the 
limiting factor for our adsorptive sequencing sys- 
tem. 

The importance of reaction volume on se- 
quencing efficiency is evident from the advance- 
ments in polypeptide degradation since 1951. The 
Edman reaction [1] was initially carried out in 2 
ml solution, the first automated sequencer [32] 
required 0.4 ml each of sample and PITC to 
create a thin film in a spinning cup and the 
current commercial sequencing instruments are 
based on ca. 100/~1 sized reaction cartridges [12]. 
Microscale chemical reactors such as the auto- 
mated micro batch analyzer developed by Sweileh 
and Dasgupta [33] typically have 100-1000 Itl 
volumes, requiring ng amounts of sample and ILl 
volumes of reagent. Although such reactor de- 
signs are ideal for complex, multi-step chemical 
reactions and direct measurement, miniaturiza- 
tion to accommodate pg samples and nl volumes 
is challenging. On the other hand, successful pep- 
tide mapping analysis of 3 nl fl-lactoglobulin by 
enzymatic digestion in a capillary tube was ac- 
complished by injecting 37 nl of enzyme followed 
by the protein sample [34]. Unfortunately, the 
step-wise nature of the Edman degradation and 
its complicated chemistry prevent the use of such 
a simple analysis technique. To overcome the 
dilemma of sub-/~l liquid deliveries to our reac- 
tion chamber--the amounts needed to achieve 
effective PITC solvent evaporation--covalent se- 
quencing was pursued. 

Covalent sequencing, whereby polypeptide is 
covalently bound to a solid support, is typically 
used when there is a danger of sample wash-out 
from solvents and reagents. Our goal was to take 
advantage of the miscibility of acetonitrile (R1 

solvent) and N-methylmorpholine (R2) (Table 3) 
to make PITC and polypeptide soluble in the 
same phase for chemical reaction. Repetitive 
yields for covalent sequencing were increased 
over those for adsorptive sequencing, presumably 
because coupling efficiency and product extrac- 
tion were improved. The low initial yield (6 pmol, 
Fig. 4) for degradation of 55 pmol myoglobin (on 
Sequelon-DITC) was expected because of the co- 
valently bound N-terminal amino acid. The high 
yield for PTH-serine (PTH-S) in cycle 3 (80 
pmol) was attributed to the quantification 
method and age of the PTH standard (14-21 
days). Peak height comparison is ideally made 
with a freshly prepared standard, otherwise PTH- 
S is partially converted to PTH-dehydroalanine 
and an erroneous signal response is obtained. 

Repetitive yield was improved for the degrada- 
tion of 53 pmol insulin chain B on Sequelon-AA 
(Fig. 5) by reducing the total volume of coupling 
reagent and increasing the proportion of PITC. 
Unfortunately, the by-product UI (possibly 
diphenylurea, DPU) was frequently seen accom- 
panied by relatively low amounts of DPTU. The 
presence of DPU suggests desulfurization of 
DPTU or PITC by atmospheric oxygen. When 
U1 was present in nmol amounts it did not inter- 
fere with sequence assignment. However, at the 
~mol level seen in cycle 5 of Fig. 5, UI co-mi- 
grated with PTH-histidine. On-line conversion 
(currently under design) will provide an oxygen- 
free atmosphere during conversion and should 
eliminate peak overlap by U I. The unidentified 
peak U2 eluting at the same time as PTH- 
arginine (PTH-R) was seen in both adsorptive 
and covalent sequencing results. This peak was 
persistent regardless of extraction solvent 
(chlorobutane. benzene or TFA) and its migra- 
tion time implied either a cationic species (like 
PTH-R) or, more likely, a hydrophobic species 
well retained in the micellar separation phase. We 
are working to identify and reduce this by- 
product. Despite the numerous unidentified 
peaks, relatively few overlapped exactly with ana- 
lyre peaks in cycles 2-6. Nevertheless, reducing 
the background of by-product and contamination 
peaks is imperative to the identification of PTH 
amino acids in an unknown sample. 
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5. Conclusions Acknowledgements 

A major  difficulty with miniaturizat ion o f  the 
protein microsequencer  was that  o f  accurately 
delivering very small reagent volumes. These con- 
straints made adsorptive sequencing in the capil- 
lary-based reaction chamber  difficult. For  the 
same reason, methods  o f  sample loading were 
limited. The reaction chamber  would not  be use- 
ful, for example, with peptides purified by H P L C  
or by other  large volume techniques. However ,  
emerging methods o f  preparat ive micro-LC and 
CE would be compatible with the nanosequencer,  
given the development  o f  a device for au tomated  
transfer. It should be possible to achieve compati-  
bility with electroblotted samples if the delivery o f  
sub-ml volumes can be achieved. Adsorpt ive se- 
quencing with liquid T F A  cleavage and extrac- 
tion, which is used in newer commercial  
instruments, would also be possible with nl vol- 
ume manipulat ion.  Liquid T F A  would permit a 
smaller extraction volume to be used and conver- 
sion to the P T H  without  drying may be possible, 
a necessary step for a capillary-based conversion 
chamber.  

The ability to identify femtomole  quantities o f  
PTH amino acids drives our  effort to sequence 
femtomole quantities o f  polypeptides. To realize 
this goal, a larger p ropor t ion  o f  converted extract 
must  be injected onto  the CE column. Unfor tu-  
nately, injection o f  more  than 5 nl in CE separa- 
tions leads to severe peak broadening and loss o f  
resolution. Therefore,  development  o f  au tomated  
on-line injection will be necessary whereby the 
P T H  amino acid derivative is formed in a minute 
volume and electrophoretically directed into the 
separation capillary. 

The results reported represent prel iminary re- 
sults in the development  o f  a fully au tomated  
nanosequencer  using capillary electrophoretic 
analysis o f  the degradat ion products.  The next 
paper  in this series demonstrates  that  many  o f  the 
difficulties encountered with this instrument can 
be eliminated through the use o f  syringe-driven 
reagent delivery and the elimination o f  the reagent 
valves [25]. 
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Abstract 

A miniaturized protein and peptide microsequencer consisting of a fused silica capillary reaction chamber is 
described. Extremely small volumes of reagents, 2 I11 or less, were delivered directly to the reaction chamber through 
individual fused silica capillary lines using low pressure syringe pumps. Other than an argon gas controller, no valves 
were used in the delivery system. The short flow path and very low dead volume were achieved by directly connecting 
the narrow-bore capillaries to the reaction chamber. This configuration minimized side reactions. The elimination of 
valves, as well as the use of capillaries for the reaction chamber and delivery lines, greatly simplified the construction 
of the sequencer. The performance of the sequencer was evaluated by sequencing 8-33 picomoles of myoglobin and 
insulin chain B that were covalently attached to Sequelon-DITC and Sequelon-AA membranes. (O 1997 Elsevier 
Science B.V. 

Keywords: Amino acid sequence; Capillary electrophoresis; Edman degradation; Insulin chain B; Micellar electroki- 
netic capillary chromatography; Microsequencing; Miniaturization; Myoglobin; Peptides; Phenylthiohydantoin; 
Proteins 

I. Introduction 

Since Edman  first au tomated  the isothiocyanate 
degradat ion chemistry for peptide sequencing in 
1967 [1], this technology has been improved dras- 

* Corresponding author. Tel.: + l 403 4922845; fax: + 1 
403 4928231. 

' Present address: Department of Chemistry, University of 
Montreal, Montreal, QC Canada. 

tically [2] th rough  the immobil izat ion o f  proteins 
and peptides [3-5],  improvements  in degradat ion 
chemistry [6 9], miniaturizat ion and au tomat ion  
of  the sequencers [10-15],  and the incorporat ion 
o f  H P L C  separation and UV detection o f  
phenyl th iohydantoin  (PTH) amino acids [16,17]. 
Edman  degradat ion chemistry is still the most  
useful method  for determining the pr imary struc- 
tures o f  proteins and peptides [18]. However,  the 
performance of  the Edman  chemistry depends 
heavily on the design of  the sequencer [5,13,19]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)02076-0 



402 X.-F. Li et al./Talanta 44 (1997) 401 411 

Commercial sequencers can routinely determine 
sequence of 20 residues from 10-100 picomoles of 
peptides [5,19,20]. Still, there is a continuous de- 
mand for higher sensitivity in the overall sequenc- 
ing process [19]. 

The sensitivity of commercially available se- 
quencers is limited by the UV detection of 
phenylthiohydantoin (PTH)--amino acids [18]. 
Our group has developed a sensitive CE-based 
system for PTH-amino acid determination: micel- 
lar electrokinetic capillary chromatography with 
thermooptical absorbance detection (MECC- 
TOAD) [21]. The mass detection limits of this 
system for determination of PTH-amino acids are 
less than 1 femtomole [22]. However, the CE 
system can not be coupled directly to commer- 
cially available protein sequencers because of in- 
compatibility of volume. Less than 10 nl of the 
sample solution is typically injected into the CE to 
preserve the high efficiency of separation, whereas 
more than 100 ~tl of solution is collected from 
existing commercial sequencers. Thus, miniatur- 
ization of the sequencer is essential in order to 
overcome this volume mismatch and to take ad- 
vantage of the sensitive, fast and efficient determi- 
nation of PTHs by MECC-TOAD. 

We described the design of a miniaturized se- 
quencer consisting of a capillary-sized reaction 
chamber and a multiport valve delivery system to 
address the problem of volume compatibility with 
CE [23]. However, that sequencer could not re- 
producibly deliver sub-~tl volumes of reagent be- 
cause of ~tl dead volumes in the multiport valves. 
The gas-liquid phase Edman degradation of pico- 
mole levels of proteins adsorbed on Polybrene- 
coated silica beads or polyvinylidene difluoride 
(PVDF) membranes was not successful. Adequate 
sequencing results were only obtained when 
proteins were covalently bound to solid supports, 
but the background peaks were large. By reducing 
the amounts of reagent used for Edman degrada- 
tion, we observed a trend of reduced background 
peaks, as others have already pointed out [13,15]. 
Unfortunately, the multiport valve and argon 
pressurized delivery system described by Waldron 
et al. [23] precluded the use of less than 4 pl of 
reagent or solvent. Therefore, in order to further 
reduce the reagent volumes, we redesigned the 

miniaturized microsequencer to eliminate the 
valves and the argon pressurized delivery system. 
In this paper, we describe the design of a minia- 
turized sequencer where syringe pumps are di- 
rectly coupled via capillary tubing to the reaction 
chamber to deliver reagents and solvents for cova- 
lent polypeptide sequencing. This system is able to 
deliver less than 2 lal of each reagent. As a result, 
the background peaks are significantly reduced. 
Preliminary results for this microsequencer are 
presented. 

2. Experimental 

2. I. Materials 

All the reagents and solvents used for Edman 
degradation were sequencing grade. Coupling 
buffer (NMM, 5% N-methylmorpholine in 70/30 
methanol:water with 0.1% cyclohexylamine), wash 
solvent 1 (WSH1, 0.1% cyclohexylamine in 
methanol), wash solvent 2 (WSH2, 1:1 heptane/ 
ethylacetate with 0.1% cyclohexylamine), Se- 
quelon-D1TC (diisothiocyanate) Performance 
Evaluation Standard (Sequelon-DITC-myoglobin, 
horse heart), and the solid phase covalent attach- 
ment kits including Sequelon-DITC and Se- 
quelon-AA (aryl amine) were purchased from 
Millipore Canada (Mississauga, ON). A mixture 
of 19 PTH-amino acids, diphenylthiourea 
(DPTU) and dimethylphenylthiourea (DMPTU) 
standard, and 5% phenylisothiocyanate (PITC) in 
heptane were bought from Applied Biosystems 
(Foster City, CA). Anhydrous trifluoroacetic acid 
(TFA) was obtained from Sigma Chemical (St. 
Louis, MO). Fused silica capillary was purchased 
from Polymicro Technologies (Phoenix, AZ). 

2.2. Design of the miniaturized microsequencer 

A schematic of the microsequencer is shown in 
Fig. 1. The plumbing system for delivery of 
reagents and solvents consisted of five syringe 
pumps (Model sp210iw, World Precision Inst., 
Sarasota, FL) equipped with Hamilton gas-tight 
syringes (250 or 500 gl, Chromatographic Spe- 
cialties, Brockville, ON) and six 10 cm long fused 
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Fig. 1. Schematic of the syringe-pump-based microsequencer. Insert A describes the details of the reaction chamber assembly, 
showing the positions of the reagent/solvent inlet capillaries relative to the protein-bound membrane. A, reaction chamber: B, Teflon 
connector; C, syringe pump; D, solenoid valve; and E, sample vial. 

silica capillary tubes (100 lam i.d., 200 lam o.d.). 
The reagents and solvents required to perform 
Edman degradation cycles were delivered individ- 
ually by the syringe pumps each connected via the 
capillaries to the reaction chamber. Connection 
between each capillary and syringe was simply 
made with a 1 cm long piece of Teflon tubing (0.2 
mm i.d.) from LC Packings International (San 
Francisco, CA). Argon gas (5 psig) was used for 
all drying steps and to facilitate collection of the 
extract from each Edman degradation cycle. The 

flow of argon was controlled electronically using 
an on/off solenoid valve (Lee Company, West- 
brook, CT). 

A miniature reaction chamber was constructed 
from a 4 cm long piece of wide-bore fused silica 
capillary (750 gm i.d., 850 I, tm o.d.) to which the 
six inlet capillaries for the delivery of reagents 
(NMM, PITC, TFA), solvents (WSHI, WSH2) 
and argon were connected using epoxy (Fig. 1A). 
The distances between the ends of the inlet capil- 
laries and the membrane were varied: l mm for 
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the capillaries delivering PITC, N M M  and TFA, 
2 mm for WSH1 and WSH2, and 4 mm for 
argon. This configuration was used to reduce 
cross contamination between the reagents and 
solvents. The specific positions were obtained by 
aligning the inlet capillaries (cut from stock) on a 
piece of  masking tape before they were inserted 
into the reaction chamber. The desired arrange- 
ment is shown in Fig. 1A. The six inlet capillaries 
were then inserted into the 4 cm long wide-bore 
capillary reaction chamber and fixed in place with 
epoxy (1:2, glue/hardener). The epoxy was al- 
lowed to dry completely for at least 30 min. The 
dry epoxy plug is resistant to the organic solvents 
used in the experiments. The reaction chamber-in- 
let capillary assembly was cleaned with methanol 
by connecting the free end of  the wide-bore capil- 
lary to a syringe and withdrawing the solvent 
through the inlet capillaries from a reservoir. The 
assembly was then dried by argon and weighed on 
an analytical balance. 

2.3. Sample loading 

solvents, order of  delivery, and timing of  the 
coupling and cleavage reactions is given in Table 
1. The flow rate (8 gl min-~)  and the desired 
amount  of  each reagent or solvent was manually 
programmed with the syringe pump microproces- 
sors. During the method development, a micro- 
scope (model STEMI 1000, Carl Zeiss Canada, 
Don Mills, ON) was used to determine whether 
sufficient reagent was delivered to wet the mem- 
brane completely. This procedure helped to mini- 
mize the consumption of reagents and solvents. 

Conversion of the ATZ-amino acids (extracted 
with TFA) to the PTH form was carried out 
off-line. The extract from each Edman degrada- 
tion cycle after cleavage was collected into a 200 
gl vial, to which 25 gl of  25% aqueous TFA 
solution was added and mixed. The solution was 
heated at 67°C for 10 min and then dried on a 
vacuum centrifuge. The residue in the vial was 
dissolved in 1 ~tl of  internal standard (5.8 × 1 0  5 
M PTH-tyrosine (PTH-Y) in 10% acetonitrile/ 
90% water) and then analyzed by M E C C - T O A D  
for identification of the PTH-amino acid. 

Membrane strips (0.5-0.8 mm wide) containing 
immobilized polypeptide were cut from an 8 mm 
disk and loaded into the wide bore capillary reac- 
tion chamber using a pair of  tweezers. The mem- 
brane was gently pushed into place with a free 
piece of  capillary and the reaction chamber as- 
sembly was re-weighed. The amount  of  protein 
loaded was calculated based on the weight of  the 
membrane used to that of  the 8 m m  disk contain- 
ing 120 pmol of  myoglobin or insulin chain B. 
Finally, the loaded reaction chamber assembly 
was connected to the syringes, which had been 
preloaded with the degradation reagents and sol- 
vents and positioned on the syringe pumps. The 
sequencer was ready to perform Edman degrada- 
tion cycles. 

2.4. Edman degradation cycles 

The reaction chamber was held and preheated 
by the thermoelectric modules described previ- 
ously [23]. A temperature of  51°C was used for 
both coupling and cleavage. A typical sequencing 
program describing the amounts of  reagents and 

Table 1 
General sequencing protocol 

Step No. Reagent/solvent delivered ~ Time, s 

i NMM, 2 gl 
2 PITC, 2 gl 
3 Coupling reaction 300 
4 Ar, 5 psi 10 
5 PITC, 2 ~tl 
6 NMM, 2 ~11 
7 Coupling reaction 300 
8 Ar 30 
9 WSHI. 8 glx3 

10 Ar 30 
11 WSH2, 8 lal x 4 
12 Ar 180 
13 TFA, 3 [jib 
14 Cleavage reaction 300 
15 TFA, 4 lal x 3 ° Collect extract 
16 Repeat solvent wash steps 

9-12 

Temperature of reaction chamber: 51°C. 
~' The rate of syringe pumps was kept at 8 gl min ~. 
b The TFA was collected for conversion. 
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Fig. 2. Comparison of relative standard deviation {RSD) values of migration times of PTH-amino acids relative to ( • } DPTU. ( ] )  
PTH-A, and ([~) PTH-Y. 

2.5. Separation and identOqcation of PTH-amino 
acids 

The MECC-TOAD instrument and the details 
of the separation conditions used for the determi- 
nation of PTH-amino acids have been described 
elsewhere [21,22]. Briefly, separation of the PTH 
residues from Edman degradation cycles was 
achieved by using a preconditioned 40 cm long 
fused silica capillary (50 ~am i.d., 185 ~tm o.d.) and 
separation buffer containing 10.7 mM sodium 
phosphate, 1.8 mM sodium tetraborate, and 25 
mM SDS at pH 6.7. The sample, dissolved in 1 ftl 
of the internal standard PTH-Y, was injected 
hydrodynamically (Ah = 4 cm for 12 s) and the 
separation was carried out at 9 kV. The migration 
times were normalized either to the internal stan- 
dard PTH-Y or to the by-product DPTU. The 
identification of a PTH residue from Edman 
degradation was obtained by matching the nor- 
malized migration time of the residue with that of 
the standard mixture of  19 PTHs, DPTU and 
DMPTU. 

3. Results and discussion 

3.1. PTH-amino acid ident(fication by 
MECC- TOA D 

We have previously demonstrated that the 
MECC-TOAD for the separation and detection 
of PTH-amino acids offers the advantages of fast 
and complete separation within 1 0  11 rain and 
mass detection limits of less than 1 fmol [22]. Nine 
replicates of analyses of the standard mixture (19 
PTH-amino acids, DMPTU and DPTU) were 
conducted over a period of  8 h. The same vial of  
separation buffer was used for all analyses. The 
relative migration time of  the PTH-amino acids to 
that of PTH-A, or PTH-Y, or DPTU were calcu- 
lated from the electropherograms. The RSD val- 
ues of the relative migration times from the nine 
replicates are presented in Fig. 2. When the mi- 
gration times of PTH amino acids were deter- 
mined relative to PTH-A, the RSD values for 
most of the components were less than 4% except 
those of PTH-E, PTH-D and PTH-F,  for which 
the RSDs were 14, 11, and 8%, respectively. Simi- 
lar results were obtained when PTH-Y was used 
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to correct for migration time. RSD values of the 
relative migration times for most of the components 
were about 4%, but those of PTH-E, PTH-D, 
PTH-T and PTH-H were higher than 10%. Al- 
though PTH-E and PTH-D have larger shifts in 
migration time compared with other PTHs, their 
migration order does not change under the given 
conditions. The migration time of the components 
relative to DPTU gave the most consistent RSD 
values for all the PTH amino acids, mostly below 
5%. DPTU is a common by-product from Edman 
degradation and thus, a convenient internal stan- 
dard for migration time matching. However, this 
by-product peak is occasionally eliminated when 
small amounts of coupling reagents are used. Also, 
the unknown concentration of DPTU excludes its 
use as a standard for quantitation of the PTH amino 
acid obtained in each cycle. Therefore, it is neces- 
sary to use a second internal standard which gives 
a double check on the migration time for identifi- 
cation and makes calculation of yields possible. In 
this study, PTH-Y was used as the internal standard 
because its stock solution was stable at - 20°C for 
over 1 year. 

Normalization of migration times to an internal 
standard demonstrates that the identification of the 
PTH-amino acids by CE analysis can be as reliable 
as that with HPLC. The reproducibility of migra- 
tion time from CE was generally below 1% when 
the running buffer was frequently replenished [22], 
whereas the reproducibility of migration time from 
HPLC is about 0.5% [24]. The above CE runs gave 
relatively higher RSD values than routine analysis 
we did because the above runs were intentionally 
carried out using the same buffer over 8 h to observe 
the extreme variation of migration time. In addi- 
tion, MECC-TOAD determination is about four 
times faster and mass detection limits are about 
1000 times lower than those of HPLC [22,24]. 

3.2. Design o f  miniaturized sequencer 

We and others [13,15] have observed that reduc- 
tion of the amount of reagents used in Edman 
degradation is necessary in order to minimize the 
background peaks. However, delivery of a few ~tl 
of reagent using most adsorptive or covalent se- 
quencing instruments [11-15] is difficult because 

the requirements of valves to control the delivery 
of reagents. The use of valves substantially increases 
dead volume and also complicates the electronics 
and software for controlling the valves in the 
sequencer. To overcome these problems and deliver 
sub ~tl amounts of reagent, we designed a unique, 
valveless microsequencer that uses syringe pumps 
instead of gas pressurization to deliver reagents 
(Fig. 1). The Teflon tubing sleeves used to connect 
the inlet capillaries to the syringe pumps did not 
require ferrules and nuts to secure them. Combined 
with the elimination of valves in the liquid flow path, 
this design minimized the overall dead volume of 
the system. The desired reagents and solvents were 
accurately and reproducibly delivered to the reac- 
tion chamber. In addition to the present sequencer 
design being very simple, it is also economical. 

The amount of PITC required for each Edman 
degradation cycle was less than 4 ~tl, as shown in 
Table 1. Therefore, a 250 ~tl syringe contained 
enough PITC for 62 cycles. Commercial sequencers 
can typically perform about 40 cycles after which 
the identification of PTH-amino acid residue be- 
comes ambiguous in the HPLC analysis. Thus, there 
is no need to refill the syringes during repetitive 
sequencing cycles on the same polypeptide. 

Fused silica capillaries were used in the plumbing 
system, instead of the usual Teflon tubing 
[12,13,15], because of their facile connection to both 
the syringes and the reaction chamber. Six narrow- 
bore capillaries (200 ~tm o.d.) could easily fit inside 
the wide-bore capillary reaction chamber, which 
would not have been possible with Teflon tubing. 
Fused silica capillaries are also less permeable to 
oxygen than Teflon. The syringe-pump-based de- 
sign allowed delivery of reagents and solvents 
through individual flow paths, directly to the sample 
membrane. With this configuration, the problem of 
side reactions taking place along the flow path was 
eliminated. 

We previously reported [23] that a few ~tl of 
reagent was easily lost to the walls or vaporized 
inside the valves and along the Teflon flow path 
when argon was used to push reagents to the 
reaction chamber. Unfortunately, excess amount 
of liquid were used in order to deliver enough 
reagent to the reaction chamber, which caused 
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severe side-reactions. By-products were very large 
and interfered with the MECC separation of the 
PTH-amino acid residues. This problem was elim- 
inated using the present reaction chamber assem- 
bly, as illustrated in Fig. 1A. The distance 
between the inlet ends of the TFA, NMM and 
PITC delivery lines and the membrane was about 
2 ram. An aliquot of 1 gl reagent gave a 4.5 mm 
long plug in the 750 lam i.d. reaction chamber. 
When the plug of reagent reached the membrane, 
it quickly wet the membrane, indicating that 1 ~tl 
of reagent was sufficient for complete wetting. 
This is essential to obtain high yields in the cou- 
pling and cleavage reactions. Therefore, up to 2 lal 
of reagents delivered to the reaction chamber 
using syringe pumps would be sufficient for cou- 
pling PITC to the polypeptide sample, which is 
demonstrated in the following section. 

3.3. Edman degradation 

The performance of the syringe-pump-based 
microsequencer was evaluated by sequencing 
myoglobin and insulin chain B, covalently at- 
tached to the Sequelon-DITC and Sequelon-AA 
membranes, respectively. An initial set of sequenc- 
ing experiments was performed on 33 pmol of 
Sequelon-DITC-myoglobin (Millipore evaluation 
standard). Because the protein N terminus and 
lysyl residues were covalently attached to the 
DlTC-membrane, the first PTH amino acid from 
Edman degradation was not analyzed. The con- 
centration of the expected amino acid from each 
cycle was calculated based on the peak height of 
the product calibrated against that of the internal 
standard PTH-Y: consequently, the picomoles of 
the product in 1 ~tl of solution was obtained. The 
pseudo-initial yield (cycle 2) was 76% and the 
repetitive yield was 87'7,, from 33 pmol of myo- 
globin. No internal standard was used for the 
analysis of PTH-D from cycle 4, so the yield of 
cycle 4 was not quantified. The yields of PTH 
amino acid obtained from 18 cycles of sequencing 
22 pmol of Sequelon-DITC-myoglobin were 64% 
for cycle 2 and 90% for repetitive yield. PTH-W 
from cycle 7 and PTH-K from cycle 16 were not 
detected. This may be due to degradation of these 
products during conversion. We have successfully 

identified these products in other sequencing ex- 
periments when the conversion is carried out in 
5% aqueous TFA at 65°C. 

Insulin chain B was covalently attached to Se- 
quelon-DITC and Sequelon-AA membranes by 
following the directions from the Millipore kits, A 
26 pmol sample of Sequelon-AA-insulin chain B 
was subjected to four cycles of sequencing. The 
yields of cycles 1, 2, 3, and 4 were 33, 32, 26, and 
25%, respectively, giving an average repetitive 
yield of 90%. The sequence analysis of 37 pmol 
Sequelon-DITC-insulin chain B gave yields of 
about 17% in each of the first four cycles and over 
90% repetitive yield. These results were in agree- 
ment with the MilliGen ~ Sequencer user's manual 
which states that the initial yield in solid phase 
sequencing varies from 30 to 60% and the repeti- 
tive yield is over 90%. 

The electropherograms representing the results 
of sequencing 11 cycles of 33 pmol Sequelon- 
DITC-myoglobin are shown in Fig. 3. It is note- 
worthy that only 1 2 nl of the 1 lal sample (0.1%) 
was injected for identification by MECC-TOAD. 
The PTH residues were positively identified by 
using the migration times normalized to the 19- 
PTH amino acid standard. Four major by-prod- 
ucts, DPTU, U1, U2 and U3. were observed. 
DPTU, U I and U3 were completely separated 
from the PTH amino acids, However, U2 eluted 
close to PTH-R. Both U2 and U3 had somewhat 
variable migration times. It was observed that an 
increased level of background peaks appeared 
when the reagents were left inside the syringes at 
room temperature for several days. In Fig. 3, 
cycles 5 10 were performed on the same day, 3 
days after the first four cycles were completed. 
Cycle 11 was carried out 7 days after the first four 
cycles. A comparison of the background peaks for 
degradation cycles done under the same condi- 
tions but on different days showed increased 
background with old reagents. In the 4 5 rain. 
region (Fig. 3), background peaks progressively 
increased with time after loading the syringes with 
reagents. 

A number of preliminary studies were con- 
ducted to reduce the background peaks. One of 
the important factors investigated was the amount 
of each reagent used in coupling and cleavage. To 
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Fig. 3. Original electropherograms showing sequencing results of 33 picomoles of Sequelon-DITC-myoglobin. 
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minimize the volumes of liquid delivered, a micro- 
scope was used to observe how much reagent was 
necessary to completely wet the membrane. As 
mentioned in the previous section, as little as 1 gl 
of PITC or NMM completely wet the membrane 
(about one fourth of the commercial 8 mm disk). 
As expected, reduction of the amounts of PITC 
and NMM used for Edman degradation resulted in 
lower background peaks. In Fig. 3, the DPTU and 
U1 peaks in cycles 6-8  were significantly reduced 
compared with those in other cycles because only 
1 lal of PITC and NMM was used for each coupling 
reaction, compared with 2 4 gl of PITC and 
NMM that was used in the other cycles. 

During the experiments, it was found that more 
than 8 min of flushing with argon at 5 psig was 
necessary to completely remove the residual TFA 
vapor from inside the reaction chamber after ATZ 
amino acid extraction. However, if 1 lal of NMM 
is used to neutralize residual TFA followed by 1 
min argon, the level of by-products DPTU and U1 
are reduced, as demonstrated in cycles 2 and 3 of 
Fig. 3. In addition, the overall cycle time is re- 
duced. Nevertheless, the pre-flush with NMM did 
not significantly change the amounts of the other 
two by-products, U2 and U3. 

The amount of TEA used for cleavage and 
extraction produced different levels of background 
peaks. Examples from sequencing 22 pmol of 
Sequelon-DITC-myoglobin are presented in Fig. 4. 
Cycles 2 and 6 were performed under similar 
conditions, the only difference being 12 gl (4 
tal × 3) of TFA were used for extraction in cycle 6 
compared with 6 gl (2 lal x 3) of TFA used in cycle 
2. Reduced background peaks were observed when 
50% less TFA (cycle 2) was used for extraction. 
Precise control of the amount of coupling and 
cleavage reagents can lead to a clean electrophero- 
gram. The conditions used for cycle 15 shown in 
Fig. 4 are summarized in Table 2. Reduced 
amounts of PITC and NMM were used for cou- 
pling, and less TFA was used for cleavage and 
extraction. In addition, 2 gl of TFA was used to 
quickly flush the membrane before cleavage (step 
14), resulting in a clean electropherogram for cycle 
15. However, it is important to note that flushing 
with TFA before cleavage must be completed 
within a few seconds, because cleavage takes place 

almost immediately when the acid reaches the 
membrane. The idea is to remove by-products that 
persist after solvent washes but before the cleavage 
reaction. We found that this step, like all steps in 
each cycle, must be precisely controlled. As ex- 
pected, the yield for cycle 15 was lower than those 
from previous cycles, presumably due to the loss of 
the product during the flushing and incomplete 
extraction. This timing precision implies that au- 
tomation of the sequencer and precise control of 
the wash and extraction processes and temperature 
could improve the yield further. 
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Fig. 4. Comparison of the background peaks from cycles 2, 6, 
and 15 of 22 picomoles Sequelon-DITC-myoglobin sequenced 
under different conditions, described in the text. 



410 

Table 2 
Sequencing protocol for cycle 15 

X.-F. Li et al. / Talanta 

Step No. Reagent/solvent delivered* Time, s 

0 NMM,  2 ~tl 
1 Ar, 5 psi 60 
2 NMM,  1 ~1 
3 PITC, 1 lal 
4 Reaction 300 
5 Ar, 5 psi 10 
6 PITC, 1 ~1 
7 NMM, 1 ~1 
8 Reaction 300 
9 Ar 60 

10 WSH1, 8 lalx3 
11 Ar 20 
12 WSH2, 8 B l x 4  
13 Ar 180 
14 TFA, 2 BI 
15 Ar 4 
16 TFA, l BI b 
17 Reaction 300 
18 TFA, 2 BI × 2 b Collect extract 
19 Repeat solvent wash steps 

Temperature of reaction chamber: 51°C. 
~' and b same as Table I. 

The potential of the syringe-pump-based mi- 
crosequencer in sequence analysis of < 10 pmol 
levels of polypeptides was explored. A standard, 8 
pmol Sequelon-DITC-myoglobin, was sequenced 
using the conditions in Table 2. The residues from 
cycle 5 and cycle 10 were positively identified, but 
determination of the residues from other cycles 
was difficult due to the low percentage of product 
that could be analyzed. For example, a cycle yield 
of 65% represents 5 pmol PTH amino acid, but 
only 5 fmol is injected into the MECC-TOAD 
system. Further advances in on-line injection of 
the degradation products are necessary to achieve 
femtomole sequencing levels, 

4. Conclusion 

We have developed a miniaturized syringe- 
pump-based microsequencer. Its performance is 
demonstrated by sequencing 8-37 pmol of myo- 
globin and insulin chain B covalently bound to 
Sequelon membranes. To our knowledge, this is 

44 (1997) 401-411 

the smallest volume sequencer and the first to be 
constructed with a reaction chamber made from 
fused silica capillary and valveless delivery of 
reagents. The instrument can deliver solvents and 
reagents directly to the reaction chamber so that 
side reactions can be minimized. The elimination 
of background peaks was demonstrated with pre- 
cise control of the amounts of reagents, the wash 
and the extraction processes. The advantages of 
the new design include simplicity and economy in 
both construction and operation of the sequencer. 

The syringe-pump-based sequencer can deliver 
extremely small amounts of TFA for cleavage and 
subsequent extraction, resulting in the elimination 
of the evaporation step between extraction and 
conversion of the ATZ amino acids. While we 
currently rely on off-line conversion of the ATZ 
to PTH derivative, we are developing a system 
with on-line conversion. The on-line system will 
generate PTH amino acids in a much smaller 
volume, which is compatible with direct injection 
into our CE analysis system. 

From our experience, covalent sample attach- 
ment is more suitable for ultra-sensitive sequenc- 
ing of proteins and peptides than adsorptive 
methods, when Edman degradation is carried out 
in a capillary-sized reaction chamber. Since many 
samples for sequencing are presented as electrob- 
lots [4,25], it is essential to make the syringe- 
pump-based sequencer compatible with protein 
electrotransfer techniques. In combination with 
on-line conversion and on-line MECC-TOAD 
analysis, the miniaturized microsequencer should 
provide a 10-100-fold improvement in polypep- 
tide sequencing sensitivity. 
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Abstract 

Applicability of the nitromethane selective quenching rule for discriminating between alternant versus nonalternant 
polycyclic aromatic hydrocarbons (PAHs) is examined for 58 representative PAH solutes dissolved in micellar 
N-hexadecyl-N,N-dimethyl-3-ammonio-l-propanesulfonate and in micellar N-dodecyl-N,N-dimethyl-3-ammonio-1- 
propanesulfonate solvent media. Results of measurements show that zwitterionic surfactants can be considered, for 
the most part, as providing a polar solubilizing media as far as the nitromethane selective quenching rule is concerned. 
Nonalternant PAHs that contain electron donating methoxy- and hydroxy-functional groups (and methyl-groups to 
a much lesser extent) are noted exceptions. © 1997 Elsevier Science B.V. 

Keywords: Fluorescence quenching; Micellar solvent media; Nitromethane selective quenching rule; Zwitterionic 
surfactants 

1. Introduction 

This study continues a systematic examination 
of the effect that solvent media and substituent 
functional group has on the ability of ni- 
tromethane to selectively quench fluorescence 
emission of alternant polycyclic aromatic hydro- 
carbons (PAHs). Emission intensities of nonalter- 
nant PAHs are for the most part unaffected by 
nitromethane addition. Published studies [1-8] 

*Corresponding author. Fax: +l  817 5654318; e-mail: 
acree@casl.unt.edu 

involving over 63 PAHs have identified diben- 
zo[hi,wx]heptacene, benzo[k]fluoranthene and 
naphtho[2,3b]fluoranthene as among the few ex- 
ceptions to the so-called nitromethane selective 
quenching rule in the PAH6 benzenoid, 
fluorenoid, fluoranthenoid and 'methylene- 
bridged' cyclopenta-PAH subclasses. More recent 
measurements [9,10] revealed that nitromethane 
quenched fuorescence emission of all eighteen 
acenaphthylene- and acephenanthrylene-deriva- 
tives studied thus far which is completely contrary 
to what would be expected based upon the fact 
that the solutes are listed as +textbook' examples 

0039-9140,97:$17 00 '~:) 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 14i)(96)02084-X 
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of nonalternant PAH molecules. The unusual 
fluorescence quenching behavior of the acenaph- 
thylene- and acephenanthrylene-derivatives results 
from the molecules' fixed double bond in the 
five-membered ring. The double bond is alkenic in 
nature, rather than aromatic as one might believe. 
This observation is confirmed by independent 
NMR coupling measurements [11-14]. 

Breymann et al. [7] attributed nitromethane's 
selectivity to an electron/charge transfer reaction 
whereby an electron is transferred from the ex- 
cited PAH fluorophore to nitromethane, which 
acts as an electron acceptor. From a strictly ther- 
modynamic point-of-view, it is conceivable that 
the extent of quenching could be altered simply by 
changing the electronic nature of the surrounding 
solvent media in order to either stabilize or desta- 
bilize the positive charge (or partial positive 
charge) that is temporarily formed on the poly- 
cyclic aromatic hydrocarbon. Micellar solutions 
provide a very convenient means to introduce 
ionic character, and still have a solvent media 
capable of solubilizing the larger, hydrophobic 
PAH solutes. Anionic surfactants could perhaps 
stabilize a positive charge on the PAH ring sys- 
tem, whereas cationic surfactants would tend to 
inhibit fluorescence emission quenching by ni- 
tromethane. 

The above ideas were borne out in two prelimi- 
nary studies [15,16] involving micellar sodium do- 
decylsulfate (SDS), sodium dodecanoate (SDD, 
also called sodium laurate), tetradecyltrimethy- 
lammonium bromide (TTAB, also called 
myristyltrimethylammonium bromide) and 
cetyltrimethylammonium bromide (CTAB) solu- 
tions. Nitromethane quenching selectivity was lost 
in only the anionic SDS and SDD solutions. 
Except for benzo[k]fluoranthene, dibenzo[b,k]- 
fluoranthene, dibenz[a,e]acephenanthrylene and 
naphtho[2,3b]fluoranthene, emission intensities of 
the eleven nonalternant PAHs studied were for 
the most part not significantly affected by ni- 
tromethane addition in the case of the cationic 
surfactant solvent media. These four PAHs are 
known exceptions to the nitromethane selective 
quenching rule. Earlier studies further docu- 
mented that the presence of micellar aggregates 
was a necessary condition for the anionic head- 

group charge to affect the quenching mechanism. 
At SDS and SDD molar concentrations below the 
cmc, nitromethane quenching selectivity was 
again observed. 

While our earlier studies did suggest that the 
anionic versus cationic headgroup plays an impor- 
tant role in the observed loss of quenching selec- 
tivity, we did not explore what happens when 
both types of charges are present in the micelle. In 
this communication we report the fluorescence 
behavior of 25 alternant and 33 nonalternant 
polycyclic aromatic hydrocarbons in micellar N- 
hexadecyl-N,N-dimethyl-3-ammonio-l-propane- 
sulfonate (SB- 16, also called palmityl 
sulfobetaine) and N-dodecyl-N,N-dimethyl-3-am- 
monio-l-propanesulfonate (SB-12, also called lau- 
ryl sulfobetaine) solvent media as a function of 
added nitromethane concentration. Zwitterionic 
surfactants are neutral compounds. The two for- 
mally charged substituent groups are separated by 
intervening atoms and are generally not electroni- 
cally conjugated with each other. The resulting 
micelle's conformational structure is determined 
to a large extent by the electrostatic energy of 
interaction between the charged substituent 
groups and the internal energy of the ion bridge/ 
tether. For aliphatic ion bridge structures the 
all-trans conformation must have the lowest inter- 
nal energy [17], but in this conformation the 
distance between oppositely charged substituents 
is large. The distance may be reduced by rotating 
the bonds within the ion bridge to the less favor- 
able gauche conformation. 

2. Experimental 

Micellar solutions of N-hexadecyl-N,N- 
dimethyl-3-ammonio- 1-propane-sulfonate (Sigma, 
circa 5.0 x 10 3 M) and N-dodecyl-N,N- 
dimethyl-3-ammonio- 1-propanesulfonate (Sigma, 
circa 1.0 x 10- 2 M) were prepared by dissolving 
the surfactant in doubly de-ionized water. 
Dibenz[e,1]acephenanthrylene, 3-methoxy- 
dibenz[e,l]acephenanthrylene and 3-methoxyin- 
deno[1,2,3hi]chrysene (see Fig. 1 for molecular 
structures) were synthesized and purified by pro- 
cedures described elsewhere [18]. Synthetic refer- 
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Fig+ I. Molecular structures of dibenz[e,1]acephenanthrylene 
(A); 3-methoxydibenz[e,I]acephenanthrylene (B): and 3- 
met hox,,,indeno-[ 1,2.3hi]cllrysene (C). 

ences and/or commercial suppliers for the re- 
maining 55 PAIl  solutes contained in Tables 1 
and 2 are listed in our earlier papers (for a single 
source listing see Tucker [19]). Stock solutions 
were prepared by dissolving the solutes in 

dichloromethane, and were stored in closed amber 
glass bottles in the dark to retard any photochem- 
ical reactions between the PAH solutes and 
dichloromethane solvent. Carbon tetrachloride 
and chloroform (to a much lesse,- extent) are 
reported to react with polycyclic aromatic hydro- 
carbons via a hypothesized concerted transannu- 
lar addition with free radical formation [20 25]. 
Small aliquots of  each stock solutions were trans- 
ferred into test tubes, allowed to evaporate, and 
diluted with the micellar solvent media of  interest. 
All solutions were ultrasonicated, vortexed and 
allowed to equilibrate for a minimum of 24 h 
before any spectrofluorometric measurements 

Table l 
Summary of nitromethane quenching results for alternant polycyclic aromatic hydrocarbons dissolved in micelhtr SB-I 2 and micellar 
SB-16 sol\.cnt media 

Chemical name ,+!~, (nm) 

Altemant pob.cyclic aromatic hydrocarbons (PAH6 benzenoids) 

SB- 12 (%Red '~~) S B- 16 ('!. ;,Red" bt 

Pyrene 338 94 95 
Perylenc 403 37 33 
Coronene 334 43 26 
Benzo[ghi]perylene 380 83 81) 
Benzo{e]pyrene 335 81 76 
Benzo[a]pyrene 350 78 71 
Dibenzo[a,e]pyrene 360 74 69 
Anthranthrcne 306 27 25 
Anthracene 340 38 29 
Naphtho[2,3g]chrysene 35{-) 55 50 
Ch rysene 320 81 77 

Methylene-bridged Cyclopenta-polycyclic aromatic hydrocarbons 
11 -H- Benz[bc]aceanthrylene 350 78 
13-H-Dibenzo[a,g]fluorene 340 72 
4-H-Benzo[b]cyclopenta[mno]ch rysene 330 63 
4- H-Cyclopenta[pq r]picene 330 78 
13-H- Dibenz[bc,I]aceanthrylene 330 73 
13-H-Dibenz[bc,k]aceanthrylene 400 40 
9-H-Benz[6,7]indeno[1,21]phenanthrene 345 69 

Ahernant polycyclic aromatic hydrocarbons (fixed C = C  double bond) 

7O 
65 
52 
72 
(+5 
27 
62 

Acenaphthylene 288 85 83 
Aceanthrylene 360 52 47 
Benz[e]aceanthrylene 360 73 60 
3- Met hylbenz[j]aceanthrylene 300 73 68 
6-Methylbenz[j]aceanthrylene 300 63 58 
Benzo[del]cyclopenta[hi]chrysene 300 58 54 
Acenaphth[1,2a]acenaphthylene 406 39 33 

" Unless otherwise indicated, only one small 25 I.tl drop of "neat" nitromethane was added to 10 ml of  dissolved PAH solution, 
~" % Reduction = IOOx(Fmitiai-Flinal)/Fmitial; where F+mu~ u refers to the corrected PAH emission intensity prior to nitromethane 
addition and Fn,,~ u is the corrected emission intensity after nitromethane addition. 
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Table 2 
Summary of nitromethane quenching results for nonalternant polycyclic aromatic hydrocarbons dissolved in micellar SB-12 and 
micellar SB-16 solvent media 

Chemical name .i~x (nm) SB-12; Red ~''b SB-16; Red a'b 

50 btl 100 I.tl 50 I-tl 100 p.l 

Nonalternant fluoranthenoids and fluorenoids 
Benz[def]indeno[l,2,3hi]chrysene 406 
Benz[def]indeno[1,2,3qr]chrysene 408 
Benzo[k]fluoranthene 306 
Dibenzo[a,e]fluoranthene 390 
Benzo[ghi]fluoranthene 340 
N aphtho[1,2b]fluoranthene 350 
Benzo[a]fluoranthene 406 
Naphtho[2,1 a]fluoranthene 400 
Naphtho[2,3b]fl uoranthene 316 
Benzo[b]fluoranthene 346 
Naphtho[2,1 k]benzo[ghi]fluoranthene 368 
Naphtho[1,2k]benzo[ghi]fluoranthene 366 
Fluoreno[2,3,4,9defg]chrysene 315 
lndeno[1,2,3cd]pyrene 326 
Benzo[j]fluoranthene 315 
Dibenz[e,1]acephenanthrylene 371 

Nonalternant fluoranthenoid and fluorenoid derivatives 
1-Methylfluoranthene 
2-Methylfluoranthene 
3-Methylfluoranthene 
7-Methylfluoranthene 
8-Methylfluoranthene 
10-Methylbenzo[b]fluoranthene 
t-Butyldibenzo[ghi,mno]fluoranthene 
10-Methoxybenzo[j]fluoranthene 
10-Methoxybenzo[b]fluoranthene 
12-Methoxybenzo[b]fluoranthene 
3-Methoxybenzo[k]fluoranthene 
9-Methoxybenzo[k]fluoranthene 
3-Methoxydibenz[e,l]acephenanthrylene 
3-Methoxyindeno[1,2,3hi]chrysene 
9-Hydroxybenzo[k]fluoranthene 
10-Hydroxybenzo[j]fluoranthene 
10-Hydroxybenzo[b]fluoranthene 

4% 9% 4% 7% 
0% 0% t% 4% 
25% ~ 12'V,F 
0% 0% 0% 0% 
1% 1% 0% 0% 
14% 27% 9% 19% 
1% 2% 3% 4% 
1% 3% 1% 3% 
18% ~ 9% ~ 
18% 29"/,, 11% 19% 
1% 5% 2% 5% 
2% 5% 0% 2% 
0% ~ 0% ~ 
0% ~ 0% ~ 
0,,/,,~ 0,,/,, ~ 
9% 17% 8% 15% 

360 9% 6% 
355 8'7o 5% 
355 10% 6% 
357 7% 4% 
355 8'7,, 5% 
347 16% 10% 
300 2% 1% 
320 2% 0% 
347 33% 30% 
347 35% 30% 
312 36% 27% 
310 41% 36% 
378 25% 20% 
368 32% 24% 
310 2% 0% 
325 0% 0% 
346 33% 30% 

~' Unless otherwise indicated, only l small 50 ~tl and 100 lal drops of 'neat' nitromethane was added to l0 ml of dissolved PAH 
solution. 
b I~j Reduction = 100 x (Finiti~l-F~naO/Finiti~ fi where Fmiti~l refers to the corrected PAH emission intensity prior to nitromethane 
addition and F~n,~ is the corrected emission intensity after nitromethane addition. 
c Because of the large primary inner-filtering correction only one small 25 lal drop of nitromethane was added to 10 ml of dissolved 
PAH solution. 

we re  m a d e .  E x p e r i m e n t a l  r e su l t s  we re  u n a f f e c t e d  

b y  l o n g e r  e q u i l i b r a t i o n  t imes .  

A b s o r p t i o n  s p e c t r a  we re  r e c o r d e d  o n  a M i l t o n  

R o y  S p e c t r o n i c  1001 P l u s  a n d  a H e w l e t t - P a c k a r d  

8450 A p h o t o d i o d e - a r r a y  s p e c t r o p h o t o m e t e r  in 

t he  u s u a l  m a n n e r .  T h e  f l u o r e s c e n c e  s p e c t r a  were  

m e a s u r e d  o n  a S h i m a d z u  R F - 5 0 0 0 U  spec-  

t r o f l u o r i m e t e r  w i t h  t he  d e t e c t o r  set  a t  h i g h  sens i -  
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tivity. Solutions were excited at the wavelengths 
listed in Tables 1 and 2. Fluorescence data were 
accumulated in a 1 cm 2 quartz cuvette at 23°C 
(ambient room temperature) with excitation and 
emission slit width settings of 15 and 3 nm, re- 
spectively. The fluorescence spectra represent a 
single scan which was then solvent blank cor- 
rected and verified by repetitive measurements. 

Emission intensities associated with the quench- 
ing measurements were corrected for primary in- 
ner-filtering artifacts and self-absorption arising 
from the absorption of excitation radiation by 
nitromethane and the PAH solute, respectively, 
according to the following expression [26 28]: 

J'pri,,, = FC°"" / F°b~ 

= 2.303A 0, - x)/[lO A.,- __ 10 .4,] (1) 

which differs slightly from the approximate form 
[291 

]prim ~ 100 ~" (2) 

In the above equations F .... and F °b~ refer to 
the corrected and observed fluorescence emission 
signal, respectively, A is the absorbance per cm of 
pathlength at the excitation wavelength, and x 
and y denote distances from the boundaries of the 
interrogation zone to the excitation plane. Several 
of  the PAHs have excitation wavelengths in the 
300 320 nm spectral region and a few drops of 
nitromethane gave solutions having appreciable 
absorbances. Computational procedures and in- 
terrogation zone dimensions are discussed in 
greater detail elsewhere [3 5,30,31]. Every effort 
was made to work at solution absorbances of A 
cm ' ~  0.95 (Jp~im ~< 3.0), where Eqs. (1) and (2) 
are valid. Secondary inner-filtering corrections 
were not necessary as nitromethane is 'optically 
transparent" in most of these PAH emission 
ranges. 

3. Results and discussion 

Tables 1 and 2 summarize our fluorescence 
quenching measurements for 25 alternant and 33 
nonalternant polycyclic aromatic hydrocarbons 
dissolved in micellar SB-12 and micellar SB-16 

solvent media. Experimental results are reported 
in the last columns as the percent reduction in the 
original fluorescence emission intensity observed 
after the addition of nitromethane. As indicated 
in the table footnotes, numerical entries corre- 
spond to either 25 lal, 50 ~tl or 100 ~tl of neat 
quenching agent added to circa 10 ml of solution. 
All emission intensities used in the computations 
were corrected tbr primary inner-filtering and so- 
lute self-absorption as discussed in the last para- 
graph of the Experimental section. Estimated 
nitromethane molar concentrations are as follows: 
0.044 M (25 ~tl), 0.088 M (50 gl) and 0.176 M (100 
lal). Molar concentrations are calculated using an 
average droplet mass of  0.0270 g obtained by 
weighing 25 individual Eppendorf  pipette droplets 
of nitromethane, which ranged in size from 
0.0267-0.0275 g. Uncertainties in the percent re- 
ductions are believed to be _+ 2% (or better) based 
upon replicate measurements for select solutes. 

Readers should note that acenaphthylene- and 
aceanthrylene-derivatives are listed in Table I as 
alternant PAHs. Classification of aromatic 
molecules as alternant versus nonalternant PAHs 
depends upon the nature of the aromatic ring 
system. Earlier quenching studies [9,10] labelled 
aceanthrylene- and acephenanthrylene-derivatives 
as nonalternant PAHs assuming that the C = C  
double bond in the cyclopenta-ring was aromatic. 
N MR coupling measurements [11 14] show that 
the double bond is alkenic, and should not have 
been considered as part of the aromatic ring 
system when the molecules were initially classified 
as nonalternant PAHs. Placement of these seven 
acenaphthylene- and aceanthrylene-derivatives m 
Table 1 as alternant PAHs is consistent with the 
C = C  double bond in the cyclopenta-ring being 
nonaromatic in nature. 

Careful examination of Tables 1 and 2 reveals 
that nitromethane quenches the fluorescence emis- 
sion of all 25 alternant PAH6 benzenoids and 
alkylated derivatives, in accordance with the ni- 
tromethane selective quenching rule. Similar be- 
havior is observed for both zwitterionic surfactant 
solutions. No special significance is given at the 
present time to the slightly larger percent reduc- 
tions observed in the SB-12 micelle solution as 
such differences may result simply from the size of 
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the added nitromethane droplet and/or differences 
in the nitromethane partitioning behavior between 
the micellar phase(s) and the bulk aqueous solu- 
tion. More interesting quenching behavior is ob- 
served in the case of  the 35 nonalternant 
fluoranthenoid and fluorenoid compounds. Five 
of the parent nonalternant PAHs, ben- 
zo[k]fluoranthene, naphtho[2,3b]fluoranthene, 
naphtho[1,2b]fluoranthene, benzo[b]fluoranthene 
and dibenz[e,1]acephenanthrylene are quenched by 
nitromethane in both micellar solvent medias. The 
first two compounds have been previously noted 
to be exceptions to the nitromethane selective 
quenching rule [3,6,32], and their behavior here is 
not totally unexpected. (Note: naph- 
tho[l,2b]fluoranthene was considered to be 'bor- 
derline' case in our initial quenching study [3], 
and its behavior is also in agreement with earlier 
findings). What is unexpected, however, is the 
large number of methyl- and methoxy-nonalter- 
nant PAH derivatives that are quenched in zwitte- 
rionic solutions. 

Rationalization of why nitromethane quenches 
the fluorescence emission of nonalternant PAHs 
(particularly the methyl- and methoxy-derivatives) 
dissolved in the zwitterionic surfactant solutions 
must take into account the fact that most of  the 
fluorophore molecules reside somewhere within 
the micellar interior. Polycyclic aromatic hydro- 
carbons, especially the larger multi-ring ones, are 
extremely hydrophobic and they have very limited 
aqueous solubilities. In several earlier solvent po- 
larity probe studies, we noted that it was impossi- 
ble with our Shimadzu spectrofluorimeter to 
determine meaningful emission intensity ratios for 
coronene, methylcoronene, 1,2-dimethylcoronene 
and other larger PAHs because of extremely weak 
fluorescence signals [33,34]. We even substituted 
neat acetonitrile for the recommended aqueous- 
acetonitrile solvent media (20:80 by volume) in 
our quenching studies [35] in order to solubilize 
the larger PAHs. The large increase in emission 
intensity that is observed in the micellar SB-12 
and micellar SB-16 solvents results from the en- 
hanced PAH solubility, combined with inability 
of  oxygen to effectively quench PAH molecules 
residing inside the micellar pseudophase. 

Excited-state lifetimes of PAHs are on the order 
of nanoseconds, [36,37] and the micelle-to- 
aqueous pseudophase transfer rate is on the order 
of las (micelle residence times being several ~ts 
[38,39]). Any hypothesized quenching mechanism 
must have the PAH molecule residing somewhere 
within the interior of the micelle during the elec- 
tron transfer. Exciplex formation and/or a signifi- 
cant change in the basic quenching mechanism is 
unlikely as we failed to observe new band(s) in 
any of the recorded emission and absorption spec- 
tra. 

To gain better insight into actual location of 
the dissolved PAH inside the micelle and the role 
that solvent polarity has upon presumed charge 
transfer quenching mechanism, we examined 
fluorescence behavior of  alternant and nonalter- 
nant PAHs dissolved in n-heptane and cyclohex- 
ane in the presence of nitromethane. These 
measurements are summarized in Table 3 as the 
percent reduction in the original fluorescence 
emission signal observed after the addition of 
either 25 lal or 50 lal of 'neat' nitromethane to 10 
ml of solution. Nitromethane has a limited solu- 
bility in hydrocarbon solvents. Even at the 50 gl 
addition of  nitromethane the calculated mole frac- 
tion concentration of X n i  t . . . . . .  th . . . .  ~ 0.0095 in cy- 
clohexane is still three times less than the 
published solubility (Xni ~ ..... th~,,~ ~ 0.030) in cyclo- 
hexane at 25°C [40]. Experimental solubility data 
could not be found for nitromethane in n-hep- 
tane; however, Marsh [41] reported both excess 
enthalpies and excess volumes for miscible ni- 
tromethane +n-hexane  mixtures at 25°C up to 
K n i t  . . . . .  th . . . . .  =0.03526, which is still 2 3 times 
larger than the 50 ~tl quenching study, n-Hexane 
and n-heptane are saturated hydrocarbons differ- 
ing by a single CH2-group. Nitromethane should 
have similar solubility in both alkanes. Moreover, 
we did not see any cloudiness in the solutions 
after shaking, and the measured absorbances dou- 
bled when the aliquot size was increased from 25 
~tl to 50 ~al of nitromethane. These observations 
also indicate that the solubility limit was not 
exceeded. 

Careful examination of Table 3 reveals that 
nitromethane no longer selectively quenched 
fluorescence emission of  alternant PAHs. Emis- 
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Table 3 
Summary of ni tromethane quenching results for alternant and nonalternant  polycyclic aromatic hydrocarbons dissolved in 
n-heptane and cyclohexane solvent media 

Chemical name 2~ (nm) n-Heptane (%Red ''b) Cyclohexane ('q,Red~' % 

Alternant polycyclic aromatic hydrocarbons (PAH6 benzenoids) 
Pyrene 338 59 76 
Perylene 403 0 0 
Coronene 334 0 I) 
Benzo[ghi]perylene 380 0 0 
Benzo[e]pyrene 335 37 56 
Benzo[a]pyrene 350 6 18 
Dibenzo[a,e]pyrene 360 10 25 
Anthranthrene 306 2 5 
Anthracene 340 65 65 
Naphtho[2.3g]chrysene 350 6 13 

Nonal ternant  Fluoranthenoids and Fluorenoids 
Benz[def]indeno[1,2,3hi]chrysene 406 1 2 
Benz[def]indeno[1,2.3qr]chrysene 408 0 0 
Dibenzo[a,e]fluorant hene 390 3 0 
Benzo[ghi]fl uoranthene 340 0 0 
Naphtho[2,1 a]fluoranthene 400 0 0 
Benzo[a]fluoranthene 406 0 0 
Naphtho[1,2b]fluoranthene 350 0 0 
Benzo[b]fluoranthene 346 2 I 
Benzo[k]fluoranthene 306 0 ~ 0 ~ 
Naphtho[2,3b]fluoraanthene 316 ()~ I ~" 

~' Unless otherwise indicated, only one small 25 p.l drop of 'neat" ni tromethane was added to 10 ml of dissolved alternant PAH 
solution, and one small 50 lal drop of 'neat '  ni t romethane was added to 10 ml of dissolved nonalternant  PAH solutions. 
b (  R e d u c t i o n -  100 × (f~,mi,~l Flinal)/Fmitial; where F i n i t i a  I refers to the corrected PAll  emission intensity prior to nitronlethane 
addition and F,~,,,,~ is the corrected emission intensity after ni t romethane addition. 

Because of  the large primary inner-filtering correction only one small 25 ~tl drop of ni tromethane was added to 10 ml of dissolved 
PAH solution. 

sion signals of perylene, coronene, ben- 
zo[ghi]perylene, anthanthrene, benzo[a]pyrene and 
naphtho[2,3g]chrysene were for all practical pur- 
poses unaffected by nitromethane, as were signals 
of all ten nonalternant PAHs studied. Even in the 
case of pyrene, benzo[e]pyrene and anthracene 
where sizeable quenching was observed, the per- 
centage reduction in emission intensity was still 
signiticantly less than was observed in our initial 
study [5] involving the much more polar 'neat' 
acetonitrile and binary aqueous-acetonitrile (20:80 
by volume) solvent mixtures. 

Results of these measurements suggest that dis- 
solved PAHs must reside somewhere within a 
faMy polar region of the zwitterionic micelles, 
other-wise, one would not observe the large per- 
centage reductions in emission signals that are 

given in Table 1. Nitromethane and the PAH 
fluorophore must be situated in fairly close prox- 
imity to each other in order for electron transfer 
to effectively occur. Nitromethane. because of its 
very limited solubility in saturated hydrocarbons, 
resides in the polar region(s) of the micelle. The 
close proximity requirement then places the solu- 
bilized PAH solutes in a fairly polar region within 
the micelle. Experimental I/III band emission in- 
tensity ratios for pyrene (l/Ill  -- 1.06), ben- 
zo[ghi]perylene (1,,II1 ~. 1.02) and coronene 
(I/III ~0.55) dissolved in SB-12 and SB-16 also 
indicate a moderately polar molecular environ- 
ment around the solubilized PAH probe molecule. 
Much smaller ratios of I/III ~ 0.58 for pyrene 
[42], I/III ~ 0.38 for benzo[ghi]perylene [43] and 
I/III ~ 0.12 for coronene [44] would be expected if 
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the PAH were solubilized in an entirely hydrocar- 
bon-like micellar region. Similarly, we believe that 
nonalternant PAHs also reside in a polar molecu- 
lar environment within the micelle. The above 
argument seems reasonable as a search of the 
published chemical literature [45-51] reveals that 
most authors conclude that the site of solubiliza- 
tion of aromatic probes is close to the micelle 
surface in the so-called palisade layer. 

We rationalize the experimental quenching data 
in zwitterionic solutions in terms of earlier obser- 
vations involving anionic and cationic surfactants. 
Presence of micellar aggregates is a necessary 
condition for the anionic substituent's negative 
charge to affect the quenching mechanism [16]. 
Micelles may either provide a favorable geometry 
for electron transfer to occur with concurrent 
stabilization of the developing positive charge on 
the PAH, and/or increase the local concentration 
of nitromethane around the solubilized PAH so- 
lute molecule. The positively charged tetraalky- 
lammonium substituent is anchored to the anionic 
substituent by -CHzCHzCH 2- tethers. In close 
proximity to the dissolved PAH and nitromethane 
molecules, the tetraalkylammonium substituent 
would be in a position either to 'fix' the nitro- 
group in a conformation unfavorable for electron 
transfer or to interact with the PAH's aromatic 
zc-cloud, pulling electron density toward the 
cation and away from any surrounding ni- 
tromethane quencher molecules. Both types of 
cationic interactions should discourage electron 
transfer from the excited PAH fluorophore to 
nitromethane, which acts as the electron acceptor. 
Almgren et al. [50] invoked weak specific interac- 
tion between the solubilized PAH and the cationic 
head group to explain large differences between 
the maximum solubilities of pyrene (and other 
PAHs) in anionic micelles versus micelles of tetra- 
alkylammonium cationic surfactants. Two pub- 
lished papers [50,52] have used the change in the 
I/III band emission intensity in pyrene's fluores- 
cence spectrum to calculate the equilibrium con- 
stant for presumed pyrene-tetraalkylammonium 
association complexes. Proton and ~3C NMR data 
[53,54] have also been used as experimental evi- 
dence to support PAH-tetraalkylammomium 
group interactions in both homogeneous and het- 
erogeneous solvent media. 

In zwitterionic surfactant solutions the solubi- 
lized polycyclic aromatic hydrocarbon can con- 
ceivably interact with both charged substituent 
groups. Fluorescence quenching data in Tables 1 
and 2 suggest that zwitterionic surfactants can be 
considered, for the most part, as providing a polar 
solubilizing media as far as the nitromethane se- 
lective quenching rule is concerned. Nonalternant 
PAH solutes that containing electron donating 
methoxy- and hydroxy-functional groups (and to 
a much lesser extent methyl-groups) are noted 
exceptions. We believe that the increased quench- 
ing and loss of nitromethane selectivity results 
because the surfactant's positively-charged te- 
traalkylammonium substituent interacts with the 
lone electron pairs on the oxygen atoms, rather 
than with the aromatic ~-electron cloud. There 
would then be sufficient electron density for com- 
plete/partial electron transfer to nitromethane 
which acts as the electron acceptor. Depending 
upon the PAH's molecular structure, the anionic 
sulfonate group might still be favorably situated 
so as to stabilize any developing charge on the 
PAH aromatic ring system that might occur. 

Dissimilar fluorescence quenching behavior in 
micellar anionic, cationic, zwitterionic and non- 
ionic solvent media is important from an analysis 
standpoint. Cationic and nonionic surfactants 
would be the solvent medias of choice if one 
wished to use nitromethane as a selective fluores- 
cence quenching agent to simplify observed emis- 
sion spectra. A possible application would involve 
the chromatographic separation of unknown 
PAH mixtures with fluorescence detection. With 
trace nitromethane added to the micellar mobile 
phase one would observe reduced fluorescence 
emission signals from alternant PAHs which 
might facilitate resolution or quantification of co- 
eluting solutes. 
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Abstract 

A luminescence spectrometric method was developed for the determination of ultra trace amounts of europium 
(down to 1 x 10 ~3 M) in high purity lanthanum, praseodymium and dysprosium oxides. This is based on the 
enhanced luminescence of europium-thenoyltrifluoroacetone (TTA)-dibenzo-18-crown-6 (DBC)-Triton X-100 in the 
presence of terbium. The fluorescence intensity is linear with europium concentration in the range 1 x 10 t l _ 1 x 10 -6 
M under the recommended conditions. The optimized procedure is successfully utilized for the determination of 
ultratrace amounts of europium in lanthanium, praseodymium and dysprosium oxides. © 1997 Elsevier Science B.V. 

Ke),words: Luminescence spectrometry; Rare earth oxides; Ultra trace quantities 

1. Introduction 

High purity individual rare earth oxides are 
increasingly used as major  components  in refrac- 
tive index lenses and fibre optics (La203), lasers 
(Y203), phosphor  (YVO3) and magnetic bubble 
memory  films (Gd203) [1,2]. The electrical and 
magnetic properties of  these materials are influ- 
enced by the levels of  contaminating foreign trace 
elements particularly other lanthanides. It is 
therefore important  that such contaminants at 
trace levels be identified and quantified [3]. 

Various luminescence methods described for 
the determination of traces of  lanthanides in high 

* Corresponding author. Fax: + 91 471 490186. 

purity rare earth oxides are reviewed elsewhere by 
us [3] but these are not sensitive. Enhanced lu- 
minescence was observed during a study of  Eu- 
TTA-l,10-phenanthroline-surfactant  system in the 
presence of terbium and this allows the determi- 
nation of 10 ~ - 1 0  - s  M of europium with a 
detection limit of  10-~3 M [4,5]. Unfortunately, 
10 fold amounts of  La, Ce, Pr, Nd, Ho, Er, Yb, Y 
and Lu interfere in the determination of 10 9 M 
of Eu [5]. This paper describes similar phe- 
nomenon observed during a study of Eu-TTA- 
dibenzo-18-crown-6 surfactant system in the 
presence of terbium which enables the determina- 
tion of 10 ~ - 1 0  6 M of europium with a detec- 
tion limit of  10-- ~3 M. On the other hand, in the 
present procedure 103 fold amounts of  lan- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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thanum, praseodymium and dysprosium do not 
interfere in the determination of 10 _8 M eu- 
ropium enabling us in the determination of  ultra- 
trace amounts of europium in high purity 
lanthanum, praseodymium, dysprosium and their 
mixtures of  oxides. 

2. Experimental 

2.1. Apparatus 

A LS-50-B luminescence spectrometer (Perkin 
Elmer) was used. An ELICO LI-120 digital pH 
meter was used for pH adjustment. 

2.2. Reagents 

Standard solutions (1 x 10-3 M) of  lanthanides 
were prepared by dissolving the oxides (99.9%) in 
dilute hydrochloric acid. Working solutions were 
prepared by dilution with distilled water. Aqueous 
1 x 10 -2 M solutions of TTA and dibenzo-18- 
crown-6 (DBC) in acetonitrile were used. The 
concentration of  non-ionic surfactant, Triton X- 
100 solution was 1% (w/w). The buffer solution 
was 0.3 M ammonium acetate. All the reagents 
used were of analytical grade. 

2.3. Procedure 

140 

~20  
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6 0  
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Fig. 1. Emission spectra: (l) Eu-TTA-DBC-Triton X-100; (2) 
Tb-TTA-DBC-Triton X-100; and (3) Eu-Tb-TTA-DBC-Triton 
X-100. Conditions: 1.0 x 10 -4  M DBC, 3 × 10 -2  M ammo- 
nium acetate, 5 x 10 2% Triton X-100. 

show the emission spectra of Eu 3+. The maxi- 
mum excitation wavelength (not shown in Fig. ]) 
is 371 nm and the maximum emission wavelength 
is 614 nm. However, the intensity of  Eu-Tb-TTA- 
DBC-Triton X-100 is 1-2 orders of  magnitude 
stronger than that of  the system without terbium. 

The effect of  terbium concentration on the 
fluorescence intensity of  the europium system is 

To a 25 ml volumetric flask, solutions were 
added in the following order. Standard solutions 
of  Eu 3 + and Tb 3 +, TTA, Dibenzo-18-crown-6, 
buffer and surfactant solutions. The mixture was 
diluted to 25 ml with distilled water and allowed 
to stand for 10 min. The fluorescence intensity 
was measured in a 1 cm quartz cell at excitation 
and emission wavelengths of 371 and 614 nm, 
respectively. 

3. Results and discussion 

The emission spectra of the systems investigated 
are as shown in Fig. 1. The emission spectra of 
Eu-TTA-DBC-Tri ton X-100 in the presence and 
absence of  terbium are similar to each other and 

40 
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Fig. 2. Effect of terbium concentration. Europium concentra- 
t ion:( l )  I x 10 SM;(2)  1 × 10 9 M ; a n d ( 3 )  1.0x 10 -1°M.  
Conditions: 1.0 x 10 4 M TTA, 1.0 x 10 4 M DBC, 3 x |0 -2 
M ammonium acetate, 5 x 10-2% Triton X-100. 
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Fig. 3. Effect of pH on Eu-Tb-TTA-DBC-Triton X-100 sys- 
tem. Conditions: 1.0 x 10-s  M Eu 3+, 2.0 x 10 - s  M Tb ~+, 
1.0 x l0 4 M TTA, 1 x 10 4 M DBC, 5 x 10 2% Triton 
X-100. 

shown in Fig. 2. For 1 x 10 9 M E u  3+ the 
fluorescence intensity reaches a maximum at 
1.5 × 10 5 M ,  T b  3 + ,  whereas in the range of 
1 × l0 ~ 1 × 10-~o M of Eu 3+ the maximum 
fluorescence intensity occurs in the range 1.5-2 × 
10 s M. Fig. 3 shows the effect of  pH on the 
fluoresence intensity in the presence of terbium. 
The greatest fluorescence intensity occurs over the 
pH range 7.0-9.0. The type of buffer also effects 
the fluorescence intensity. Under the general con- 
ditions used for Fig. 3 at pH 7 ammonium acetate 
and hexamine-HC1 buffers gave the same fluores- 
cence intensity but a m m o n i a - a m m o n i u m  chloride 
reduced the intensity (by 10%) and citrate and 
phosphate buffers quenched the fluorescence com- 
pletely. Thus, ammonium acetate ( >  l 0  -3 M) was 
chosen for further use. The effects of  TTA, DBC 
and Triton X-100 on the fluorescence intensity of  
Eu-Tb system were examined. The concentration 
ranges that gave greatest intensity were 7 x 10 s- 
1.5× 10 4 M TTA, > 1 0  s M DBC and 2.0 
10.0 × 10 2% (w/w) Triton X-100. 

The nature of  crown-ether was found to have 
strong influence on the fluorescence intensity of  
Eu-Tb system. DBC gave nine-fold higher fluores- 
cence intensity compared with dicyclohexyl-18- 
crown-6 though enhanced luminescence for 

europium was observed in the presence of terbium 
in latter crown ether also. DBC was used in 
subsequent studies. 

The fluorescence intensity of Eu-Tb system is a 
linear function of the concentration in the range 
1 x 10 ~ l  1 × 10 ~' M under the recommended 
conditions. The sensitivity is thus, two orders of  
magnitude better than that of  Eu-TTA-DBC-Tri-  
ton X-100 system. The detection limit (for an 
SNR value of 3) i s l . 5 x  10 ~)M. which is about 
four orders of  magnitude less than that of the 
Eu-TTA-DBC-Tri ton X-100 system. 

The effect of  lighter and middle lanthanides on 
the fluorescence intensity of  Eu-Tb system were 
studied. At l x  10 s M europium, 10 5 M 
amounts of  lanthanum, praseodymium and dys- 
prosium oxides do not interfere. However, Y and 
heavy lanthanides were found to interfere at con- 
centrations > 10 : M. Table I shows the results 
of  the determination of europium in certain com- 
mercial high purity rare earth oxides and their 
mixtures. 

3.1. Enhancement mechanism 

Fig. 2 shows that there is no constant mole 
ratio between E u  3 + and Tb 3 + in the Eu-Tb-TTA- 
DBC-Triton X-100 system. Fig. 4 shows that the 
absorption spectrum of this system is similar to 
that of  the system without terbium. These results 
show that terbium does not form a new com- 
pound with the Eu-TTA-DBC-Tri ton  X-100. It 
should also be noted that the enhancement effect 
occurs only in aqueous phase in the presence of 
surfactants and not in organic solvents (e.g., ben- 
zene, n-butanol,  cyclohexane and TBP). 

Table 1 
Analysis of high purity rare earth oxides and their mixtures 

Rare earth oxides (wt%} 

La203 (99.9%) 
Pr~,Oi i (99.9%) 
DyeO~ {99.9%) 

La20~+ Pr6Oll ? Dy20~ 

~'Mean +_ S.D. {~t - 5) 

Eu20~ found (wl%) ~ 

0.007 ± 0.002 
0.008 +_ 0.0{}1 
{}.0016 ± {1.002 
0.0031 ± 0.{}02 
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Fig. 4. Absorption spectra: (l) Eu-Tb-TTA-DBC-Triton X-100 
system; (2) Tb-TTA-DBC-Triton X-100 system; and (3) Eu- 
TTA-DBC-Triton X-100 system. Conditions: 1 x 10 _7 M, 
E u  3 + ,  2 .0  × 10 5 M T b  3 + ,  1.0 x 10 4 M TTA, 1.0 x 10 - 4  

M DBC, 3 x 10 2 M ammonium acetate, 5 x 10-m¼, Triton 
X-100. 

The excited singlet states of TTA in these com- 
plexes undergo a radiationless transiton to their 
triplet states. Europium can be excited both by 
intramolecular energy transfer as suggested by 
Crosby et al. [6], from the excited triplet state of 
TTA in the Eu-TTA-l,10-phenanthroline by Tb- 
benzoic acid due to the wrapping effect [7]. On the 
other hand, the enhancement in the Eu-TTA- 
dibenzoylpyridinium ion by yttrium was at- 
tributed to the energy transfer from yttrium 
complex to europium complex [8]. Because the 
concentration of terbium complex is much greater 
than that of the europium complex (in the present 
case) in the Triton X-100 solution, the enhance- 
ment effect was a result of two mechanisms, one 
of which was the wrapping effect of Tb complexes 
over Eu complexes and the other was intermolec- 
ular energy transfer from terbium to europium [9]. 

Triton X-100 also plays an important role in the 
dissolution of both complexes and their protec- 
tion against collision with solvent (water) 
molecules, which would cause loss of energy. 
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Abstract 

Ternary mixtures of Bromocresol Green (BCGH), Benzethonium Chloride (BZ+Cl ), and Quinine IQ) in dich- 
loromethane (CHzCI 2 for ratios 1: > 1: > 1 (BCGHz:BZ+C1- :Q) generate species BCGH BZ ~, BZ + BCG -H-Q) 
and BCG 2 (BZ +)2 in chemical equilibrium; whose thermodynamic parameters are determined. A new method to 
study ternary mixtures in a non-polar solvent has been given and other amines (A) and quaternary ammonium 
compounds (QAC) instead of Q and BZ + C1- have also been researched. Species B C G H - B Z  ~, and BCG 2 (BZ * )2 
are ion associates of 1:1 and 1:2 (dye:BZ+C1 ) stoichiometry and species B Z + B C G - - H - Q  presents a hydrogen 
bond, being of 1:1:1 (dye:BZ ~ C1 :Q) stoichiometry. The Vis-VU, IR and ~H-NMR spectra of the associates suggest 
that they are in nature resonance hybrids. A new and fundamental equation which governs extraction of any 1:1:1 
associate is deduced and checked experimentally, showing that its extraction depends on the high capacity of the 
amine to accept hydrogen bonds and the high extractability of the ammonium ion. Extraction of the 1:1:1 associate 
using different amines and ammonium ions is studied both, experimentally and by the new equation, checking that 
the 1:1:1 associate containing Q and BZ + is selectively extracted due to the fact that Q has a high hydrophobicity 
and high capacity to form hydrogen bonds and species BZ + C1 has a high ion-associability. Selective extraction of 
this l : l : l  associate is useful for quantitative determination in complex mixtures of ammonium ions of high ion 
associability as BZ ~ CI . © 1997 Elsevier Science B.V. 

Keywords: Extraction global equation; Ternary associates spectroscopy; Ternary associates theory: Thermodynamic 
equilibria 

1. Introduction 

Several  me thods  have been publ i shed  for the 

quant i t a t ive  de t e rmina t ion  o f  amines  and  quater -  
nary  a m m o n i u m  ions, in which acid  dyes form 
co lored  ion-pai rs  ex t rac tab le  f rom the aqueous  
solut ion with  organic  solvents  [1-5] .  The  ext rac t  

is used spec t ropho tomet r i ca l ly  to de te rmine  a 

trace c o m p o n e n t  in the ion-pai r ,  which is gener-  

ally o f  1:1 s to ich iomet ry  (dye :amine  or  

dye : ammonium) .  A review of  this type o f  analyt i -  

cal me thods  and of  the used ion-assoc ia t ion  

reagents  was also publ i shed  [6]. However ,  these 
analysis  me thods  are unspecific. This  is a d isad-  

0039-9140.,97,$17.00 ¢; 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02086-3 
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vantage and therefore extraction of an l: l:l  asso- 
ciate (dye:ammonium:quinine) using a diprotic 
acid dye such as Bromocresol Green (BCGH2) 
and Quinine (Q) in order to determine quaternary 
ammonium compounds (QAC) with an enhanced 
selectivity was proposed [7]. Quinine was only 
used for enhancing the extractability and selectiv- 
ity of  the 1:1:1 associate, which was identified as 
the species responsible for the visible absorption 
band of  the extract used for the quantitative 
determinations; but neither nature of  the 1:1:1 
species nor the causes for the selective extraction 
were fully clarified. These problems are now stud- 
ied for the first time by means of  new experimen- 
tal results and theoretical equations. 

At a first stage, ternary mixtures in a single 
dichloromethane phase of a sulphonphthalein 
dye, BCGH2, Benzethonium Chloride, BZ + C I - ,  
and Q, in different proportions are investigated 
for the first time finding new associates of  differ- 
ent composition and nature. A new and simple 
method to study equilibria of  three components in 
a nonpolar solvent from spectrophotometric mea- 
surements is now put forward since the known 
methods were put forward in an aqueous medium 
[8-10]. Absorption peaks, P, molar absorptivities, 
c, equilibrium constants, K, and thermodynamic 
parameters of  the complexes obtained in these 
ternary mixtures are compared with the same data 
obtained for complexes in BCGH2-Q binary mix- 
tures. Through the comparison between the ob- 
tained results in binary and ternary mixtures (P, c, 
K, etc.), this paper provides new evidences which 
can be helpful in deciding the controversial points 
regarding the nature, composition and absorption 
peaks of  the ternary and binary compounds. 
From this information, it is established why Q can 
be used for enhancing the selectivity and ex- 
tractability of some QAC. This paper shows, for 
the first time, the nature and physicochemical 
properties of  the 1:1:1 associates described in ex- 
traction studies using Vis-UV, IR and 1H-NMR 
data, justifying its importance from an analytical 
point of  view. Resonance of associates is also 
proposed for the first time to explain some details 
of  the nature of  associates obtained in ternary 
mixtures and their analytical applications. 

At a second stage, extraction of associates in 
ternary mixtures of a sulphonphthalein dye, 
BCGH2, Benzethonium Chloride, BZ + C I - ,  and 
Q, is carried out in dichloromethane/water sys- 
tems. Extraction of BCGH2-Q and BCGH2-ben- 
zethonium binary mixtures is also carried out to 
compare the associates extracted in the two kinds 
of  mixtures. Then, a new equation, which com- 
bines the results of  equilibrium among associates 
in dichloromethane of the first stage and those of 
extraction of the second one is deduced and 
checked experimentally using both, data in litera- 
ture and our own data. This equation demon- 
strated the importance of studies of formation of 
ternary associates in the organic phase for extrac- 
tion studies for the first time from a quantitative 
point of  view and it suggests that extraction of the 
1:1:1 ternary associate is a global process of the 
processes that occur in both phases. 

2. Experimental 

2. I. Apparatus 

All vis-VW spectrophotometric measurements 
were made on a Perkin-Elmer  Lambda 5 spec- 
trophotometer,  with a B. Braun AG models 
Frigomix 1.495 and thermomix 1.441 thermostat 
with a + 0.2°C accuracy). Quartz cells of 1 cm 
with Teflon stoppers were also used. A Radiome- 
ter Copenhagen PHM64 Research pH meter was 
used with a combined electrode for the pH mea- 
surements. The electrode was calibrated with stan- 
dard buffer solutions of pH = 4.00 and pH = 7.03 
at 293.16 K unless otherwise stated; the precision 
of  the measurements was of _+0.01. The ~H- 
N MR spectra were recorded on a Bruker AM-60 
Spectrometer with CDC13 as solvent. The IR spec- 
tra were made on a Perkin-Elmer 298 IR spec- 
trophotometer with potassium bromide pellets. 
The KBr has been previously dried in an oven at 
200°C. All calculations were made with an IBM 
compatible computer. Some of  the substances 
were dissolved with the help of a Selecta ultrasons 
ultra sound apparatus. 
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2.2. Reagents 

The reagents used were CH2C12 (Probus HPLC, 
with < 0.02% water content), methanol (Probus 
HPLC), BCGH 2 (Merck), atropine, tropine, 
homatropine, methylatropine, tetramethylammo- 
nium chloride, tetraethylammonium, chloride 
(Sigma), Q, benzethonium chloride and proton 
sponge (Fluka-Chemie). All the solid materials 
were of analytical grade and all amines were used 
as free bases without further purification after 
storage in a desiccator with phosphorous pentox- 
ide. 

3. Results and discussion 

3.1. Absorption spectra, composition and 
equilibrium constants of associates in 
dye-quaternary ammonium compound-amine 
ternao' mixtures 

This section and the following provide a new 
method to study the associates obtained in 
ternary mixtures in a single nonpolar phase. Also 
an attempt will be made to give an interpretation 
of the results of the experimental data (as for 
example the use of the Job's method with three 
reagents or when a reagent and the product show 
the same absorption maximum, etc.) and of the 
calculated constants from these data (as for exam- 
ple molar absorptivities, equilibrium constants 
and thermodynamic parameters, etc.). 

Ternary mixtures of BCGH2, BZ + C I - ,  and Q, 
when the concentrations are in the order 
[BCGH2] = [BZ+C1 ] <  [Q], that is to say, pro- 
portions 1:1: _> 1 (BCGH2:BZ+C1 - :Q), present in 
dichloromethane, CH2C12, two new absorption 
bands with maxima at 415 and 630 nm which pass 
through an isosbestic point as can be seen in Fig. 
I A. Also the BCGH2- Q binary mixture shows two 
absorption bands but with maxima at 415 and 547 
nm and an isosbestic point as shown in Fig. lB. 
Therefore, the ternary mixture gives an absorp- 
tion band at 630 nm which does not appear in the 
binary mixture. Job's method was used to deduce 
the stoichiometry of  the products responsible for 
the new absorption bands. Job's method for the 

binary mixture has been carried out by measuring 
the absorbance at 415 and 547 nm of different 
proportions of  10 4 M solutions of BCGH 2 and 
10 -4 M of Q, such that [ B C G H 2 ] + [ Q ] =  10 4 
M. The absorbance of these solutions are plotted 
against the molar fractions of  the dye as shown in 
Fig. 2. The concentrations used in the Job's 
method for the ternary mixture were identical but 
differ in that here, the dye has been initially mixed 
with an equimolar concentration of B Z - C I  . 
The concentration of this third component has 
been ignored for the dye molar fraction calcula- 
tions as could be observed in Fig. 2 where, more- 
over, it can be seen that curves at 415 nm are 
identical for both binary and ternary mixtures. 
The plots in Fig. 2 suggest 2:1 and 1:2 stoi- 
chiometries (BCGH2:Q) for the binary mixtures 
measured at 415 and 547 nm. Accordingly, in the 
binary mixture the three following processes are 
assumed as reactions Eqs. (1)- (3); where BCGH~ 
is the free dye, Q 

BCGH 2 + Q  ~ BCGH QH~ (1) 

BCGH QH + + Q  ~ QH +BCG H Q (2) 

BCGH QH ~ + B C G H 2  ~ ( B C G H ) ~ Q H ~  + 
(3) 

quinine base, (BCGH )2QH~ + and BCGH 
QH + are the ion associates of 2:1 and 1:1 stoi- 
chiometry. The QH + BCG -H-Q associate shows 
a hydrogen bridge and it is of 1:2 stoichiometry 
(dye:Q). Eqs. (1)-(3) were previously studied 
from data in binary mixtures [11]. The same stoi- 
chiometries of BCGH 2 to Q have also been ob- 
tained for the ternary mixtures at 415 and 630 nm 
as can be seen in Fig. 2. The fact that the stoichio- 
metric relation does not vary in the ternary mix- 
ture while the absorption maximum does, could 
be interpreted as follows: in the binary mixture, 
Eqs. (1) and (2) for absorption at 547 nm and 
Eqs. (1) and (3) for absorption at 415 nm would 
justify the observed stoichiometries, and the peaks 
at 415 and 547 nm would be assigned to the 
(BCGH )2QI-t~ + and QH + BCG -H-Q species 
(Fig. 1B). On the other hand, in the ternary 
mixture, four processes should be assumed. The 
first one is given by Eq. (1) and the rest by the 
following equations: 
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Fig. 1. (A) Visible-ultraviolet spectra of CH2C12 solutions of Bromocresol Green, BCGH2, 3 x 10-5 M; Benzethonium Chloride, 
BZ+C1 - , 3 x 10 5 M and different concentrations of Quinine, Q, 3 (curve a), 4, 5, 8, 120 and 5000 x 10 -5 M (curve f). T = 293.16 
K. (B) Visible-ultraviolet spectra of CH2C12 solutions of BCGH 2, 6.6 x 10-5 M and different concentrations of Q, 6.6, 7.7, 8.3, 9.4, 
11.8, 14.0, 17.02, 32, 37.9 and 60× 10 5 M. T=288.16 K. (C) Visible-ultraviolet spectra of CH2C12 solutions of BCGH> 
3.4 x 10 5 M; BZ+CI , 3.4 x 10 5 M and Q, 6.8 x 10 - s  M at 288.16, 293.16, 298.16, 303.16, 308.16 and 313.16 K. (D) 
Coleman's method for two species whose sum of concentrations is constant from the spectral data in Fig. 1A. The numbers 
correspond to the wavelength, i, of the row of the matrix which has been resolved graphically according to Coleman. 

B C G H - Q H  + + B Z  +C1- ~ BCGH BZ + 

+ C1 QH + (4) 

B C G H - B Z  + + Q  ~ BZ + B C G - - H - Q  (5) 

C1 QH + +BCGH2 ~ BCGH-C1 QH22 + (6) 

where C1-QH + is Q hydrochloride (colourless). 
Eqs. (1), (4) and (5)justify the 1:2 stoichiometry 
at 630 nm of the ternary mixture; since the prod- 
ucts of Eq. (4) contain dye (species BCGH - BZ +) 
and Q (species C1-QH +) in a 1:1 ratio and Eq. 
(5) consumes one more molecule of Q thereby 

justifying the 1:2 stoichiometry. As Eqs. (1) and 
(4) are quantitative [11] (the latter will be shown 
later), in proportions 1:1: >_ 1 (BCG:BZ + CI- :Q), 
species BCGH2 and B C G H -  QH + do not exist in 
the ternary mixture; therefore, only Eq. (5) will be 
present in the solution and species BCGH BZ + 
and BZ+BCG -H-Q will justify the absorption 
maxima at 415 and 630 nm in Fig. 1A. Eqs. (1), 
(4) and (6)justify the 2:1 stoichiometry at 415 nm 
in ternary mixtures since the products of  Eq. (4) 
contain dye (species B C G H - B Z  +) and Q (spe- 
cies C1-QH +) in a 1:1 ratio and Eq. (6) con- 
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sumes one more molecule of dye thereby justify- 
ing the 2:1 stoichiometry. The fact that the curve 
at 415 nm in Fig. 2 is identical for binary and 
ternary mixtures is justified by identical absorp- 
tion spectra of (BCGH -)2QH 2+ , B C G H -  BZ + , 
BCGH C1 QH~ + species (see next paragraph) 
as well as identical values of equilibrium constants 
for Eqs. (3) and (6) since in both reactions the 
same nitrogen of Q and the same proton of the 
dye are neutralized [! 1]. Similarly, in ternary mix- 
tures in an excess of dye ([BCGH2] > [BZ+CI 
] = [Q]) only Eq. (6) will be present in the solution 
together with BCGH BZ + species generated by 
Eq. (4). Eq. (4) is a reaction of ionic exchange, 
Eq. (5) is the formation of a hydrogen bridge 
between OH in BCGH BZ + and amino nitrogen 
in Q, and Eq. (6) is a neutralization reaction 
whose study was carried out in [11] from dye-Q 
hydrochloride binary mixtures. 

As Eq. (4) is complete, curve 'a' in Fig. 1A, 
where the three reagents (BCG:BZ + C1 :Q) are in 
a 1:1:1 ratio, is assigned to the BCGH BZ + 
species generated in Eq. (4). The molar absorptiv- 
ity of the BCGH BZ + ion pair determined from 
absorbance value at 415 nm of BCGHz-BZ + CI - 
Q mixtures in proportions 1:1:1 was 19 800 _+ 700 
l x m o l  i cm ~a t293 .16K.  This value is similar 
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Fig. 2. Cont inuous  variation plots between BCGH 2 and Q for 
the binary mixture (BCGHe-Q: [BCGH2] + [Q] = 10 4 M) at 
415 and 547 nm and for the ternary mixture (BCGH 2, BZ + 
CI ,Q :  [ B C G H , ] + [ Q ] =  10 4 M a n d [ B C G H e ] = [ B Z + C 1  
]) at 415 and 630 nm. T =  293.16 K. 

to that given before for species BCGH QH + 
and to those of BCGH ajmalineH + and 
B C G H - h o m a t r o p i n e H  + in the same solvent [12] 
(CH2C12). Therefore, this value corresponds to the 
molar absorptivity of the BCGH anion in this 
solvent, EBC'~m' since the cation only acts as the 
stabilizer of BCGH in the nonpolar solvent. 
Obviously, this value is also similar to that of the 
molar absorptivity of BCGH CI QH~ ~ species 
and it is half the (BCGH )2QH~ + species deter- 
mined in [11]. 

Ternary mixtures corresponding to Fig. I A, in 
proportions 1:1: _> 1 (BCGH2:BZ +C1 :Q), are 
cut in an isosbestic point; therefore Eq. (5) is an 
equilibrium. Fig. IC shows the displacement of 
this equilibrium with temperature. Fig. I D is the 
Coleman's test [13] from Fig. IA, which clearly 
shows two absorbent species whose sum of con- 
centrations is constant in agreement with the al- 
ready established. An identical result is obtained 
when the Coleman's test is applied to the spectral 
curves in Fig. 1C. Eq. (5) satisfies the following 
prerequisites: (a) is an 1:1 addition reaction: (b) 
the reagents do not absorb at the maximum ab- 
sorption of the addition compound; and (c) the 
addition compound follows Beer's Law. There- 
fore, the iterative Rosseinsky's method [14], mak- 
ing use of a computer program in TURBOBASIC 
described pre~iously in [11,12] was used to calcu- 
late KBZBC-G_ ~t_~) ( KBZBC~.;-H-O = [BZ + GCG -H-Q]/ 
[BCGH BZ-][Q]) of Eq. (5) and the molar ab- 
sorptivity of BZ * BCG -H-Q, ~l~zl~c(; ii-o-These 
constants at several temperatures together with 
the thermodynamic parameters of Eq. (5) are 
presented in Table 1. The eBz~cc;-t, ~,, value in 
Table 1 from equilibrium data is similar to that 
obtained in curve 'f" on Fig. 1A when a strong 
excess of Q is added. This suggests that Eq. (4) is 
highly displaced to the right as indicated betk~re. 
As Eqs. (1) and (2) also satisfy prerequisites a, b 
and c; the same method to calculate K~C(;HC)H 
(Eq. (1)) and KQHBC(~_H_¢ ) (Eq. (2)) was used. The 
KjlC¢;HQH value (KBc( i l IOH = [BCGH QH * ] 
[BCGH2][Q]), was l0 l°'s2 l×  mol L at 298.16 K. 
The K~HBCGm_Q-Value, (Kc)m~c(;_H_ . = [QH + 
BCG -H-Q]/[BCGH QH +][Q]), molar absorp- 
tivity for QH + BCG -H-Q, ec)m~c~;_H_Q, and 
thermodynamic parameters tk~r Eq. (2) are also 
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Table 1 
Physicochemical properties for QH+BCG--H-Q, BZ+BCG--H-Q, and BCG 2- (BZ+)2 as formed by Eqs. (2), (5) and (7) 

Associate Y (K) Kfl 1 × mol ~ e, ~',b rmsd3 r2, d 

QH +BCG -H-Q 287.66 39000 ± 5000 24500 + 900 0.005 0.998 
(Reaction 2) 293.66 26000 ± 3000 24000 ± 1000 0.004 0.999 

298.66 14000 ± 3000 26000 ± 2000 0.007 0.981 
304.66 12000 + 2000 23000 ± 2000 0.005 0.994 
309.16 9000 ± 2000 23000 ± 2000 0.004 0,992 
313.16 6000 ± 1000 26000 ± 4000 0.005 0.962 

AG ° = --23.7 _+ 0.6h (AH ° = - 5 2  ± 12; AS ° = - 9 3  ± 38; 0.974) 1 

BZ + BCG--H-Q 293.16 130000 ± 50000 30000 ± 2000 0.004 0.999 
(Reaction 5) 298.16 91000 _+ 48000 27000 ± 3000 0.004 0.999 

303.16 61000 + 24000 27000 ± 3000 0.003 0.999 
308,16 49000 + 32000 25000 ± 4000 0.004 0.998 
313.16 29000 ± 17000 26000 ± 5000 0.003 0.999 

AG ° = --28.3+2.1% (AH ° = - 5 6  ± 11; AS ° = - 9 2  ± 36; 0.996) ~ 

BCG 2- (BZ+)2 288.16 0.21 ± 0.08 24000 ± 1200g 0.011 0.999 
(Reaction 7) 293.16 0.17 ± 0.05 24000 ± 1100g 0.009 0.999 

298.16 0.13 ± 0.02 23500 ± 700 g 0.005 0.999 
303.16 0.08 ± 0.01 23500 ± 500 g 0.003 0.999 
308.16 0.06 ± 0.01 24000 _+ 900 g 0.005 0.991 

AG °=  --23.8 ±0.6e; (AH ° = - 5 2  ± 12 AS ° = -93  ± 38 0.974) r 

a Confidence intervals for a 0.95 level are given. 
b L.mol-~ cm-1. 
c Root mean squared deviation. 

The values of the determination coefficient in a first approximation. 
e Free energy variations, AG°(kJ mol-~), at 298.16 K. 
rThe enthalpy, AH°(kJ mol-t),  and enthropy, AS ° (J K l mol- l)  variations, calculated using the least squares method from van't 
Hoff plot. 
g e' Values and confidence intervals for a 0.95 probability. 

p r e sen t ed  in T a b l e  1. By a n a l o g y  wi th  Eq.  (2) 

wh ich  was  s tud ied  in [11], Eq.  (5) is the  f o r m a t i o n  

o f  a h y d r o g e n  b r idge  a n d  B Z  + B C G - - H - Q  spe- 

cies is a 1:1:1 assoc ia te  because  c o n t a i n s  dye,  Q 

and  a m m o n i u m  c a t i o n  in tha t  ra t io .  D a t a  in 

T a b l e  1 fo r  Q H  + B C G - - H - Q  a n d  B Z  + B C G - -  

H - Q  species sugges t  s o m e  in te res t ing  poin ts .  So,  

the  p r e v i o u s  d i scuss ion  suggests  tha t  the  two  spe- 

cies a re  H y d r o g e n  B o n d e d  C o m p l e x e s  ( H B C )  a n d  

an o r d i n a r y  H B C  will  n o t  s h o w  [15-17] ,  a) h igh  

K and  A H ° - v a l u e s  (see T a b l e  1); h igh  vis ib le  p e a k  

(630 nm)  a n d  h igh  m o l a r  a b s o r p t i v i t y  (Tab le  1). 

R e s o n a n c e  h y b r i d  o f  the  h y d r o g e n - b o n d e d  s t ruc-  

ture  in a l a te r  sec t ion  (see S c h e m e  1) c o u l d  be  

r e spons ib l e  fo r  these  resul ts  wh ich  ind ica te  t ha t  

this  t ype  o f  H B C  is ve ry  stable.  

R e a c t i o n s  o f  the  type  (2) a n d  (5) were  a lso  

ca r r i ed  o u t  us ing  o t h e r  a m i n e s  (A) a n d  Q A C  

f o l l o w i n g  the  s a m e  m e t h o d s  g iven  for  Q and  

b e n z e t h o n i u m .  T h e  KAHBCG_H.A-Values us ing  dif-  

f e ren t  a m i n e s  t o g e t h e r  the  a b s o r p t i o n  m a x i m u m  

Q+" "H ° °0- I~r c~ r  0 ~.,~H° ° O~/C~ ~ 0 B r ~ ~  r B('A'~C//~, B. 

~0~ BZ + + S O ~  BZ + 

+H - -  8,_ _ o+. . , . .o  O- 

Br" "c ~ "Br " ; B Br 
~SO;BZ + +SO; BZ + 

Scheme 1. 
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Table 2 
Association constants,  K, and extraction constants,  E, of  1:1:1 associates using BCGH 2 and different amines and quaternary 
ammon ium compounds  by Eq. (14) 

Substance K~IIBCG_H_A ,,~ bla x K~ZBCG_H_ A R~(A, E~z B(-(;_H,A p K ~ H  

Tropine 4.48 585 4.96 0.27 7.58 10.73 
Quinine 4.41 547 5.11 2.04 12.47 8.3(t 
Atropine 3.77 575 4.25 2.69 10.35 ll/.21 
Homatropine 3.60 575 4.07 2.47 10.10 10.10 
Proton Sponge 1.28 630 1.28 12.011 

log KQAC,BC-G_H_ Q log EBC(~HQAC- log EQAC-B(,(; H-~,) 

Te t ramethylammonium 4.70 1.50 4.60 
Tetrae thylammonium 4.81 3.02 6.33 
Methylatropine 4.86 4.69 7.95 
Benzethonium 5. I 1 8.96 12.47 

Kd~!~; H - t0+ 6~'; T = 298.16 K. 
~ Logarithm of these constants.  
b Wavelength in nm of AH + BCG -H-A species. 

of every one of the AH + B C G - - H - A  associates 
(2 . . . .  ) the K~ZBC(;-H-/, values corresponding to 
associates formation of type BZ + BCG -H-A (in 
these cases 2m,x is always 630 nm) are given in the 
upper part  of  Table 2. It can be seen that the 1:1 : 1 

associate (species B Z - B C G - - H - A )  is always 
more stable than the 1:2 associate (species 
A H + B C G  -H-A) and that the increase from 
KAHB~,t;_H_ A to KBZBCG_H_ A is related to )~ ..... - 
So, the increase maximum (KBzBCG_H, A = 

5KAHI~C~;-H,A) is obtained with Q of 2 ..... = 547 
nm, the lowest wavelength of all the amines, 
and with proton sponge of ,~ ..... = 630 nm, the 
highest one, there is no increase (KAnBCG-n-A = 
KBZ~CG-~-A). In a later section will be shown the 
double nature Hydrogen Bond Complex (HBC)- 
Ion Associate of  this type of  associates and as the 
character HBC increases when decreases 2 ..... • 
With proton sponge there is no increase because it 
can not form hydrogen bonds with the dye due to 
its particular structure [15,16], so that in this 
case Eqs. (2) and (5) are two neutralizations, 
which explains the low values of  KAHBCG_H_ A = 

K~z~,~_n_,,= 19 1× tool ~. The increase from 
KAHBC.~_H_A-KBz~cCI_H_ A in the HBC means that 
BCGH BZ + shows more ability than BCGH 
AH + species to form a hydrogen bridge through 
OH-phenol  with the amine. Since the component  
dye is the same in the two associates (BCG - 

H-Q), this must be due to the different nature of  
the cation (AH + or BZ + ). So, the positive charge 
in molecular structure of  benzethonium cation, 
BZ 4, is buried or sterically hindered which would 
lead to an increase in the planarity of  the dye ring 
system and to an easier formation of the hydro- 
gen bridge (also this would explain the 
bathochromic effect when QH + is replaced by 
BZ ~). On the other hand, in AH + the positive 
charge is exposed to the molecular surface of the 
cation which could decrease the planarity of the 
dye ring system giving an associate with a lower 
"~max and would make the formation of the hydro- 
gen bridge more difficult. Moreover, the two pro- 
tons in B C G H  AH + could interchange which 
would make the formation of a hydrogen bridge 
with another Q molecule more difficult. This pro- 
ton interchange is not possible ill the BCGH 
BZ + species. 

In Table 2 (upper part), it can be seen that 
ability to form hydrogen bonds, measured by 
KAHBC-G_H_ A or KBzB~,~.t~_ A value, is related to the 
amine basicity which, could be measured by its 
PKAH + value in water. However, structure is also 
important  since Q is less basic than atropine and 
homatropine in water and it has a higher capacity 
to form a hydrogen bridge; and proton sponge is 
the more basic of  all amines and can not form hy- 
drogen bonds. On the other hand, KC,~AC;B~:.~,;_It_ Q- 
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Fig. 3. (A) Visible-ultraviolet spectra of CH2CI 2 solutions of BCGH 2, 1.5 × l0 5 M; Q 2 × 10- 3 M and different concentrations 
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plot for the reaction of BZ + BCG-H-Q with BZ + CI , in CHeCI 2. T = 288.16 K. 

values with various ammonium ions using Q are 
also given in Table 2 (lower part). It can be seen 
that the highest increase from KQH~CG-H-Q-- 
KOACBCcm~_ Q is obtained when QAC is benzetho- 
nium (five times). This is consistent with the fact 
that the positive charge in molecular structure of 
BZ + is stronger buried or sterically hindered than 
in the other ammonium ions. 

3.2. Ternary mixtures in an excess o f  
benzethonium chloride 

Until now, only one benzethonium cation, BZ + 
, has been taking part in the described complexes. 
This is due to the fact that the anterior experi- 
ments have been carried out with an equimolar 
concentration of  BCGH 2 and BZ +C1 . In order 
to obtain and study in solution the BCG 2 
(BZ +)2 ion associate, a ternary mixture of  ratios 
1:1: ~ 1 ( [BCGHj  = [BZ + C1 ],~[Q]), at a con- 
centration of Q sufficient to ensure the complete 
formation of  BZ + BCG -H-Q species by Eq. (5), 
was registered (curve 'a' in Fig. 3A). To avoid the 
side reaction of the solvent due to the excess of Q 
[18], this solution was freshly prepared every time. 
Then increasing amounts of BZ + C1- were added 
to the solution and the spectrum registered each 
time BZ+C1 - is added ( b - f  in Fig. 3A). These 
spectra showed an increase in absorbance at 630 
nm while the maximum wavelength of absorption 

remained unvariable. This absorbance increase is 
attributed to the presence of  a new species in the 
solution, the BCG 2- (BZ +)2 ion associate which, 
although with the same maximum wavelength as 
BZ + B C G - - H - Q ,  has a higher molar absorptiv- 
ity, and ~Bc~(Bz)2. This new species is formed after 
the breaking of the hydrogen bridge of the 
BZ + B C G - - H - Q  species as suggested by Eq. (7). 

BZ + BCG - - H - Q + BZ + C1 

BCG 2- (BZ +)2 + C1 QH + (7) 

To demonstrate that in proportions 1: > 1 :~1  
([BCGH2] < [BZ +C1 ] ~[Q]),  Eq. (7) is present 
in the solution. Job's method was used, following 
the guidelines explained in a previous paper [19] 
which takes into account the complete overlap- 
ping of the band of  the reagent, BZ + B C G -  -H-Q, 
and the product, BCG 2 ( B Z + ) 2 .  In accordance 
with the instructions given there [19], the Lam- 
bert-Beer can be expressed here as A ' =  A , , -  
A 0 = x  (eBCCmZ-eBZBCG_H_Q)=Xe'. A m is the 
experimental absorbance of the system given by 
Eq. (7); Ao is the absorbance due to the 
BZ + B C G - - H - Q  species this being equal to the 
total (or initial) dye concentration, 0 CBCGr h, in the 
experiment multiplied by the molar absorptivity 
of the BZ + B C G - - H - Q  species (A0 = CBZBCG-H-Q 

o CBCC, H~- Ao is equally to the absorbance found in 
a previous identical experiment where the species 
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BZ +CI is excluded; 'x '  is the concentration of 
the products of Eq. (7), EBcGmzl, the molar ab- 
sorptivity of BCG 2 (BZ +)2 and-EBZBCO-n-Q the 
molar absorptivity of  the BZ + B C G - - H - Q  spe- 
cies. The difference between and EucGmz~, and 
%ZBCG-H-O is the ¢' value. To determine the stoi- 
chiometry of BZ + BCG -H-Q to BZ + C1 , solu- 
tions of BCGH2-BZ + CI and excess of Q (being 

O COBC(IH, = Cl~zcl<~ C~ the BZ + B C G - - H - Q  spe- 
cies is generated immediately) were mixed with 
solutions of BZ + CI , such that [BZ + BCG -H-Q] 
+[BZ+C1 ] = 5 . 6 x 1 0  5 M and their absor- 
bances, Am, measured at 630 nm. The stoichio- 
metric balance of BZ +BCG -H-Q BZ +Cl 
was determined by plotting A' values against the 
mole fraction of the BCGH3 (equal to mole frac- 
tion of BZ + BCG -H-Q) as can be seen in Fig. 
3B. The stoichiometry was always 1:1, which 
demonstrates that Eq. (7) is present in the solu- 
tion. 

Isoosbestic point in Fig. 3A and Coleman's 
test as used before suggest that Eq. (7) is a 
chemical equilibrium. The equilibrium constant of 
Eq. (7), KBC¢;(BZ)" = [BCG 2 (BZ+)2] [CI QH+] /  
[BZ +BCG -H-Q] [BZ ~C1 ] and the molar ab- 
sorptivity of the new ion associate could also be 
determined simultaneously from the values of the 
corrected absorbance, A', and the concentrations 
of the reagents following an iterative method pre- 
viously given for reactions of type A + B a C + 
D, where A and C are exclusively absorbent [19]. 
The Kuc~mz~,, ~' and thermodynamic parameters 
from the plot of In Kucc3mz~,E' against l /T, the 
van't Hoff  alternative plot [20,21], are given in 
Table 1 together with statistical indices. From ¢' 
values in Table 1, EBcGmz~ = 52 000 + 4000 1 
tool ~ cm at 298.16 K, was calculated being 
similar to that obtained by displacing Eq. (7) to 
the right with an strong excess of BZ +C1 (curve 
'f" in Fig. 3A). This last spectrum corresponds to 
the BCG 2 (BZ*)2 species. As the absorption 
peak and molar absorptivity of this species are 
similar to those of BCG 2 (ammonium +)2 using 
other ammonium ions, such as tetrabutylammo- 
nium or tetrapentylammonium (and to those of 
the BCG 2 anion in water [22]); thus, spectrum 
of BCG 2 (BZ ~)2 species in C H 2 C I  2 is only due 
to the BCG 2 anion and ammonium ion only 

acts as the stabilizer of BCG z in the nonpolar 
solvent. Data on Table 1 suggest that BCG 2 
( BZ+)2 species is not very stable and enthalpy 
and enthropy changes are similar to those usually 
observed in the ordinary ion-association forma- 
tion reactions [16,17]. 

3.3. Resonance,  nature and structure Q[ ass'ociates 

This section attempts to go further into this 
matter using new spectral data as such as IR and 
H~-NMR spectra and also information from liter- 
ature. 

Resonance of associates, in particular that of 
the QH +BCG -H-Q and BZ +BCG -H-Q spe- 
cies, must be introduced to explain some of their 
properties of great analytical importance which 
were shown in the previous sections. Canonical 
resonance structures of BCGH and BCG 2 an- 
ions in dichloromethane (BCGH QH 
BCGH BZ ~, BCGH CI QH~ ~, (BCGH 
)2QH~ + and BCG 2 (BZ~)2 speciesl could be 
similar to those described in literature for both 
anions in water [29] because in dichloromethane 
cations of ion associates only act as the stabilizer 
of the anions as discussed before. So. visible ab- 
sorption for BCGH ion associates in 
dichloromethane would be mainly due to an one- 
sided quinonoid ring system and absorption for 
BCGH 2 ion associates would be due to symmet- 
rical structures with two alternative quinonoid 
rings as in water. These symmetrical ones are 
always more stable than the asymmetrical ones 
which would justify the peak at higher wavelength 
and the higher molar absorptivity of BCG 2 ion 
associates, (630 nm, eBC~;~ = 52000 +4000 IX 
tool ~ cm ~ at 298.16 K (Section 3.2) in 
dichloromethane, compared with that of the 
BCGH anion (415 nm and cucc;n =1 9  500 +_ 
500 l x m o l  L cm ~ at 298.16 K) in the same 
solvent. The IR (KBr-disc) and HI-NMR (CDCIO 
peaks of BCGH QH ~ BCGH BZ + 
BCGH CI QH~ +, ( B C G H ) , Q H ~  4 and 
BCG2 ( BZ+)2 associates are in agreement with 
the nature before assigned to these species. These 
associates were obtained at solid state by direct 
precipitation in water at pH = 1.5 and after re- 
crystallized following a similar method to that 
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described previously [24] (BCG 2 (BZ+)2 associ- 
ate was obtained at pH = 9). So, IR spectra of 
associates containing Q show an absorption peak 
at 2580 cm ~ being similar to that shown by Q 
hydrochloride which according to literature [25] is 
assigned to +NH (quinuclidine). Therefore, the 
nitrogen of associates of Q is guaternary and they 
are ion associates in agreement with that previ- 
ously discussed. The IR peak at 3480 cm-1 as- 
signed to O - H  in BCGH 2 or to B C G H -  
associates (KBr-disc) disappears in the BCG 2- 
(BZ+)2 spectrum suggesting the presence of 
BCG 2- in the species and, therefore, confirming 
that it is in nature an ion associate, also in 
agreement with that previously discussed. Identi- 
cal confirmation for associates nature containing 
Q was obtained by the ~H-NMR spectra since 
these associates presented peaks at 3.20 (quartet), 
2.03 (broad singlet) and 1.27 (broad triplet) ppm 
which are similar to those to the hydrogens of 
quinuclidine in Q hydrochloride [25]. This also 
suggests that the nitrogen of these associates is 
quaternary and that the hydrogen is completely 
transferred from the dye to Q. 

Vis-UV absorption peaks and molar absorp- 
tivities in CH2C12 of ternary associates 
(QH +BCG -H-Q, BZ +BCG -H-Q and 
BCG 2 (BZ+)2) are summarized in Table 3. 
These data justify the nature assigned to each and 
every of these species. Species QH +BCG -H-Q, 
BZ + B C G - - H - Q  have similar molar absorptivity 
but lower than that of BCG 2 anion (or BCG 2- 
(BZ+)2 species), therefore, they do not contain 
the BCG 2 anion; they have a hydrogen bond. 
Different absorption peaks of Q H + B C G  -H-Q 
and BZ + B C G - - H - Q  associates in Table 2 could 
be explained by the different nature of the cation 
(QH + or BZ +). When a more polar solvent is 

Table 3 
Visible absorption maxima, 2 ...... and molar absorptivities, e, 
of ternary associates in CH2CI 2 

Associate 2 ..... (nm) ¢(L.mol ~ c m  1) 

QH + BCG - -H-Q 547 26000 _+ 2000 
BZ + BCG - -H-Q 630 27000 + 3000 
BCG 2- (BZ+)2 630 52000 + 4000 

used (acetone or ethanol) absorption peak and 
molar absorptivity of QH + B C G - - H - Q  increases 
until it reaches that of the BCG 2 anion, in 
agreement with that in more polar solvents 
BCG 2 anion should be present. When this last 
experiment is carried out with BZ + B C G - - H - Q  
only molar absorptivity increases to reach that of 
the BCG 2 anion. Although species BZ +BCG - 
H-Q (a I:1:1 associate) is a HBC it has its peak at 
the same wavelength as the BCG 2- anion, so that 
their canonical resonance structures must contain 
both, BCG 2- anions and hydrogen bonds as 
shown in Scheme 1. Bottom left structure shows a 
BCG 2 anion and the other three structures show 
a HBC. This suggests that BZ + B C G - - H - Q  spe- 
cies is of complex nature. As %c~2- is approxi- 
mately equal to 2eBZBC~-H-Q' B Z + B C G - - H - Q  
species is mainly a HBC, although in a less pro- 
portion than QH +BCG -H-Q species whose ab- 
sorption peak and eQHBCG-H-O indicate a purer 
hydrogen bond. Species QH +BCG -H-Q is also 
of complex nature since its spectrum shows a 
shoulder at 630 nm in addition to the peaks at 415 
and 547 nm as it can be seen in Fig. 1B, however, 
it is in a much higher proportion than BZ ÷ 
B C G - - H - Q  species a HBC (their canonical reso- 
nance structures are similar to those in Scheme 1 
but substituting BZ + by QH +). Resonance hy- 
brid of the H-bonded structure of the two ternary 
associates could justify their particular physico- 
chemical properties as discussed before. An addi- 
tional and complementary explanation for the 
batho- and hyperchromicity of associates contain- 
ing BZ + against to those containing QH + (see 
Table 3) is that the substitution of BZ ÷ by QH + 
increases the planarity of the dye ring system as 
explained in the previous section. 

To obtain further information of the bond na- 
ture of ternary associates in Q H + B C G - - H - Q  
and B Z + B C G - H - Q  species their ~H-NMR 
spectra in CDC13 were recorded using TMS as an 
internal reference. Species were obtained in 
CDC13 by Eqs. (2) and (5). Peaks of hydrogens of 
quinuclidine in Q hydrochloride according to lit- 
erature [25] appear at 3.20 (quartet), 2.03 (broad 
singlet) and 1.27 (broad triplet) ppm and peaks of 
Q free base appear at 3.00 (quartet), 1.75 (broad 
singlet). Peaks of ternary associates, obtained by 
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Fig, 4, Visible absorption spectra of dichloromethane phase of 
after extracting 100 ml of aqueous phase at pH = 8.4 with 10 
ml of CH2Ch - (CH2C12 reference). (A) Aqueous phase: 
[ B C G H z ] = I . 5 x l 0  - 4  M, [BZ+C1 ] = 4 x 1 0  - 6  M and 
[Q] = 1.4 × 1 0  5 M. (B) [BCGH2]= 1.5 x 10 - 4  M and [Q]= 
1 .4x  10 ~ M. ( C ) [ B C G H j = I . 5 - 1 0  ~4 M and [BZ+C1 - ]  
= 4 x 1 0  ~ M. T = 2 9 3 . 1 6  K. 

Eqs. (2) and (5) at 283.16 K, to increase the 
formation of these associates (AH ° is negative), 
are close to those of Q hydrochloride suggesting 
that the amino nitrogen is almost quaternary so 
that a strong hydrogen bonding would probably 
be involved. 

3.4. Extraction (?[associates in 
dichloromethane/water systems and its relation 
with the process in each phases 

The present theory on extraction of  ternary 
associates [7,26-28] cannot explain the relation 
between the extraction process and the processes 
which occur in each phase. In the following dis- 
cussion an attempt will be made to deduce an 
equation which combines all the processes and to 
check it experimentally from our data and by the 
use of the data from literature. 

Absorption spectra of dichloromethane phase 
after extracting from an aqueous phase containing 
a binary mixture (BCGH2- Q or BCGH2-BZ+C1 - ) 
and a ternary mixture (BCGHz-BZ+C1--Q)  at 
pH = 8.4 (ionic strength =0.1)  are presented on 
Fig. 4. Curve 'C' on this figure, corresponding to 
the BCGH2-BZ-C1 binary mixture, shows two 
peaks with maxima at 415 and 630 nm. If extrac- 
tion of this mixture is carried out at pH = 4.7 then 
only absorption at 415 nm would be observed [1]. 

On the other hand, at pH = 12 only absorption at 
630 nm will appear [26]. Spectra of the 
dichloromethane phase at pH =4.7  and 12 are 
similar to those of the BCGH BZ + and 
BCG 2 (BZ +)~ species obtained in previous sec- 
tions. Therefore, curve 'C' in Fig. 4 corresponds 
to a mixture of the two species in the 
dichloromethane phase. Similarly, curve 'B" corre- 
sponds to a mixture of BCGH QH + and QH 
BCG -H-QH species. The spectrum 
corresponding to the ternary mixture on Fig. 4 
(curve 'A') is similar to that of the BZ ~ BCG - 
H-Q species (the 1:1:1 associate) obtained before, 
which indicates that curve 'A' corresponds to this 
species. Therefore, species obtained by extraction 
can also be obtained by reaction in a single 
dichloromethane phase. This, last method makes 
it study easier. For example, our work confirms a 
1:1:1 stoichiometry for associate extracted from 
ternary mixture (curve 'A') which was unclear 
from other extraction studies [7]. Although stoi- 
chiometry of associates in binary extraction stud- 
ies was clear, this one is confirmed again in this 
paper by study in a single dichloromethane phase. 
The nature and structure of associates is also 
described better by this method as shown in the 
previous sections. Other advantages of studying 
associates in a single organic phase will be shown 
later. 

The extraction constant for the Q, E,)., in the 
partition experiment could be defined by Eq. (8): 

E() = [Q]org[H + I/[QH + ] = k,,(Q,Kc),,, (8) 

b e i n g  [Q]o~g the Q concentration in organic phase, 
[H +] and [QH ~] are the concentrations of those 
species in aqueous phase in a partition experiment 
using only Q. The extraction constant. E~), is a 
true constant since it can also be written as the 
product kd{Q)KQH +,  being Kc) H + the second disso- 
ciation constant acid in water, w. for Q (K~). ~ = 
[Q],~[H + ]/[QH " ]) and kd(¢), its partition 
coefficient defined by kd(Q~ = [Q],,rg/[Q],,.. There- 
fore, extraction constant, E~), represents a global 
constant of the two processes. As in literature the 
product k,~¢Q~K~)H+ (equal to EQ) is 10 ¢~' tool × 
1 ' in the dichloromethane/water system [2]; ex- 
periments of partition with only guinine were not 
necessary to be carried out. 
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The extraction constant of the BCGH BZ + 
ion pair, EBCOnBZ, could be written by Eq.: 

EBconBz = [BCGH - QH + ]org/[BCGH - ][BZ + ] 
(9) 

where [BCGH BZ+]org is the concentration of  
the ion pair in organic phase, [ B C G H - ]  and 
[BZ+] are the concentrations of  these species in 
aqueous phase. The EBCGHBZ value was deter- 
mined by partition experiments in 
dichloromethane/water systems containing dye 
and BZ + C1- at various pH from 5 to 7, accord- 
ing to Schill method described for Bromothymol 
Blue [2]. The value obtained was 10 8.96 1 x mol 1 

Extraction constants for ternary associates 
(QH +BCG -H-Q, BZ +BCG -H-Q and 
BCGZ 2- (BZ +)2) into a two phase system would 
be 

[QH + BCG - H - Q]org (10) 
EQHBCG-- n Q --  [ B C G  2 ][QH +]2 

[BZ + BCG - H - -  O]org (1 1) 
E~ZBCO-H Q-- [BCG 2 ][BZ+][QH+ ] 

[ BGC2 ( Bz+  )2]org (12) 
EBCG(BZ): = [BCG 2_ ][BZ + ]2 

where []org is the concentration of  the associate in 
organic phase and [] is the concentration of  the 
species in aqueous phase. A very useful decompo- 
sition for EBZBCG.H. o is given by the following 
equation: 

- -  - 1  

EBZBCG--H Q - - E B c G H B z E Q K B z B C G  n Q K B c G H - -  

(13) 

where  Kffc~n - (Kffc~n -- = [ B C G H  ] / [BCG 2 ] 
[H+]) is the inverse of  the second dissociation 
acid constant of BCGH 2 which is [23] 104.66 

mol × 1- 1. Eq. (13) is obviously satisfied since it 
really corresponds to a decomposition of the ex- 
traction constant, which must be considered the 
global constant of all processes into the two 
phases. Eq. (13) shows the important and quanti- 
tative relation between the extraction process of 
the 1:1:1 ternary associate and that of association 
(KBzBCC-H-Q) which was studied in a previous 
section. By this equation EBZBCG_H_QH wasl01247 
1 × mol-~.  An approximate calculation for 

EQHBCG_H_ Q and EBCG(BZ)2 from data on Fig. 4 
leads to, 101°81 and 104.04 l x mol 1. Therefore, 

EBZBCC-H-QH > EHBCC,-H-Q > EBCC,(BZI~" Eq. (1 3) 
can be generalized for any dye (DH2), amine (A) 
and QAC as shown in Eq. (14), which will be 
discussed in the next section. 

EQACD - H - -  A -- - - -  E D H Q A c E A K Q A c D  n - QKD 1 - -  
(14) 

3.5. Analytical applications. The high 
extractability and selectivity of I:1:1 associates 
containing Q 

In the following discussion an attempt will be 
made to explain different extractabilities of the 
ternary associates from a qualitative point of view 
by the use of theories from literature and from a 
quantitative point of view by the Eq. (14) deduced 
before. 

High extractability of  BZ +BCG -H-Q species 
in comparison with the other ones in Fig. 4 for 
the ternary mixture at pH = 8.4 is the great ana- 
lytical interest and can be explained by three 
factors. The first one is the high pH level at which 
the divalent anion, BCG 2 , will be present in the 
aqueous phase, so that extraction of associates of 
BCGH (yellow associates) must be poor as 
shown in this figure and discussed in the last 
section. The second one, the different nature of 
the ternary associates (QH + BCG -H-Q, 
BZ + B C G - - H - Q  and BCG 2 (BZ +)2 species) 
which justifies that EBcc~i~z)~ value and therefore 
extractability of BCG 2 - (BZ+)2 species is the 
lowest of the three ternary associates. So, 
BCG 2 (BZ +)2 species is in nature an ion associ- 
ate of  a divalent anion, therefore less extractable 
than QH + BCG -H-Q and BZ + BCG -H-Q spe- 
cies, in which the dye acts almost as monovalent 
(BCG -H-Q) due to the hydrogen bridge with Q. 
Associates of  a divalent anion are less extractable 
because they attach strongly water molecules by 
their two charges in the aqueous phase which 
must be released after neutralization with the two 
cations. The release of  water molecules and ex- 
traction of the ion-associate is easier with a mono- 
valent anion since water molecules are more 
weakly attached in this last case [6]. The third 
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factor, is the different cation in QH + BCG -H-Q 
and BZ +BCG -H-Q species which must justify 
that EBZBCG-H-QH > EQHBCG-H-Q, since they have 
the same anion (BCG -H-Q). So, in benzetho- 
nium cation, BZ +, water molecules can not ap- 
proach the cationic nitrogen, because the nitrogen 
atom is surrounded by bulky groups therefore, 
according to literature this kind of cation will 
show high ion-associability and its ion associate 
with univalent anion (BCG--H-Q)  will be easily 
extracted. On the other hand, in protonated Q, 
QH +, the charge is jutting out into water and is 
slightly hydrated which will hinder the extraction 
of its ion associate with the anion BCG -H-Q. 
This exphfins that extractability of BZ + BCG -H-Q 
be higher than Q H + B C G  -H-Q and conse- 
quently EBZI~{_7(i_H.Q>EQHBCG_H_ Q. Moreover, at 
pH = 8.4 (Fig. 4), extraction of QH + BCG -H-Q 
species is difficult because [QH +] will be low in 
aqueous phase (PK~H+ = 8.3) and, in Eq. (10), 
[QH + BCG -H-Q] depends on [QH+] 2. 

Eq. (13) or Eq. (14) is the fundamental equa- 
tion for extraction of any l'l" 1 associate. It shows 
that if the same dye and amine are used (for 
example BCGH 2 and Q); extraction of 1:1:1 spe- 
cies is mainly based on the high extractability of 
the ammonium cation (high EBCGHQAc-Value) and 
on the strength of the hydrogen bond between the 
second proton of the dye and amine (KQAcBCG_H_ o 
-value in this example) since the product 
EQKBc,'~m in Eq. (14) (A is Q and D is BCGH2) 
is identical for all the QAC. In the lower part in 
Table 2 are given E~CC~HOAC (obtained in similar 
way to E~c~HUZ), and KQACBCG_H_ Q and, from 
these constants, EQACBCG.H_ Q values were com- 
puted by Eq. (14) using different QAC. The low 
EOAC~CC;_H_ o values, except when Benzethonium 
was used, indicated that extraction of ammonium 
ions of short chains as 1:1:1 associates is negligi- 
ble. On the other hand, in the upper part in Table 
2, extraction constants, EUZBC'~-H-A, for different 
amines using Benzethonium and BCGH2 were 
also calculated by Eq. (14) (EA and KUZBC(>H_ A 
determined by the same method given for Q in 
previous sections). The low values of EBZBCG_H_ A 

indicate that extraction of amines as 1:1:1 associ- 
ates must be negligible except when Q is used. 
Both, not interference of amines and QAC were 

experimentally confirmed because spectrum of 
ternary mixture on Fig. 4 did not change after 
addition of amines and ammonium ions of Table 
2 in the usual concentration ranges of the analyti- 
cal methods. These results show why using Q high 
extractability and selectivity of 1"1"1 species con- 
taining benzethonium is obtained and they also 
explain why benzethonium could be quantitative 
determined using the two phase method without 
interference of some other amines and QAC [7]. 
This analytical method for QAC, based on extrac- 
tion of a 1:1:1 species, is very important because 
of its enhanced selectivity since this is the main 
problem of this type of analytical methods in the 
literature [28- 30]. 

As before mentioned, according to Eq. (14) if 
BCGH2 is used, high extractability ot' an 1:1:1 
species is based on high values for KQA(-I~C~.;_~I_A ' 

and EA = kd~A~KAu+. Q provides the best values 
for the three constants because Q with low 
PKoH. (high K~) n +) has a high capacity to form 
hydrogen bridges (high KOHI~C~;_H_ ~ or 
KUZBC(}_H_ ~ values) having, moreover, a high kd~Q~ 
(Table 2). In Table 2, tropine (PKAH + = 11.73) 
has a higher KAHBCG-H-A value than Q but its 
PKAH+ is much higher and its kac,x~ is lower so 
that, taken into account Eq. (14), its l : l : l  ternary 
associate will not be extracted (see in Table 2 its 
low EI~ZBCG H A-Value). Although in the future 
other amine with better values of the three con- 
stant than Q could be found, extraction of its 
1:1:1 associate will not be selective among QAC 
of similar extractability (as for example Benzalko- 
nium or tetrapentylammonium) because accord- 
ing to Eq. (14), EQACI~-H-A will be similar with 
similar ammonium compounds. This limitation is 
inherent to the procedure of determination of 
QAC based on extraction of a 1:1:1 associate 
using any amine and dye. Consequently, although 
by this method the selectivity is enhanced, it 
presents the general limitation of the analytical 
methods based on the extraction of ion associates. 

Finally, Eq. (14) also permits to study other 
dyes, moreover BCGH,._ But when K~u-~ in- 
creases, KBZt,-H-A decreases and conversely; so 
that, according to Eq. (14), other dyes do not 
improve much the quantitative determination of 
Benzethonium (or other ions of similar ex- 
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tractability, such as Benzalkonium or Berberine) 
with BCGH2. This result has been shown experi- 
mentally in extraction studies with other  dyes [28]. 

4. Conclusions 

Identical associates o f  a dye, a m m o n i u m  salt 
and guinine can be obtained by association reac- 
tions in a single d ichloromethane phase as by 
extraction in a d ichloromethane/water  two phase 
system. Nature  and physicochemical  properties o f  
associates are described better f rom studies o f  
association reactions in the extraction solvent as a 
single phase. A new method  to study associates in 
ternary mixtures in a single d ichloromethane 
phase is put  forward and it can be used for the 
dye-amine-ammonium salt system. After mixing 
in dichloromethane BCGH2,  Benzethonium chlo- 
ride (BZ + C1 -) and Q five associates can be gen- 
erated: B C G H  Q H  +, B C G H -  BZ +, 
B C G  2 (BZ +)2, Q H  + B C G  -H-Q and 
BZ + B C G - - H - Q  (the 1:1:1 associate). The spec- 
t rophotometr ic  properties (Vis-UV, IR, ~H- 
N M R )  suggest that  the first three associates are 
ion associates in nature while the two last ones 
present a hydrogen bridge. All the associates are 
in nature resonance hybrids which justifies the 
high values o f  the equilibrium constants  and ther- 
modynamic  parameters  o f  associates containing a 
hydrogen bonding. Extract ion in a two phase 
system must  be considered a global process o f  the 
processes which occur  in each o f  the phases. A 
new and fundamental  equat ion can be deduced to 
govern quantitatively the relation o f  the global 
process into the two phase system with the pro- 
cesses in each o f  the two phases. This equat ion 
suggests that  extraction o f  a 1:1:1 associate (for 
example B Z + B C G - - H - Q  species) is primarily 
based on the high ion associability o f  the Q A C  
(measured for its EBCC, HBZ-Value) and secondarily 
it is based on the high capaci ty to form hydrogen 
bond  of  the amine (its KQACDm_A-Value) with a 
not  too high value o f  its dissociation constant  in 
water (pKQH + = 8.3). As Q and Benzethonium 
have the best values o f  those constants,  its 1:1:1 
associate is selective against the Q A C  of  short  
hydrophobic  chains (low ion associability) and 

amines in general. However,  extraction o f  this 
1:1:1 associate is not  selective a m o n g  Q A C  of  
similar hydrophobic  chains. This is the classic 
limitation o f  the known analytical methods  based 
on extraction o f  ion associates which the 1:1:1 
method  will not  be able to surpass a l though in the 
future other  amine with higher capacity to form 
hydrogen bridges than Q could appear. 
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Abstract 

A quick and very sensitive method is proposed for the determination of the insecticide carbaryl, following 
transformation in 1-naphthol, using solid-phase fluorescence excited by a pulsed nitrogen laser and detected with a 
charge-coupled device. Carbaryl is hydrolized in an alkaline medium resulting in 1-naphthol. This hydrolysis product 
is fixed on QAE Sephadex A-25 gel at pH 11.20. The fluorescence of the gel, packed in a 1 mm silica cell, was 
measured directly using a solid-surface attachment. The detection limit obtained was 1.8 ng. A recovery study was 
carried out on several types of water samples to check the efficiency of the method. The results obtained are compared 
with data published in a previous paper where the LS-50 spectrofluorimeter was used. The detection and quantifica- 
tion limits are improved here by an order of magnitude. © 1997 Elsevier Science B.V. 

Keywords: Carbaryl; Solid-phase laser-induced fluorescence; Water analysis 

1. Introduction 

Carbaryl (1-naphthyl-N-methylcarbamate) is 
one of the major  active ingredients of  widely 
applicable insecticides [1-3]. Along with its rela- 
tively short half-life various studies have indicated 
that both carbaryl and its hydrolysis product 1- 
naphthol may cause toxic effects by the inhibition 
of the enzyme cholinesterase and by their terato- 
genic character [4-6]. Consequently, the determi- 
nation of carbaryl residues in natural water is 
clearly important.  Various methods have been 
proposed for its determination in formulations, 

* Corresponding author. 

crops, waters and soils. They usually involve a 
chromatographic separation, such as TLC [7,8], 
GC [9,10] or HPLC [11-17], in order to avoid 
matrix interferences. 

Molecular luminescence techniques provide 
very sensitive methods of analysis and several 
spectrofluorimetric methods have been proposed 
for carbaryl determination based on its native 
fluorescence [18 21]. 

The use of  lasers as sources in molecular lu- 
minescence has several potential advantages over 
traditional non-coherent light sources [22]. Since 
the radiance of a laser is greater than that of the 
traditional blackbody sources, laser excitation in- 
creases the sensitivity of  fluorometric methods, 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02089-9 



444 M. del Olmo et a l . /  Talanta 44 (1997) 443 449 

and often improves the observed limits of  detec- 
tion [23]. With increasing source intensity, and the 
onset of saturation, an increased linear dynamic 
range and freedom from quenching effects can be 
observed. In addition, the narrow spectral width 
of the laser source results in slightly narrower 
fluorescence peaks and, therefore, in higher selec- 
tivity. Recent advantages in charge-coupled device 
(CCD) image detector technology have brought 
its application to analytical spectroscopy because 
they offer negligible dark current, high quantum 
efficiency, low readout noise, wide dynamic range, 
and the ability to bind photogenerated charge 
from multiple pixels [24-26]. CCDs are thus, the 
detectors of  choice, in particular if the multiplex 
advantage can be fully exploited. This results in 
lower limits of detection, more rapid analysis, the 
opportunity to use lower power and less expensive 
lasers. 

In this paper, we demonstrate the versatility of 
the solid-phase fluorescence method [27] by apply- 
ing a pulsed nitrogen laser as the excitation source 
and a charge-coupled device camera for the 
fluorescence detection of carbaryl, via transforma- 
tion in 1-naphthol, in natural waters. The solid- 
phase fluorescence combines the direct 
measurement of  solid-surface signal using a small 
amount of  a suitable solid support to preconcen- 
trate the analyte. The results obtained are com- 
pared with data reported in our previous paper 
[28], where a LS-50 spectrofluorimeter was used. 

2. Experimental 

2.1. I n s t r u m e n t a t i o n  

Fig. 1 shows a block diagram of  the system 
setup. A pulsed nitrogen laser (Laser Photonics, 
model UV-12, wavelength 337.1 nm, pulse dura- 
tion 10 ns) was used to irradiate the sample at 
room temperature in air at atmospheric pressure. 
The laser was focused onto the sample with a 
quartz planoconvex lens with a focal length of 
f - 4 5  ram. The laser energy measured on the 
sample surface by using an energy-meter Gentec 
was 2 mJ. Fluorescence was collected onto the 
entrance slit of  a triple indexable grating spec- 

trograph (Acton Research Corporation, model 
SpectraPro 275, Czerny-Tuner; F/3.8), fitted with 
classically ruled gratings of  300, 600 and 1800 
grooves/mm. Optical collection was performed 
with a glass biconvex lens with focal length of 10 
cm. The spectrometer entrance slit was 15 mm 
high by 20 ~tm wide. The area of the spot of  laser 
radiation illuminating the sample was 900 x 100 
1.12 measured by using a 6X JUNIOR SIZE COM- 
PARATOR magnifying glass equipped with a 
micrometric scale. A solid-state two-dimensional 
charge-coupled device (CCD) (EG&G PAR, 
Thomson CSF, THX-31195A) was used to detect 
the fluorescence. The CCD consists of 512 x 512 
elements each being 19 ~tm x 19 ~tm. The active 
area is 9.7 mm x 9.7 ram. The CCD was cooled to 
- 6 0 ° C  by a Peltier system. When cooled to - 
60°C, this detector exhibits a dark current of 10 
photoelectrons pixel-  J s -  1 and a readout noise of 
4 - 5  electrons per scan. For  data acquisition, the 
CCD system was optically triggered with a beam 
deflected from the laser and a fast photodiode. 
Operation of the detector was controlled by a 
personal computer with Optical Multichannel An- 
alyzer (OMA) Spec 4000 software. The spectro- 
meter is connected to the controlling PC by a 
conventional IEEE-488 general-purpose interface 
bus (GPIB). 

For  comparison to the proposed system, a com- 
mercial spectrofluorimeter was also used, the 
Perkin Elmer Model LS-50 equipped with a 
Xenon discharge lamp (20 kW), Monk-Gillieson 
monochromators,  a Quantic Rhodamine 101 

Fig. 1. Schematic diagram of the system setup. (l) Nitrogen 
laser (wavelength 337.1 nm, pulse duration 10 ns); (2) pulse 
generator; (3) spectrograph control; (4) photodiode; (5) am- 
plifier; (6) charge coupled device (CCD); (7) triple indexabIe 
grating spectrograph with 300, 600 and 1800 grooves mm- 
blaced at 600 nm; (8) mirrors; (9) planoconvex lens; and (10) 
two motorized linear stage. 
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counter to correct the excitation spectra and a 
Gated photomultiplier. The luminescence spec- 
trometer was interfaced with a Mitac MPC 
3000F-386 microcomputer supplied with FL Data 
Manager software for spectral acquisition. The 
excitation and emission slits were both maintained 
at 2.5 nm. The scan rate of the monochromators 
was maintained at 240 n m - m i n -  

A Crison 501 digital pH-meter with saturated 
calomel and glass electrodes and an Agitaser 2000 
rotating agitator were also used. 

2.2. Reagents 

All reagents were of analytical-reagent grade 
unless stated otherwise. Stock solutions of Car- 
baryl (Riedel-de Hafin) and 1-Naphthol (Merck) 
with a concentration of 100 mg. l -~  were pre- 
pared by exact weighing of the reagent and disso- 
lution in ethanol 96% (v/v) (Panreac). Working 
solutions were prepared by adequate dilution with 
deionized water. These solutions were stored in a 
dark bottle at 4°C remaining stable for at least 6 
months. 

QAE Sephadex A-25 dextran type anion-ex- 
change gel (Sigma) was used in the chloride form 
and without pre-treatment in order to avoid con- 
tamination. 

silica cell together with a small volume of the 
filtrate with the aid of  a pipette. A blank solution 
containing all the reagents except carbaryl was 
prepared and treated in the same way as described 
above. 

For each concentration of analyte, ten scans 
were taken, and the average of the peak heights 
was used in the calibration curve. 

The measured relative fluorescence intensity 
(RFI) of the gel beads containing the fluorescent 
product was the diffuse transmitted fluorescence 
(DTF) emitted from the gel at the unexcited sur- 
face of the cell. The optimum angle formed be- 
tween the cell plane and the excitation beam was 
45 ° in all instances [27]. 

2.5. Procedure fi)r water samples 

A volume of natural water sample containing 
an adequate amount of carbaryl was levelled off 
to 500 ml with deionized water, placed in a glass 
bottle and 10 ml of 0.1 M NaOH solution and 
100 mg of QAE Sephadex A-25 gel were added. 
The mixture was shaken mechanically for 10 rain 
and then treated as described under Basic Proce- 
dure. The standard addition method was used for 
calibration purposes. 

2.3. Treatment oi c water samples 3. Results and discussion 

Water samples were filtered through a cellulose 
acetate filter ((I,45 lam pore size, Millipore HAWP 
04700) and collected in dark glass bottles previ- 
ously cleaned with hydrochloric acid and washed 
with deionized water. The samples were stored at 
4°C until analysis which was performed with the 
minimum possible delay [29]. 

2.4. Basic procedure Jot analyzing carbaryl 

A 500 ml water sample containing between 0.07 
and 40.0 ~tg. 1 - J of carbaryl was transferred into a 
glass bottle, and 10 ml of 0.1 M NaOH solution 
and 100 mg of QAE Sephadex A-25 gel were also 
added. The mixture was shaken mechanically for 
10 min after which the gel beads were collected by 
filtration under suction and packed in a 1 mm 

3.1. Spectral characteristics 

Fig. 2 compares the emission spectra of the 
carbaryl hydrolized-gel system taken with (a) the 
LS-50 spectrofluorimeter and (b) the pulsed nitro- 
gen laser system. The excitation wavelength of 
337.1 nm provided by the nitrogen laser is very 
close to the excitation maximum of the system 
located at 333 nm when the LS-50 spec- 
trofluorimeter is used. 

The differences between the spectra are worth 
noting. While in the Fig. 2a the emission maxi- 
mum wavelength is located at 450 nm, the spec- 
trum obtained with laser excitation (Fig. 2b) 
shows a shoulder at this position, but the maxi- 
mum emission is now at 485 nm. This spectral 
shape is very similar to the phosphorescent signal 
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Fig. 2. Emission spectra of carbaryl hydrolized-gel system taken with (a) the LS-50 spectrofluorimeter maintaining an excitation 
wavelength of 333 nm and (b) the pulsed nitrogen laser system. 

emitted by carbaryl and 1-naphthol using What- 
man N°I chromatography paper as the solid sup- 
port [30]; however, these two compounds, in the 
absence of  a heavy atom, show another maximum 
phosphorescent emission at room temperature lo- 
cated at 515 nm. 

From a study of the half-life of  the excited state 
of  the system in the solid phase, it was concluded 
that the luminescence process was fluorescence 
because T is lower than 10 ns, i.e., the pulse 
duration. Campligia et al. found phosphorescence 
lifetime values of 1185 + 121 and 1083 + 267 ms 
for carbaryl and 1-naphtol fixed on chromato- 
graphic paper in the absence of  a heavy atom. 

3.2. Exper imental  variables 

As we reported in a previous paper [28], car- 
baryl shows native fluorescence in neutral and 
acidic media but, is not fixed on QAE Sephadex 
A-25 at pH values lower than 8.0. Its hydrolysis 
product, 1-naphthol, exhibits fluorescence in basic 
media only, and is quantitatively fixed on QAE- 
gel at pH higher than 11.0, showing fluorescence 
with excitation and emission maxima at 333 nm 
and 450 nm, respectively. 

The optimum pH for the simultaneous hydroly- 
sis and fixation of the carbaryl was found to be 
11.20 fixed with an adequate volume of  NaOH 0.1 
M solution. 

The fluorescence intensity was shown to be 
independent of  the ionic strength, adjusted with 
NaOH, NaC1 and NaCIO4 up to 1.5 10 -4 M. 

The shaking time necessary for maximum RFI  
development (with the hydrolysis step and fixation 
in the gel phase taking place simultaneously) was 
10 min, remaining constant thereafter. 

The addition order of  the reagents did not 
affect the results obtained. The order used was 
carbaryl, buffer and gel. 

As the use of  a large amount of the gel lowered 
the RFI, only the amount required to fill the cell 
and facilitate handling the 100 mg was used in all 
measurements. 

With regard to the stability of  the QAE-car- 
baryl hydrolized system, Fig. 3 shows different 
spectra of the same sample taken at intervals of 
10 rain. The sample was constantly irradiated. 
The fluorescence emitted remained constant for at 
least 1.5 hours regardless of  the radiation re- 
ceived. 

3.3. Analyt ical  parameters  

The calibration graphs for samples treated ac- 
cording to the procedure described above are 
linear for the concentration range 0.07-40.0 
~tg. 1 - ~ for a 500 ml sample volume. To check the 
linearity of  the calibration standard, the lack-of-fit 
test [31] was applied for ten replicates of  each 
standard. 
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Fig. 3. Spectra of QAE-carbaryl hydrolized system taken at 
intervals of 10 min. 

Table 1 shows the results obtained for the 
analytical parameters of the proposed method and 
those obtained previously by using a commercial 
LS-50 spectrofluorimeter. The precision deter- 
mined as relative standard deviation (RSD) was 
measured for a carbaryl concentration of  10 and 
30 gg-1 1, respectively, for each excitation sys- 
tem, by performing ten independent determina- 
tions. 

The IUPAC detection limit ( K =  3) and the 
quantification limit ( K =  10) were calculated for 
500 ml sample volume (Table 1) through 10 indi- 
vidual samples prepared according to the proce- 

Table I 
Analytical parameters obtained with a commercial spec- 
trofluorimeter (Perkin Elmer LS-50) and the laser system 

Parameters Values found 

Laser system LS-50 commercial 

SIope( l .pg  ~) 651.97 6.93 
Correlation coefficient 0.999 0.998 
Lack-of-fit test (P- 0.22 - -  

value) 
Linear Dynamic 0.07 40.0 0.4-60.0 

Range (gg-I ~) 
LOD" (p.g-1 t) 0.02 0.1 
LOD (ng) 1.8 - -  
LOQ b (~tg.l ~) 0.07 0.4 
RSD (%) 2.4 0.9 

a Limit of detection. 
b Limit of quantification. 

dure without analyte in both cases. The detection 
limits are given in bulk concentration and amount 
of analyte in laser probe volume for the laser 
system. 

It is worthy of note that the detection and 
quantification limits obtained in this case are one 
order of magnitude below those found with the 
LS-50 spectrofluorimeter. 

4. Applications to real samples 

We tried to find carbaryl in ground water from 
the Santa Maria farm located near Granada and 
tap water from the city's supply but we did not 
find this insecticide above our DL. 

To check the accuracy of the proposed method, 
a recovery study was carried out on various types 
of sample waters. The volume of water used was 
500 ml in all instances and three determinations 
were required for each sample tested. Table 2 
summarizes the values obtained. In all instances 
the values found were close to 100%. 

Validation of the proposed method for natural 
water was also carried out, through a standard 
addition of carbaryl to the different types of water 
samples. The t-test was applied to check the simi- 
larity between the representative values of  the 
slope of standard calibration and standard addi- 
tion calibration obtained by standard additions of 
carbaryl to natural water samples. The statistics 
used [32] is calculated with the following equa- 
tion: 

t (b)  : b ,l 

1 1 
Sp -} 

- -  - -  2 (c,.s C~) ~(c,.A CA) 2 
In this equation, b A and bs are the slopes of  
standard addition calibration (AC) and standard 
calibration (SC), respectively; s~ represents the 
regression standard deviation of SC: Ci.A and CA 
the concentration of added standard set used in 
AC and the average concentration of this set; and 
q.s and (2 s the concentration of standard set used 
in SC and the average concentration of the same 
set. 
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Table 2 
Recovery assays of carbaryl in water samples 

Water Added (/ag-1 i) Found" (~tg.l-1) Recovery (%) RSD (%) 

Tap (Granada City) 1.0 0.95 95.0 2.0 
10.0 10.74 107.4 1.5 
20.0 19.50 97.5 2.8 
40.0 38.91 97.3 0.9 

Ground (Santa Maria Farm) 1.0 1.07 107.0 3.2 
10.0 10.85 108.5 1.4 
20.0 19.16 95.8 2.7 
40.0 41.03 102.6 2.9 

" Mean of three independent determinations. 

The null hypothesis is accepted for a signifi- 
cance level (P value) greater than 10% (the usual 
value of 5% should not be used because this test is 
excessively robust). The Student's t and P values 
calculated were 0.652 and 52.6% for ground water 
and 0.754 and 46.5% for tap water, respectively. 
In both cases, P > 10%; thus, we may conclude 
that there are no matrix effects and the method is 
accurate. 

As already reported in the previous paper and 
subsequently tested following the proposed 
method, the usual levels of the different ions 
present in the waters sampled do not interfere 
with carbaryl recovery. The usual chlorine level in 
local tap water (0.6 ng-ml -~) did not produce 
any interference either. 
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Abstract 

Colloid flotation of zinc from flesh water with a combination of two collectors, hydrated iron(Ill) oxide 
(Fe203'xH20) and iron(III) tetramethylenedithiocarbamate (Fe(TMDTC)3), permits rapid separation of the precipi- 
tate before its atomic absorption spectrometric (AAS) analysis. All important parameters necessary for the successful 
flotation like optimal mass of collectors, pH of the medium, electrokinetic potential of the collector particle surfaces, 
type of tenside, induction time etc., were checked. At the optimal pH value of medium (5.5) establishing by 
recommended procedure, zinc was separated quantitatively (97.4-98.8%) with 5 mg Fe(III) as constitutive element of 
the two collectors used. The content of zinc was determined by flame atomic absorption spectrometry (FAAS). These 
results were compared with the results obtained by inductively coupled plasma--atomic emission spectrometry 
(ICP-AES). The FAAS detection limit for zinc is 9.4 lag 1 1. The proposed method is simple, rapid and applicable 
to the zinc separation at lag 1-~ levels from a large volume of water. © 1997 Elsevier Science B.V. 

Kevwords: Determination: Flame atomic absorption spectrometry; Precipitate flotation; Zinc 

I. Introduction 

In the recent years there has been an increased 
interest in the separation of trace heavy metals 
from large volumes of dilute aqueous solution by 
flotation techniques [1-10]. These techniques were 
developed to extend the range of analysis to trace 
concentration of heavy metals in natural waters 
by divers instrumental methods which follow the 

* Corresponding author. 

flotation [1-3]. There are reports of  zinc separa- 
tion by colloid precipitate flotation using hydrated 
metal oxides like Fe203-xH20 or A1203.xH20 as 
collectors [1 5] or by ion flotation with divers 
dithiocarbamates [6,8]. This paper is the first at- 
tempt for flame atomic absorption spectrometry 
(FAAS) determination of  zinc after its preconcen- 
tration by colloid precipitate flotation using a 
combination of two colloid collectors 
Fe203.xH20 and Fe(TMDTC)3. The same combi- 
nation of collectors have been applied [9] for 
separation of several metals from sea water using 
neutron activation, but not for zinc. The necessity 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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of  the first induction time [1,10] for a coprecipitation 
step of  flotation with Fe20 3 • xH20 as first collector 
was investigated. The improvement of the zinc 
preconcentration by using Fe(TMDTC)3 as second 
collector was studied. The method developed is 
simple, rapid (need about 30 min) and applicable 
for Zn determination from a large volume of fresh 
water. This method can be compared with differen- 
tial pulse anodic stripping voltammeter (DPASV) 
with hanging mercury electrode or mercury film 
electrode which achieve detection limits for zinc (1 
pg 1 ~ or less) and need short analysing time (about 
15 min) [11-13]. 

2. Experimental 

2. I. Apparatus 

Apparatus employed in this work have been 
previously described [10]. For  AAS measurements 
an air-acetylene flame was applied. The Zn Perkin-  
Elmer hollow cathode lamp was used as a primary 
source. Instrumental parameters are shown in Table 
1. Inductively coupled plasma-atomic emission 
spectrometric measurements (ICP-AES) were per- 
formed by Varian spectrometer Model Liberty 110. 
The flotation cell used to carry out the preconcen- 
tration was a glass cylinder (4 x 105 cm) with a 
sintered glass disc (porosity No. 4) at the bottom 
to generate air bubbling. 

2.2. Reagents and standards 

All chemicals used for preparation of solutions, 
were of an analytical-reagent grade except for 
sodium dodecylsulfate (NaDDS) and sodium oleate 
(NaOL). The aqueous solutions were prepared in 
redistilled water. 

Table 1 
Optimal instrumental parameters for FAAS determination of 
Zn 

Wavelength 213.8 nm 
Spectral bandpass 2.0 nm 
Lamp current 15.0 mA 

Stock solution of Zn was made from 
ZnSO4.7H20 as 1 mg ml ~ solution. Before each 
investigation standard solutions were freshly pre- 
pared by diluting this stock solution. The stock 
solution of FeC13 (30 g 1- ~) was made in the same 
way, as previously described [10]. Series of  stan- 
dards with concentrations of Fe ranging from 2.5 
to 100 mg ml - ~ were obtained by dilution this Fe 
stock solution. The diluted standards of Zn and Fe 
serve to investigate the optimal conditions for 
performing the flotation procedure, to obtain data 
for construction the calibration curve (concentra- 
tion absorbance) and for the method of  standard 
additions of the natural water analysis. By dissolv- 
ing an appropriate quantity of ammonium te- 
tramethylenedithiocarbamate (NH4TMDTC) in 
water the stock solution was prepared as 
0.1 tool 1 1. Before each flotation the solution of 
NH4TMDTC was filtered. The 0.5% solutions of 
tensides used were prepared by dissolving appropri- 
ate amounts of  NaDDS and NaOL in 95% ethanol. 
The pH of  the working solutions was regulated by 
0.1 mol 1 -~ solution of HNO3 and 2.5 and 10% 
solutions of KOH. Solution of KCI (c = 3.57 mol 
1-J) was used to adjust the ionic strength. 

2.3. Flotation procedure 

The recommended flotation procedure is for clear 
and uncontaminated fresh water. The investigated 
samples were tap water from the city of  Skopje and 
water from the lake of  Ohrid. Immediately after the 
sampling, the lake waters were filtered trough a 
membrane filter (0.5 mm width of  pores) to remove 
the lake plankton. The tap water was not filtered. 
To prevent the possible hydrolytic precipitation a 
few ml of  conc. H N O  3 had to be added to 1 1 of  
natural water. The pH had to be ca. 2.8-3. 

An acidified water sample (1 1) was placed in 
1000 ml beaker. After adding 6 ml of KC1 and 1 
ml of 5 mg m l - J  of  the FeC13 solution, the pH 
was adjusted to 5.5 with a solution of KOH (2.5 
or 10%). The yellow-brown precipitate was stirred 
5 min (a first induction time). Then to the solution 
with precipitate of Fe203"XH20, 2 ml of 
NH4TMDTC solution were added. The precipi- 
tate changed its colour to black Fe(TMDTC)3. 
After stirring of 15 min (a second induction time), 
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0.6 ml of NaDDS and NaOL alcoholic solutions 
were added and the contents of the beaker were 
transferred quantitatively into the flotation cell 
with the small portion of 0.1 mol 1 l NH4NO3 ' 
Air (50 ml min ~) was passed from the perforated 
bottom of  the cell for 2 -3  min. Then, the glass 
pipette-tube was immersed into the cell through 
the foam layer and the water phase was sucked 
oft'. Hot  65% HNO3 solution (10 ml) was added 
to the cell to destroy the scum. The solution was 
sucked off and collected in a volumetric flask of 
25 ml. The cell and the pipette-tube were washed 
with 4 tool 1-~ HNO3 solution. The flask was 
filled up to the mark with the same solution and 
the sample was ready for FAAS measurements. 

To obtain the optimal experimental parameters, 
like collector mass, medium pH, type of tenside, 
ionic strength, induction time, for zinc standard 
solutions of this colligend were treated by the 
flotation procedure and then they were tested by 
FAAS. 

Table 2 
The values of the Zn flotation recovery dependence on the 
iron(Ill) mass coprecipitating with F%O).xH20 in the pres- 
ence of 0.02 mol 1 -~ KC1 at pH 5.5 

Sample 7(Fe) mgl-~ Recovery (%1 
number 

7(Zn) = 1 ;'(Zn) = 2 
lagml ~ lag ml t 

1 2.5 30.44 22.17 
2 5.0 37.49 27.95 
3 l0 40.29 29.92 
4 20 41.00 32.97 
5 30 46.00 34.38 
6 40 52.53 36.38 
7 60 60.44 41.88 
8 80 59.80 52.71 
9 100 60.03 56.95 

3.2. Effect of the Fe(llI) 
tetramethylenedithiocarbamate mass on Zn 
recoveries 

3. Results and discussion 

3.1. Coprecipitation with hydrated iron(III) oxide 

In the previous paper [10] two induction time of 
15 min were used. The necessity of the first induc- 
tion time for a coprecipitation of Zn with 
Fe203-xH20 as the first collector was investi- 
gated. The series of flotation were performed by 
addition of  different Fe(III) quantities (2.5 100 
mg 1- ~) to the working solutions at a constant pH 
(5.5) and ionic strength (0.02 tool 1-~) regulated 
with KCI. The results of  these investigations are 
presented in Table 2. The data show that Zn 
recoveries at the pH of  5.5 with 5 mg of Fe were 
poor (22.17-30.44%). The maximal recoveries of 
this colligend, under these conditions, were ob- 
tained with 100 mg Fe(III) (56.95-60.03%), but 
they were insufficient too. These data show that 
the role of Fe203 • xH20 as collector in the recom- 
mended procedure with two collectors at pH 5.5 
was not decisive for colligend separation from 
water matrix as Feng and Ryan asserted [9]. 

The dependence of Zn recoveries on the mass 
of Fe(TMDTC)3 was determinated trough the 
mass of Fe(III), as a constitutive element of this 
collector. The series of flotation were performed 
by addition of different Fe(III) amounts 
(2.5-100 mg 1 ~) to the working solutions (con- 
taining 1 and 2 mg ml ~ Zn) at a constant pH 
(5.5) and ionic strength (0.02 mol 1 ~). The results 

Table 3 
The values of the zinc flotation recovery dependence on the 
iron(IIl) mass coprecipitating with Fe(TMDTC h and 0.02 tool 
L -  ~ KCI as an ionic strength adjuster at pH 5.5 

Sample 7(Fe) mg 1 ~ Recovery I%) 
number 

7 ( Z n ) = l  lag 7 ( Zn ) =2  lag 
ml I ml t 

1 2.5 92.8 92.3 
2 5.0 98.2 97.5 
3 I 0 100.0 98.8 
4 20 98.t 98.2 
5 30 98.3 98.7 
6 40 97.4 98.8 
7 60 96.5 98. I 
8 80 96.0 98.6 
9 100 96.0 98.7 



454 K. Cundeva, T. Stafilov / Talanta 44 (1997) 451-456 

R (%) 
r 

100 ! 
9o p 

80 ~ > /  

701 E 

eo i 
5o~ 
40 i ~/ 
30 

20 i 
10 ~ -  I ~ ) 

3.5 4 4.5 

/ 

---- ! I P 
5 6.5 6 6.6 

pH 

Fig. 1. Dependence of zinc flotation recovery R (%) on 
medium pH values in the presence of constant mass of 
iron(III) (5 mg), 2 ml 0.1 mol 1- l NH4TMDTC solution, 0.6 
ml 0.5% alcoholic solutions of tensides (NaDDS and NaOL) 
and KC1 (0.02 tool 1 ]) as an ionic adjuster ( - - ~ - -  
7(Zn) = 1 lag m l -  1; _ _ -x- - -7(Zn) = 2 lag m l -  l). 

3.4. Choice of  tenside 

The particles of hydrated Fe(III) oxide had a 
positive electrokinetic ( potential of 0.026 V at 
pH 5.5. The ( potential of  Fe(III) 
thetramethylenedithiocarbamate, at the same pH, 
was 0.046 V. According to the signs of  the ( 
potentials of  two collectors used, they need anion- 
its during the step of flotation. The combination 
of two anionits NaDDS and NaOL was shown 
successful. NaDDS provides a good foaming in 
hard water because of its soluble calcium and 
magnesium salts. The long chain of NaOL in- 
creases the aerofility of  collector particles. When 
NaOL is added to the system the air bubbles 
attached and fixed more easily to the collector 
particles and the foaming is much better. 

in Table 3 and Figure 2 show that the quantitative 
Zn recoveries obtained after flotation with this 
collector at pH 5.5 using the minimum of  5 mg 
Fe(III) were satisfactory (97.5-98.2%). The data 
in Table 3 show that the leading role in the 
preconcentration was performed by Fe(TMDTC)3 
as the second collector which has better hydro- 
phobility. That  means that the first induction time 
can be reduced. The reducing of the first induc- 
tion time had shortened the overall time for per- 
forming of the method. The different mass of  
colligend (25 and 50 mg) had no appreciable 
effect on the flotation efficiency. 

3.3. Influence of  p H  

The influence of pH on the Zn flotability R (%) 
was studied at different pH values from solutions 
containing 25 and 50 mg of zinc with a constant 
mass of Fe(II1) (5 rag) at constant ionic strength 
(0.02 mol 1-]). The pH was regulated within the 
working range of  3.5-6.5. The investigation on 
the pH values higher than 6.5 were not per- 
formed. Namely, at pH higher than 6.5 the collec- 
tor Fe(TMDTC)3 did not exist due to its 
hydrolysis. Fig. 1 illustrates a significant effect of 
pH on the zinc recoveries (95.3-100.0%) within 
the range of  5.5 to 6.5. The Zn recoveries within 
the pH range of  3.5-4.5 were poor due to hydrol- 
ysis of  surfactants NaDDS and NaOL as anionits. 

3.5. Induction time 

The time necessary for incorporation of  the 
colligend Zn in the collector precipitate is termed 
the induction time r. The investigation of the 
relation between Zn recoveries and r are given in 
Table 4. From the results, it can be concluded 
that the separation of  colligend was quantitative 
over a range of  5-20  min. In practice, the first 
induction time of 5 min and the second induction 
time of 15 rnin were used. 

3.6. Detection limit 

To evaluate the detection limit of the method 
ten successive blank measurements were made. 
The FAAS detection limit of Zn is 9.04 ~tg 1 - 1. It 
was estimated as three values of the standard 
deviation (S.D.)(s= 3.013 ~tg 1-1). The relative 
S.D. was 9.62%. 

Table 4 
The influence of the induction time on Zn flotation recoveries 

7(Zn) 1 lam ml -~ 

r~ min -~ 5 10 5 15 15 
T 2 min - I  10 10 15 15 20 
R (%) 96.5 96.3 100.0 97.9 98.9 
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Table 5 
Results of the FAAS and ICP-AES determination of zinc in natural water with the method of standard additions 

Sample of water AAS ICP-AES 

Added ~tg 1-1 Zn Estimated gg 1-t Zn Found pg I ~ Zn Recovery (%) Found ~tg 1 ~ Zn 

Ljubanigta (Oh?q 0.00 - -  21.00 19.7 
6.75 DH °t' 2.50 23.5 23.3 99.2 
pH = 7.3(/ 6.25 27.5 29.00 105.5 

Gradigta (Oh.) 0.00 - -  22.(tl 20.5 
6.61 DH ° 2.50 24.51 24.04 98.1 
pH = 7.43 6.25 28.26 27.59 97.6 

Labino (Oh.) 0.00 - -  50.09 56.5 
3.91 DH ° 2.50 52.59 49.62 94.4 
pH : 7.30 6.25 56.34 56.73 100.7 

Daljan (Oh.) 0.00 - -  98.01 100.9 
5.97 DH ° 2.50 100.51 98.67 98.2 
pH = 7.68 6.25 104.26 101.6 97.5 

Rag~e (Sk.)' 0.00 --- 83.07 90.0 
20.26 DH ° 2.50 86.2 79.48 92.2 
pH - 7.08 6.25 89.95 90.14 100.2 

"Oh., water from the lake of Ohrid. b DH (Deutsche H~irte), German degree of water hardness5 Sk., tap water from the city of 
Skopje (a source Rag~e). 

3.7. Analysis o f  natural water 4. Conclusion 

The poss ibi l i ty  o f  usage o f  F A A S  were 

studied.  The appl icab i l i ty  o f  the p r o p o s e d  p ro -  
cedure has been verified by the m e t h o d  o f  
s t anda rd  addi t ions .  F o r  this pu rpose  k n o w n  
amoun t s  of  Zn were a d d e d  to 1000 ml 

a l iquots  o f  lake and  t ap  wate r  samples.  Then  
these were f loated and  tested by  AAS.  The  

recoveries  o f  92 .2 -105 .5% (Table  5) show tha t  
the p reconcen t r a t ion  and separa t ion  o f  this 

col l igend is sat isfactory.  The  results ob ta ined  
by A A S  were c o m p a r e d  with the results  ob-  
ta ined  by I C P - A E S  de te rmina t ions ;  the sam- 
ples were concen t r a t ed  by evapo ra t i on  ( f rom a 

vo lume of  1000-25 ml) o f  t ap  and  lake water  
(Table  5). A ca lcula t ion  o f  S tuden t ' s  t - test  for  
our  results  gives the values  range f rom 2.36 
for water  sample  f rom Dal jan  to 2.76 for 
sample  f rom Ljubanigta ,  whereas  the theoret i -  

cal value (95%) o f  t was 2.78. As  ca lcula ted  t 
values are  smal ler  than  theoret ical ,  there  is no 
significative difference between the two meth-  
ods. 

The  exper imenta l  condi t ions  for  F A A S  deter-  
mina t ions  o f  Zn fol lowing col lo id  f lo ta t ion  pre- 
concen t ra t ion  and separa t ion  with two col lectors  
have been establ ished.  The  necessity o f  the first 

induct ion  t ime [1,1 1] for a coprec ip i t a t ion  step o f  
f lo ta t ion  with hyd ra t ed  i ron( I I I )  oxide 

( F e 2 0 3 . x H 2 0 )  as the first col lector  was investi-  
gated.  The  add ing  o f  F e ( T M D T C )  3 as a second 
add i t iona l  col lector ,  which amel iora tes  the f lota-  

t ion separa t ion ,  was studied.  The d i t h i o c a r b a m a t e  
added  increases the h y d r o p h o b i l i t y  o f  the sublate  
which is the mos t  i m p o r t a n t  cr i ter ion for the 
successful f lotat ion.  Dur ing  the air  bubb l ing  step 

o f  f lo ta t ion,  the col lector  prec ip i ta te  of  Fe(T-  
MDTC)3,  as a c o m p o u n d  with a bet ter  h y d r o p h o -  
bil i ty than  Fe~O3 'xH20 ,  improves  and  faci l i tates 
the separa t ion  o f  the foam layer  f rom the l iquid 

phase  process ing water  sample.  The  r ecommended  
m e t h o d  extends the range o f  conven t iona l  a tomic  
abso rp t ion  de te rmina t ion  for  zinc, simplifies the 
de t e rmina t ion  p rocedure  and  shor tens  the overal l  
t ime o f  the exper iment .  
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Abstract 

Uranyl (M)-selenate (L) complex equilibria in solution were investigated by spectrophotometry in visible range and 
potentiometry by means of uranyl ion selective electrode. The formation ML and ML 2 species was proved and the 
corresponding stability constants calculated were: log fll = 1.576___0.016, 1ogfl2=2.423_+0.013 (I= 3.0 tool 1 
Na(C104, SeO4) (spectrophotometry) at 298.2 K. Using potentiometry the values for infinite dilution (I--, 0 tool 1 ~) 
were: log fl~ = 2.64 _+ 0.01, log f12 ~< 3.4 at 298.2 K. Absorption spectra of the complexes were calculated and analysed 
by deconvolution technique. Derivative spectrophotometry for the chemical model determination has also been 
successfully applied. © 1997 Elsevier Science B.V. 

Keywords: Derivative spectrophotometry; Stability constants; Spectra deconvolution; Uranyl selenate 

1. Introduction 

Uranyl ion is linear oxocation, which starts to 
hydrolyse at pH higher than 2.5 for concentra- 
tions ~ 0.1 mol 1 1 [1,2] if no other complexing 
agents is present. It can be assigned according 
Hard and Soft Acids and Basis (HSAB) principle 
to hard acids therefore it tends to form more 
stable complexes with harder bases, such as lig- 
ands with oxygen donor atom like carbonate, 
sulphate, oxalate, aromatic hydroxycompounds, 
etc., and/or with harder halogenide anions 
(fluoride, chloride) and, of  course, with hydroxide 
under the formation of polynuclear hydroxospe- 
cies) [1 3]. The affinity to oxygen is so high that 
the existence of  a ternary polynuclear species, in 

* Corresponding author. 

uranyl-carbonate-hydroxide [4,5] and/or uranyl- 
sulphate-hydroxide [6] systems has been proved. 
The highest co-ordination number of uranyl in its 
compounds in solution is mostly equal to four, in 
solid state it is equal to six. 

The complex equilibria in uranyl-sulphate sys- 
tem have been investigated by means of different 
methods (potentiometry, spectrophotometry, ex- 
traction, solubility, dialysis, ion-exchanger, 
calorimetry etc.) (reviewed in [2] and [3]). It is 
evident that in uranyl-sulphate system species ML 
and ML 2 are formed [3], but there are some 
doubts about the formation of  species ML 3. 

Stability constants of uranyl with selenate has 
not been determined as yet. As selenate is isoelec- 
tronic with sulphate, it could be suggested that the 
same species such as in uranyl-sulphate system 
will be formed. Detailed study of the interactions 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PI! S0039-9140(96)021 03-0 
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of uranyl with selenate is the subject of  this work. 
Some results of this work were preliminary re- 
ported elsewhere [7]. 

2. Theory 

2.1. Determination of the number of 
light-absorbing species 

Generalised form of Bouger -Lamber t -Beer  
law can be written in matrix notation: 

A = E C  (1) 

where A is the nw × ns absorbance matrix, E is the 
nw × nc matrix of  molar absorptivities, C is the 
n~ × ns concentration matrix. Here n w denotes the 
number of wavelengths, n~ means the number of  
solutions whose spectra have been recorded, and 
n~ is the number of  components which absorb in 
chosen spectral range. The rank of the matrix, 
rank(A) (RM) is obtained from the equation 

rank(A) = min(rank(E), rank(C)) ~< min(nw, no, n~) 
(2) 

Since the rank(A) is equal to the rank of E or C, 
whichever is the smaller, and since rank(E)~< n~ 
and rank(C)~< n~, then provided nw and n~ equal 
to or greater than no, it will only be necessary to 
determine the rank of A and find the number of 
absorbing species. Also we assume that the 
rank(A) is equal to the number of  linearly inde- 
pendent columns of  A expressed as number of  
nonzero eigenvectors (it means that the concentra- 
tion of  one or more species can not be expressed 
as a linear combination of the other species in all 
experiments). 

For calculation of RM the Simmonds-Werni-  
m on t -Ka nka r e  method [8] was applied. The sec- 
ond moment matrix given by formula 

1 
M = -- AA T (3) 

ns 

is symmetric (square) matrix of  order n, and of  
rank nc, rank(M)~< n~. Each element of the ab- 
sorbance matrix A is a subject to experimental 
error and because of  that fact, the number of  
nonzero eigenvalues is min(nw, ns). Let the eigen- 

values of M be EVi, matrix trace of M, tr(M), 
summation of the eigenvalues, and suppose that 
there are k independent components in the sys- 
tem. Then the residual standard deviation of ab- 
sorbance is given by 

k 

t r ( M ) -  ~ EVi 
i = 1  

sk (A)  = . ~n,~, - -  k (4) 

Relative variance 

EV~ 
R V ( % ) -  × 100 (5) 

tr(M) 

Cumulative relative variance 
k 

EV~ 

CRV(%) i='  x 100 (6) 
tr(M) 

and Malinowski's indicator function INDk by 
Malinowski [9] 

sk(A)  
INDk - (nw - k) ~ (7) 

Let the precision of the absorbance measurement 
be given by the S.D. of absorbance of  spectropho- 
tometer used, Sinst(A ). Then we may say that if 
Sg < Sinst(A), it is probable that n c < k and Mali- 
nowski's indicator function number shows mini- 
mum value [9]. 

3. Experimental 

3. I. Reagents 

Uranyl perchlorate was prepared from solid 
uranyl nitrate (Lachema Brno, Czech Republic) 
adding slight excess of concentrated 70% (w/w) 
perchloric acid and evaporating almost to dryness 
until negative reaction for nitrate was obtained. 
The product was two times recrystallised from 
diluted perchloric acid solution. The prepared 
substance was dissolved in water adding slight 
amount of perchloric acid, which concentration 
was then determined by Gran transformation [10] 
of  the alkalimetric titration. The uranyl content 
was determined gravimetricaly as U308 (precipita- 
tion by H202) and by 8-hydroxyquinoline [11]. 
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Uranyl nitrate (Lachema Brno, Czech Repub- 
lic) for potentiometric measurements was dis- 
solved in acidic solution of nitric acid and the 
stock solution was standardised as described 
above. 

Sodium perchlorate p.a. (Lachema Brno, Czech 
Republic) was purified removing traces of heavy 
metal ions precipitation with sodium hydroxide 
and the product was several times recrystallised 
[12]. 

Sodium selenate was prepared by Dr Cernik 
from Department of Inorganic Chemistry of  
Masaryk University. The sample was found to be 
free of any selenite traces [13]. Also sodium sele- 
hate (Fluka, Switzerland) was used. 

3.2. Apparatus 

UV-VIS measurements were done on a one 
beam diode array spectrophotometer HP 8452A 
(Hewlett Packard, USA). The derivative spectra 
were computed using HP 8452A standard soft- 
ware. 

The proton concentration of  solutions was 
checked using combined RADELKIS  OP-8080 
glass electrode (MOM, Hungary), in which inner 
saturated potassium chloride solution was re- 
moved from the reference part of  the electrode 
and substituted with 2.99 tool 1 ~ sodium 
perchlorate solution and 0.01 tool 1-1 sodium 
chloride, saturated with silver chloride. The reli- 
ability of the electrode was tested measuring time 
stability of the potential. The electrode parame- 
ters were determined by calibrating the corre- 
sponding electrode cell titrating known amount of 
perchloric acid by standardised sodium hydroxide 
solution at given ionic strength medium. The re- 
calculation of - l o g [ H  +] values from measured 
potential was done by means of equation 

E = E" + g( -- log[H + ]) + Ei (8) 

where E ° is potential of cell at - l o g [ H  +] = 0, g 
is Nerstian slope given by the term 2.30259 RT/F 
and E/ is a junction potential. For  the potentio- 
metric measurements a digital pH-meter 
RADELKIS OP-208 (MOM, Hungary) was used. 
The uranyl concentration was measured using 
uranyl electrode described elsewhere [14]. As ref- 

erence electrode saturated calomel electrode was 
used. The potentiometric titrations were carried 
out by an automatic titrator TTT 81 with mi- 
croprocessor connected to automatic burette 
ABU 80 and digital pH-meter PHM 84, (all Ra- 
diometer Copenhagen, Denmark). 

All experiments were carried out at ionic 
strength I = 3.00 tool 1 - 1 Na(C104 + SeO4) (spec- 
trophotometry, - l o g [ H  +] values in solutions 
were from 2.26 (0.0 mol 1 ~ selenate concentra- 
tion) to 2.86 (0.6 tool 1 J selenate concentration) 
and sodium selenate concentration up to 0 0.03 
tool 1 l (potentiometry, - l o g [ H  +] adjusted to 
the value equal to 3.5 when hydrolysis of uranyl 
under the presence of selenate is negligible) and at 
the temperature equal to 298.2 _+ 0.5 K. Hydroly- 
sis of uranyl for concentrations used is negligible 
at this - l o g [ H  ÷] value [2]. So, it was not neces- 
sary to take into consideration the formation of 
mixed hydroxo-selenate species. 

3.3. Computation 

For the calculations SQUAD [15], SUPERQUAD 
[16], SIBYLA [17] and HALTAFALL [18] programs 
were used running on a PC AT 386. 

4. Results and discussion 

4.1. The spectrophotometric study 

First, kinetic stability of  uranyl-selenate mix- 
tures was tested. The absorbance of the solutions 
were checked during 24 h period. The change in 
absorbance values for the whole spectra never 
exceeded 0.01 absorbance unit. Thus, it was con- 
cluded, that the equilibrium is reached very fast. 
The solutions were stable for at least 24 h. 

The absorption spectra recorded are given in 
Fig. 1. Experimental conditions are given therein. 
It is possible to observe that increasing selenate 
concentration absorption maxima of uranyl are 
shifted towards the longer wavelengths. 

Rank of the absorbance matrix enables to pre- 
dict the number of light-absorbing species in solu- 
tion. The number of complexes formed was 
estimated from the first step of factor analysis of 
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Fig. I. Absorption spectra of  uranyl at various selenate con- 
centrations. Total concentration of  uranyl c m =0.0331 mol 
1- ~. Total selenate concentration in mol 1 - l: 1, 0.00; 2, 0.012; 
3, 0.024; 4, 0.036; 5, 0.048; 6, 0.060; 7, 0.118; 8, 0.236; 9, 0.354; 
10, 0.470; 11, 0.590. 

absorption matrix (Principal Component Analy- 
sis) (Table 1). It follows from this analysis that 
there are 2-3  absorbing species formed, which is 
indicated by relative variance, cumulative relative 
variance and residual standard deviation values. 

Malinowski's indicator function INDk [9] gives 
unreliably high number of the components. This 
criterion should be considered unreliable [19] in 
most of the cases. From low contribution of 
relative variance to the trace of second moment 
absorbance matrix we can conclude that there are 
three species in the solutions with different spec- 
tral properties. 

Independently the formation of protonated spe- 
cies in - l o g [ H  + ] region 1.4-3.0 was also 
checked. The evidence for no formation of proto- 
nated species was found. 

Therefore it was assumed, that the following 
equilibria take place in solution: 

UO 2+ + rSeO 2- ~ UO2(SeO4)~Zr 2)- (A) 

with stability constant values 

]~r = [UO2(ZeO4)~ 2" -2 )  ][ U O 2 + ]  1[SeO42 ] - '  

(9) 

4.1. I. The search of the chemical model 
The stoichiometry of species does not exceed 

1:2 (stoichiometric ratio r = 2 ,  Fig. 2). From 
above described facts it has been deduced, that 
there are only three absorbing species, i.e., stoi- 
chiometry M, ML and ML2 in solution can be 
suggested. 

Table 1 
The results of  factor analysis of  spectrophotometric data for the system uranyl-selenate calculated by SIBYLA program for (a) normal 
and (h) first derivative spectra 

k Eigen value × 100 Variance (%) Cumulative variance (%) Sk(A ) × 1000 1ND k × 106 

(a) 

1 395.40 98.69 98.69 32.727 13.60 
2 5.19 1.30 99.99 3.415 1.48 
3 0.05 O.Ol 100.00 1.084 0.49 
4 0.02 0.00 100.00 0.320 0.15 
5 0.01 0.00 100.00 0.179 0.09 
RM 2-3  2 -3  3 5 

tr(M) = 4.0064 

(b) 
1 0.019 94.16 94.16 1.545 0.644 
2 0.01 5.55 99.71 0.349 0.151 
3 0.00 0.29 100.00 0.037 0.016 
4 0.00 0.00 100.00 0.022 0.011 
RM 3 3 4 

tr(M) = 2.0047 × 10 3 

Experimental data: set of 21 solutions x 50 wavelengths, uranyl concentration: c M 0.0331 mol 1-~, selenate concentration: c L 0-0.6  
mol 1- i. 
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Fig. 2. Plots of  absorbance vs. selenate concentration at se- 
lected wavelengths. Uranyl concentration c~=0 .0331  tool 
l i .  

As stability constants values show higher S.D. 
values computed from nonderivative spec- 
troscopy, while lower values were found for the 
first up to the fourth derivative spectra Table 1 
(Table 2). It is caused by similarity of spectra 
(Table 3), therefore the calculation of stability 
constants values has also been tried using deriva- 
tive spectra with lower S.D. were observed for 
derivative spectra (Table 2). Also the choice of the 
wavelength values has influence on the correct 
stability constants values of the chemical model 
(Table 2). 

Derivative spectra are very good alternative for 
the calculation of chemical model parameters 
(Table 2). Comparing calculated stability con- 
stants from both methods it is possible to see that 
results from derivative spectra have lower S.D's. 
The explanation is in this fact that peaks are 

Chemical model, i.e., the composition of  the 
complexes and corresponding stability constants 
was searched for by the classical approach using 
'trial and error' method [19]. 

A certain chemical model was suggested and 
then applying least-squares procedure of SQUAD 
program, minimising the sum of  squares of resid- 
uals, U, 

U= ~ (A~xp,i- Acrid,i) 2 = rain (10) 
/ = 1  

where Aex p a r e  experimental and A ~  calculated 
values of absorbances and the summation is done 
over all experimental points, number of solutions 
(n0 times number of wavelengths (nw). The pro- 
grain also calculates the S.D. of absorbance 
defined as 

or(A) = (n~ x n w -  n) (11) 

where n is the number of parameters estimated. 
The 'best' one is that one for which is the lowest 
values of U and a(A) are obtained. 

Several chemical models were tried. The most 
probable seems to be the model which consists of 
species M, ML and MLz (Table 2). The calculated 
molar absorptivities are given in Fig. 3. 

Table 2 
Results of  the equilibrium data analysis of  the system uranyl- 
selenate from spectrophotometric data by SQUAD program 

Spectrum or- log fl (ML) log fl (ML_~) ,r(4)  
der 

0 derivative" t.(167 _+ 0.005 not calculated 6.32 × 10 
0 derivative '~ not calcu- 2.58 _+ 0.02 14.44 x l0 

lated 
0 derivative" 1.69 + 0.04 2.37 _+ 0.05 3.23 x 10 
0 derivative b 1.74_+0.05 2.49 _+0.09 2.83x 10 
1st deriva- 1.597 ± 0.008 2.41 _+ 0.01 8.01 × 10 q 

tire b 

2nd deriva- 1.565 + 0.007 2.42 _+ 0.01 2.78 x 10 ~ ~ 
tive b 

3rd deriva- 1.579_+0.008 2.43+_0.01 1.27x 10 -~ 
tive b 

4th deriva- 1.563 + 0.008 2.43 + 0.01 0.53 x 10 5 
tive b 

Experimental data: set of  21 solutions x50  wavelengths. 
Uranyl concentration c M 0.0331 tool 1 ~, selenate concentra- 
tion % 0  0 . 6 m o l l  
"~ 50 chosen wavelengths in region 350 500 nm, e.g., 350, 354, 
358, 362, 366, 370, 374, 378, 382, 386, 390, 392, 394, 398, 400, 
402, 404, 408, 410, 414, 418, 420, 422, 424, 426, 428, 430, 432, 
434, 436, 438, 440, 442, 444, 446, 448, 450, 454, 456, 458,462, 
466~ 468, 470, 472, 474, 482, 486, 490 and 494 nm. 
b 50 chosen wavelengths in region 360 500 nm, e.g,. 360, 362, 
364, 366, 370, 374, 378, 382, 386, 390, 392, 394, 398,400, 402, 
404, 408,410, 414, 418,420, 422, 424, 426, 428,430, 432, 434, 
436, 438, 440, 442, 444, 446, 448, 450, 454, 456, 458, 462, 466, 
468, 470, 472, 474, 478, 482, 486, 490 and 494 nm. 
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Fig. 3. Calculated spectra of individual species. 

separated better to each other. On the other hand, 
the values of  stability constants calculated by 
both methods are reliable because they are in 
region of  99.74% probability of  each other confi- 
dence interval (three times S.D.) [20]. 

This improvement has several reasons. We can 
write combining mass balance equation and sta- 
bility constant relationship with Bouger Lam- 
ber t -Beer  law, respectively: 

Ai. j= ~ gi, kflk[Ml[L] ~- (12) 
k = l  

for i = 1 . . . . .  nw (number of  chosen wavelength in 
measured spectra), j = 1 . . . . .  ns (cr, , %, or pH is 
changed), k - - 1  . . . . .  n (the number of com- 
plexes), M, ML,  . . . , ML, .  

If we differentiate over wavelength values n 
times, we obtain 

" 0% ~ rMlrL1 k ~3 A~I'J-- ~ ~ T P k [  It J (13) 
(32" k :  l 

Choosing wavelength values in region where the 
position of wavelength under condition #"Ai.i/ 
t?2"--0 changing ligand or metal concentration, 
we get overdetermined system in which we can 
efficiently eliminate 'background'. This determina- 
tion of the chemical model is more certain. At the 
same time respective contribution of individual 
species to total signal is higher for values obtained 

from derivative spectrophotometry than from 
normal spectrophotometry. This fact is already 
known in works concerning analytical determina- 
tion of several components in mixture [21]. Sec- 
ond, the data are contemporaneously smoothed as 
it has been shown somewhere [22]. Above dis- 
cussed facts all together play very important role 
in derivative spectra evaluation. 

The distribution diagram calculated using the 
stability constants values as calculated (Table 2) is 
shown in Fig. 4. 

4.1.2. Deconvolution o f  the spectra 
The calculated spectra for each species were 

deconvoluted into one broad and two narrow 
bands of  gaussian profile [23]: 

e - e e -- 5 .545(2  ). . . . . .  i)2/'2t7~ (14) 
i - -  max,/  

where e~ is the calculated molar absorptivity, em~x 
is the molar absorptivity at wavelength of the 
maximum molar absorptivity peak, 2 is the wave- 
length, 2ma x is the wavelength of the maximum 
absorptivity peak, and o--half is the width of the 
absorption band, i.e., its width in half height of  
the band. 

The area of spectral band is given by relation- 
ship [24,25] for so called oscillator strength 

. .me2 £~i 2 
f =  1000 l n ( 1 0 ) ~  e dv 

X 1 0 - 9 ~  e d/* ( 1 5 )  =4.315 

where m and e is charge and mass of electron, c is 
velocity of the light in vacuum, N A is Avogadro 
number. We get after a simplification [24,25] 

f ,,~ 4.60 x 1 0  9 e m a x , i V l / 2  (16) 

if the band has gaussian shape with half-width 
Vl/2. After rearrangement for wavelength values in 
nanometers the relation Eq. (16) is equivalent to 
Eq. (17): 

Z ' ~  4 . 6 0  X l 0  2gWnax,i )~max7 - -  O'i "~ . . . .  i -'~ O'i 

(17) 

This parameter is proportional probability of light 
absorption as quadrate of so called transition 
moment defined by relationships [24] 
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Table 3 
Deconvolution of calculated molar absorptivities into three bands of Gauss±an profile 

463 

Species Band parameters Band number Statistical parameters 

1 2 3 R 2 :,' 

M 

ML 

ML~ 

emiL, ~ 2.4__+0.2 7.3 __+0.1 0.6__+0.1 
2 ..... (rim) 360 (fix) 410.4 :t- 0.4 467 ± 4 0.988 
cr (nm) 34 + 3 50 _+ 2 26 + 8 
/i 4.8x10 -s 2.0x10 4 6.6×10 * 

c,.~ 3.0 ± 0.2 12.0 + O.l 2.2 + 0.2 
Zrnax (nm) 362 (fix) 416.0 + 0.3 467 + 2 0.991 
a (nm) 26 +4 50 + 1 28_+4 
./i 5.5x 10 -5 3.2x 10 4 2.6x 10 

Cm~ ~ 3.8 + 0.2 15.0 _+: 0.1 3.6 + 0.2 
2 .... (nm) 364 (fix) 420.7 _+ 0.4 467 + 4 0.992 
a (nm) 24_+3 51 _+ 1 26_+8 

/ i  6.4x 10 -5 4.0x 10 -4 4.0x 10 5 

0.2555 

0.3362 

0.3953 

Remark: fixed values were obtained from logaritmic analysis of spectra [23]. 

P = < O ~ , l M l ~ , b ) = e ~  (18) 

where D is so called d ipole  s t rength  o f  e lect ron 
t rans i t ion  between states defined wave funct ions  W, 
and  qJb t rea ted  by means  o f  d ipole  m o m e n t  oper-  
a to r  M. Those  re la t ionships  connect  exper imenta l  
chemis t ry  with theoret ica l  q u a n t u m  chemistry.  

100 

80 

m 60 "G 

4o 

20 

0.0 0.1 0.2 0.3 0.4 0.5 

S e l e n a t e  c o n c e n t r a t i o n ,  m o l  I "1 

Fig. 4. Distribution diagram for uranyl-selenate complexes. 
Total uranyl concentration c M = 0.0331 mol 1-1. Full drawn 
lines calculated for stability constants values log fl~ = 1.742 
and log ~ = 2.488. Dashed drawn lines calculated for stability 
constants values log []~ = 1.576 and log J~2 = 2.423. 

Also  the deconvolu t ion  into the bands  o f  stu- 

dent±an or  lorentz ian  profile [23] was done,  but  
using gauss±an profile gave the best  fit (Table  3). 
The pa rame te r s  o f  gauss±an profile show for com- 

plexes very low shift o f  wavelength  o f  maximal  
m o l a r  absorp t iv i ty  peak  and higher  max ima l  mo-  
lar  absorp t iv i ty  value at wavelength  o f  m a x i m u m  

mola r  absorp t iv i ty .  The results are c o m p a r a b l e  
with [24] where au thor s  deconvolu ted  24 (14 in 
VIS region and  10 in UV region) gauss±an profile 
bands  for  the uranyl  spectra.  They  represent  three 
ma in  bands  in VIS region and also enable  to 
calculate  basic  energy levels [24]. The  osc i l la tor  

s t rength values for  uranyl  were es t imated  for 
those three bands  (Table  3) and  they have been 
c o m p a r e d  with l i te ra ture  da ta  [126,27]. These  
values are in agreement  with da t a  found  in the 
l i terature.  Also  increasing osc i l la tor  s t rength val- 

ues in o rder  M, M L  and MLz species which can 
be assigned decreas ing energy electron levels and 
therefore  h igher  p robab i l i t y  o f  e lect ron t rans i t ions  
between levels. 

The s t ructures  and  intensi t ies  of  the bands  in 

spec t rum are influenced main ly  by geomet ry  o f  
the l igands co -o rd ina t ed  to the uranyl  moie ty  [27]. 

The  e lec t ron t rans i t ions  in the complexes  are f rom 
poin t  o f  view of  the m o l a r  absorp t iv i t ies  spin 
a l lowed and Lapor te  fo rb idden  [28] (for uranyl  
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cation it probably indicates octahedral aqua-com- 
plex UO2(H20)62+ in slight acid solution, of 
course, for complexes we suppose also deformed 
octaedrical structure, where two water molecules 
at octaeder corners are bonded less weakly than 
selenate or water in the square plane. 

It was observed, that increasing pH up to four 
(cM=0.0331 mol 1 ~, CL=0.59 mo1 1 1), faint 
precipitate is formed in solution. The formed spe- 
cies is probably [(UO2)2(SeO4)2(OH)2] 2 while its 
charge is compensated by two sodium ions from 
the ionic medium (the product composition is the 
most probable). Uranyl ion has the most probably 
co-ordination number six in this compound. This 
hypothesis is supported by the fact that species of 
similar composition were proved for sulphate [6] 
and their formation was deduced from hydrolysis 
data in sodium sulphate medium [3,29]. Further- 
more, products of similar composition were syn- 
thesised [30]. 

2.6 

o 

2.4 - 

- - T  

- -  d -  / 

1 z T v - -  

T -[- log ~ML+/- 3 s (log ~ML) - -  

u n n n  u 

II 
t/1 

, I , I , 

2 2.5 3 3.5 4 4.5 

log  ~ML 2 

Fig. 5. The search of the chemical model from potentiometric 
data. 

RT RT (19) 
E -- const + --if- In a t ;o  ~ + + ~ -  In aoH 

4.2. The potentiometric study 

The equilibria in uranyl-selenate system were 
also investigated potentiometricaly by means of 
an uranyl electrode which enables to determine 
directly the concentration of free metal ion. 

As it was already shown for uranyl electrode in 
[14], this one has no response in presence 0.01 tool 
1-I sodium perchlorate as ionic medium. For 3 
mol 1 ~ sodium perchlorate only constant re- 
sponse of uranyl electrode was observed which 
can be caused by the preferred formation of asso- 
ciate ion carrier with perchlorate than for associ- 
ate with UO2(OH)+. Hence, all experiments were 
done without any adjustment of ionic strength in 
uranyl concentration region 0.1-0.5 mmol 1 ~ at 
- l o g [ H  +] about 3.5 where protonation of sele- 
nate and the formation of uranyl hydrolytic 
polynuclear species are negligible [31]. The slope 
of the electrode was lower than the theoretical one 
given by Nerstian equation. The function of 
uranyl electrode is not still completely clear, there 
is only a hypothesis that species responsible as 
active carrier one of the electrode [14] is complex 
UO2(OH)+. The following equation was derived 
[14]: 

That is why the measurements were carried out 
at constant pH value. At lower uranyl concentra- 
tion we can also assume that auo2+ ~ Cuo2+. 

2 . 

It is clear from spectrophotometrlc resJts  that 
species ML and ML 2 are formed, but it was 
possible to calculate from potentiometric data 
only stability constant for ML species (log fll = 
2.64). The explanation is that complexes formed 
are rather weak and thus even at very high ligand 
excess (several hundreds times over uranyl con- 
centration) solutions are diluted and complex 
ML2 is formed at low amount (maximum amount 
is 20% rel at very high ligand excess) in course of 
the ML species formation. This is detectable from 
calculations. Therefore the model with fixed sta- 
bility constant values for species ML 2 was also 
tested (Fig. 5). It can be estimated from Fig. 5 
and also from experimental points at very high 
ligand excess that stability constant value of spe- 
cies ML 2 does not exceed 3.4 (log 1£2 lower than 
0.8). Both values for species ML and ML2 are 
lower than for the complexes in the uranyl-sul- 
phate system, respectively [3] (weighted average of 
log fl(ML) = 3.1 +0.1,  log fl(ML2) = 3.9 __+ 0.2 
and thus log/£2 = 0.8) and this is in agreement 
with their protonation constants values (selenate 
is a weaker base than sulphate and so it should 
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form a little weaker complexes with the same 
metal ions as sulphate) and polarizability (HSAB 
principle). 

If we consider log fl* as stability constant value 
at zero ionic strength (in our case 2.64) and log []~ 
(for 3 mol 1 ~ sodium perchlorate from derivative 
spectrophotometry measurements 1.58 _+ 0.01) as 
stability constant value at ionic strength I~ given 
in molality scale (3 tool 1-~ sodium perchlorate 
solution has molality 3.502 tool kg 1), we can 
write according [3,32] the equation: 

log/] l  + 8D = log/ ]*  - A d  m (20) 

where D = A X//Im/(1 + 1.5X/I,n) is the derived De- 
bye-Hiickel term, and Ae=  - e ( S e O ]  , N a + )  - 
~;(UO~ ~, C 1 0 4 )  is obtained from interaction 
coefficients representing solute interactions in so- 
lution. After substitution of all known terms and 
value ~;(UO~*, ClOd = 0 . 2 6  from [3] we obtain 
for ~;(SeO] N a + = - 0 . 0 0 9 .  Then, from all 
known and calculated values the relationship Eq. 
(21) can be derived. This equation is suitable for 
the estimation of the activity coefficient in sodium 
selenate solution 

- 0.51052,f3Cm 
log ;' + = F 2e(SeO 2 - ,  Na  + ) 

1 + 1 . 5 v / 3 c  m 

x Cm (21) 

where c,,, is molal concentra t ion of sodium sele- 
nate and additional term describes deviation from 
an ideal solution behaviour for 2:1 electrolyte. 
Comparing ~(SO4 = - 0 . 1 2  +_ 0.06 from [3] the 
solutions of sodium selenate have more ideal be- 
haviour as electrolyte 2:1 than sodium sulphate. 
The relationship Eq. (21) can be used for the 
calculation of stability constants of the selenate 
with different metal ions under presence of 
sodium ions as supporting electrolyte. 
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Abstract 

Square wave adsorptive stripping voltammetry was used for determining trace amounts of dye Sunset Yellow 
(E-I10) for the first time. Its adsorptive voltammetric behaviour followed by a square wave mode step was 
investigated at different pH media. Sunset Yellow in 0.5 M NH4C1/NH 3 buffer solution gave an adsorptive stripping 
voltammetric peak at the hanging mercury drop electrode at - 0.60 V using an accumulation potential of - 0.40 V. 
The effect of experimental parameters that affected this determination are discussed. The calibration graph to 
determine Sunset Yellow was linear in the range 5 90 lag 1 ~, obtaining a relative standard deviation of 2.2% for a 
solution of 30 lag 1 - ~ (n = 10) in the same day. The determination limit was 5 lag 1 ~ after 15 s of accumulation at 
- 0 .40  V. The proposed method was applied to determine this dye in several commercial refreshing drinks, which 
contained small amounts of this compound, Measurements were made directly over diluted solutions of commercial 
samples. Similar results were obtained between adsorptive stripping square-wave voltammetric values and the 
obtained by application of a HPLC method with spectrophotometric detection. © 1997 Elsevier Science B.V. 

Keywords: Adsorptive stripping voltammetry; Chromatography; Dyes; Sunset Yellow 

1. Introduction 

Food  colorants  may often be considered simply 
cosmetic in nature,  but  the role they play in our  
food supply is actually very significant. Colour  is 
the first sensory quality by which foods are judged 
and food quality and flavour are closely associated 
with colour.  Consumers  are condi t ioned to expect 
foods o f  certain colours and to reject any deviation 
f rom expectations. The psychological  basis for the 
need for food  colours is well established [1]. 

* Corresponding author. 

Colorants  also play a significant role in enhanc- 
ing the aesthetic appeal o f  food. They are very 
impor tant  ingredients in many  convenience foods 
such as confect ionery products,  gelatin desserts, 
snacks and beverages, since many of  these would 
be colourless and would thus appear  undesirable 
without  the inclusion of  colorants.  

The term colour  additive can be applied to any 
dye, pigment or other  substance made (artificial 
colorant)  or  obtained from a vegetable, animal, 
mineral or  another  natural  source, that  are capable 
o f  coloring foods, drugs or  cosmetics [2]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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Sunset Yellow, subject of this work, is a synthetic 
dye available as yellow powder that can be 
present in common foods (drinks, yoghurts, ice 
cream, sweets, etc . . . . .  ). The presence and content 
of this dye must be controlled because it is not 
totally inoccuo. Development of regulations for 
use of foods colorants was reviewed by Haveland- 
Smith [3]. 

Recently, we have developed spectrophotomet- 
ric methods in order to determine this dye in two 
different binary mixtures and a ternary mixture 
with other two yellow colorants [4 6]. These 
methods were applied to several commercial prod- 
ucts. 

On the other hand, chromatographic methods 
have been previously used for colorant analysis in 
foods [7-10]. 

Fogg et al. have reported sensitive methods to 
determine several dyes (Quinoline Yellow, Tar- 
trazine, Carmoisine, etc . . . . .  ) by means of the use 
of paste carbon electrode in static systems or in 
continuous flow systems [11-13]. 

Fogg et al. have also realized a theoretical and 
general study about the voltammetric behaviour 
of several synthetic colorants (reduction peak po- 
tentials and intensities) by means of DPS and 
DPP techniques [14,15]. Sunset Yellow was not 
determined in any commercial product in both 
cases, since the study made was almost brief and 
theoretical. The sensitivities reached by Fogg et 
al. in the analysis of some dyes in commercial 
samples (cosmetic and tablets coatings) were 
smaller than the obtained by us in soft drinks. 

The polarographic reduction mechanism of 
azo-compounds has been known for some time 
[16,17]. The electrode process must be consistent 
with the mechanism that postulates a step-wise 
breakage of the molecule, similar to that occur- 
ring in the metabolic processes of these dyes. 

R - N = N - R I + 4 H  + + 4 e  

R -  NH 2 + RI - NH2 

where RNH 2 is sulfanilic acid and RINH 2 is 
1-amino-2-hydroxy-6-naphthalenesulphonic acid 
[18]. 

In this work, a study of the electrochemical 
behaviour of Sunset Yellow (whose formula is 

given) has been achieved taking into account the 
possible adsorption of the molecule on the mer- 
cury and following the study by square wave 
voltammetry with a previous stripping period. 
The method proposed by us permits to reach a 
similar sensitivity than the obtained by the al- 
ready mentioned DPP method and it reduces at 
least ten times the length of real time of analysis 
(27 s). 

Sunset Yellow 

OH 

NaO3S @ N-~--N 
Z 

SO3Na 

The sensitivity of adsorptive stripping methods 
is obviously their greatest advantage. In the other 
hand, a serious drawback is the interference from 
other surface-active substances that may be 
present in the solution. In this case, competitive 
adsorption usually occurs and produces a de- 
crease in the measured current or in concentra- 
tions of surface-active substances and, 
consequently, significant suppressions of the sig- 
nal are observed. In such conditions, it is neces- 
sary to employ a suitable separation of interfering 
compounds. If the sample contains interfering 
compounds that are electrochemically active but 
are not adsorbed on the electrode surface, classi- 
cal separation procedures will be not necessary 
then. 

Another advantage of stripping analysis is the 
possibility of working with very diluted samples 
that produces a logical decrease of interferences in 
foods techniques. 

The simultaneous use of adsorptive stripping 
techniques and square wave measurements pro- 
vides a very sensitive, selective and rapid ap- 
proach. The method here proposed has yielded 
good results in the determination of Sunset Yel- 
low in three different commercial products: Tof 
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lemon and Gatorade orange (both contain E-104 
(Quinoline Yellow) and E-110 (Sunset Yellow) as 
dyes) and in other third refreshing drink flavour 
orange (Product 3), which also contains two dyes: 
E-102 (Tartrazine) and E-110 (Sunset Yellow). 

2. Experimental 

2. I. Reagents 

All solvents and reagents were of analytical 
grade unless indicated otherwise. Solutions of 
voltammetric study were made with deionized wa- 
ter (Milli-Q quality). Sunset Yellow (E-110) solu- 
tion was reached from Sancolor S.A enterprise. 
Stock solutions had a concentration of  10 mg 1 
In order to achieve all voltammetric studies fol- 
lowing solutions were also prepared: a 0.1 M HC1 
solution, an HOAc/OAc buffer solution (0.1 M 
and pH = 4.8), a NaH2PO4/Na2HPO 4 buffer solu- 
tion (0.1 M and pH =7.7)  and a NHnC1/NH 3 
buffer solution (0.1 M and pH = 10.0). All these 
were prepared from suprapure reagents. Methanol 
(HPLC quality) was used in chromatographic 
analysis 

Three commercial products containing Sunset 
Yellow were studied. These are the followings: 

Refreshing drink Tof, flavour lemon: with car- 
bonated water, sugars, lemon juice, citric acid, 
lemon flavoring, emulsifiers E-915 (glycerol es- 
ters) and E-414 (arabic gum), sweetenings, 
preservative E-211 (sodium benzoate) and dyes: 
E-104 (Quinoline Yellow) and E-110. 
Gatorade, flavour orange: with water, glucose, 
saccharose, citric acid, mineral salts, natural 
flavorings and dyes: E-104 and E-110. 
Product 3, (refreshing drink flavour orange): 
with carbonated water, sugars, orange juice, 
citric acid, orange essences, sodium benzoate, 
dyes E-102 (Tartrazine) and E-110 and ascorbic 
acid. 
Ingredients above summarized are in the three 

cases in order decreasing of concentration. 
The trade name of third product has not been 

given because its manufacturing enterprise want 
to remain anonymous. 

2.2. Apparatus 

Square-wave voltammograms were obtained 
with a Princenton Applied Research (PAR) 
Model 384B polarographic analyzer combined 
with a stand PAR Model 303 A static mercury 
drop electrode (SMDE), using an Ag/AgCI refer- 
ence electrode, a PAR Model 305 magnetic stir- 
rer, a TA N D O M computer using 384 B software 
and a EPSON FX 850 printer. 

The HPLC equipment used was: a SHI- 
MADZU model SPD-M10A, with a double pump 
system, that permit us to work in gradient mode, 
and as stationary phase a chromatographic 
column Apex C~s (25 cm of length and 5 ~tm as 
particle diameter). 

2.3. Procedure 

The general procedure for adsorptive stripping 
voltammetric method was as follows: in order to 
achieve all voltammetric assays, 10 ml of 0.5 M 
NH4C1/NH3 buffer solution were placed in the 
polarographic cell, using in all assays an accumu- 
lation potential of  - 0 . 4 0  V, an accumulation 
time of 15 s and a rest period of ten seconds, 
being after that scans run in the negative direction 
between - 0 . 4  and - 0 . 9  V in these conditions. 
Experimental and instrumental parameters that 
affected the process were optimized and the ob- 
tained results are the followings: NH4CI/NH~ con- 
centration = 0.5 M, t~tc (accumulation time) = 15 
s, E,,~ (accumulation potent ial)= - 0 . 4 0  V, AE 
(pulse amplitude) = 50 mV, As (scan increment) = 
4 mV, frequency = 70 Hz and electrode area = 2.5 
mme. 

All results shown in this paper were obtained at 
room temperature (25 _+ I°C). 

The determination of Sunset Yellow in these 
three commercial products was also verified by 
HPLC using a diode-array detector with measure- 
ments at 420, 440 and 480 nm (wavelengths where 
the Sunset Yellow absorbance was maximum) and 
the stationary phase already mentioned in Section 
2.2. As mobile phase we have employed a mixture 
of methanol and 0.1 M buffer solution NaH2PO4/ 
Na2HPO 4 (pH = 7.0) following the next gradient 
of concentrations. 



470 J.J. Berzas Nevado et al. / Talanta 44 (1997) 467-474 

Time (min) 
0 - 2  
2 - 5  

5 -7  

Concentrations 
20% methanol constant 
20-100% methanol in linear 
gradient 
100% methanol constant 

The flow rate was 1.5 ml min ~. In such condi- 
tions the retention time of  this dye was 4.6 min. 

3. Results and discussion 

Firstly, a preliminary study about the adsorp- 
tive voltammetric behaviour of  Sunset Yellow at 
different pH values (1.3, 4.7, 7.7 and 10.0) was 
realized for 0 and 30 s of accumulation time. In 
the first case (pH:l.3) there was not shown any 
reduction process in the checked potential range 
for the studied dye, whereas in the other three pH 
tested an only reduction peak was obtained, 
whose potential peak was shifted to potential 
more negative when the pH increased, which in- 
volves that Ep was pH dependent, (as expected for 
a reaction in which hydrogen ions take part in the 
electrochemical process), and whose intensity rose 
with the use of  accumulation times. It was se- 
lected a value of  pH 10 (NH4CI/NH3 buffer) as 
optimum medium because the reduction peak ob- 
tained showed the highest sensitivity and the best 
definition. 

We have chosen SWAdSV with regard 
DPAdSV by means of  a brief investigation, in 
which square-wave voltammetry response was 
found to be very sensitive to the adsorption of 
Sunset Yellow on the mercury drop surface. In 
this study, a sample was treated in the same 
experimental conditions and with the most similar 
instrumental parameters by both techniques. 

Later experiments were carried out in order to 
find optima chemical and instrumental conditions 
to determine Sunset Yellow by the technique cho- 
sen. 

The selection of  the optimum concentration of  
NHaC1/NH 3 buffer solution was made in order to 
reach the best signal over the background, subse- 
quently, concentration of NHaCI/NH 3 buffer so- 
lution was varied between 0.01 and 0.50 M for a 

200 p.g 1-~ Sunset Yellow solution. In Fig. 1 it is 
shown this experience and as it can be seen when 
the concentration buffer was increased between 
0.01 and 0.25 M the peak response also increased, 
reaching a plateau between 0.25 and 0.50 M. This 
last concentration was chosen as optimum be- 
cause it yielded the maximum peak response into 
the constant intensity area. The potential peak 
(Ep) stayed constant in all this experience. 

In conditions above mentioned, the stability for 
a 30 btg 1 ~ solution of Sunset Yellow was tested, 
so, this solution seemed to be stable for two 
hours, which was enough to recorder all scans of 
an experience by SWAdSV technique, whereas for 
higher periods than 2 h, a decrease of  the peak 
current associated with this reduction process was 
observed. 

With regard to the advantageous use of nitro- 
gen atmosphere maintained over the solution sur- 
face, parallel experiences were realized in presence 
and absence of N:  showing similar results in both 
cases; for this reason, faster analysis could be even 
achieved satisfactorily by using non deoxygenated 
samples. 

After that, it was achieved the optimization of 
instrumental parameters that affected the re- 
sponse to the adsorption phenomenon and to the 

8 0 0  

6 0 0  

4 0 0  

oa 
E 0 0  

0 i i 

0 . 0  0.  I 0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  

N H 4 C 1 / N H  ~ (M) 

Fig. I. Inf luence of  N H a C I / N H  3 concen t ra t ion  over  S W A d S V  
signal  for a 200 gg  1-  t Sunset  Ye l low solut ion.  Exper imenta l  
condi t ions :  A E  = 50 mV, As = 2 mV, f requency = 50 Hz, elec- 
t rode  area  = 2.5 m m  2. 
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Fig. 2. Influence of accumulation time over the SWAdSV 
signal for a 30 lag I ~ Sunset Yellow solution. Experimental 
conditions: [NH4CI,,NH~] = 0.5 M, E ~  = - 0 , 4  V, A E =  50 
mV, As = 2 mV, frequency = 50 Hz, electrode area = 2.5 ram-'. 

own technique. In all these assays a concentration 
of 30 pg I ~ of  Sunset Yellow was used as suitable 
in order to prevent a rapid saturation of the 
mercury drop. Results obtained are the follow- 
ings: 

As opt imum accumulation time (t~cc) it was 
chosen a value of 15 s because provided the 
largest peak current in the linearity range, 
whereas for accumulation times between 15 and 
45 s the signal showed a not linear increase and 
even decreased the peak intensity for larger accu- 
mulation times as it is shown in Fig. 2. The 
potential of  the reduction peak stayed constant 
for all this experience, however light shifts in Ep 
values to positive potentials were observed when 
very high accumulation times were tested. The 
linear relation found between Ip and t,~, in the 
range 0--15 s was the following: 
Ip(nA) = 98.33 + 54.28t .... r = 0.9997 n = 5 

In order to select the most suitable accumula- 
tion potential (E~,~) several values were tested 
( - 0 . 3 0 ,  0.35, - 0 . 4 0  and - 0 . 4 5  V). The Iv 
value was independent of  E ~  from - 0 . 3 0  to 
- 0 . 4 0  V and decreased for - 0 . 4 5  V. An E,~ = 
- 0 . 4 0  V was selected as optimum. The variation 
of accumulation potential did not produce shifts 
in Ep values. 
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Pulse  a m p l i t u d e  l m \ )  

1 5 0 0  

1()(~ 

Fig. 3. Effect of pulse amplitude over the SWAdSV signal for 
a 30 lag 1 t Sunset Yellow solution. Experimental conditions: 
[NH4CI/NH3] = 0.5 M, E~,c,. = - 0 . 4  V t~,~,.- 15 s, &~' = 2 mV, 
frequency = 50 Hz. electrode area = 2.5 mm 2. 

The influence of  the pulse amplitude (zXE) over 
the peak intensity was studied between 5 and 80 
mV and a not linear relationship was observed in 
this range, being selected as opt imum a value of 
50 mV, because gave the largest peak intensity, 
decreasing the obtained signal for higher values of  
this parameter.  In the other hand, an increase in 
AE values produced a shift in Ep to positive 
potentials. The effect of  pulse amplitude over the 
peak intensity is shown in Fig. 3. 

When the scan increment (As) was tested, the 
increase of  this parameter  (2, 4, 6, 8 and 10 mV) 
produced an increase in the peak intensity (Table 

Table 1 
Variation of lp and E p  with As for the reduction process of 30 
lag 1 ~ Sunset Yellow solution 

As (mY) Ep(V) lp(nA) 

2 --0.57 820.3 
4 -0 .59  1090.4 
6 -0.61 1115.1 
8 --0.62 1190.5 
10 --0.64 1234.3 

Experimental conditions: [NH4C1/NH)]=0.5 M. t , ~ =  15 s, 
E ~ = - 0 . 4  V, A E = 5 0  mV, frequency= 5(1 Hz, electrode 
area = 2.5 mm 2. 
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Fig. 4. Influence of frequency over the SWAdSV signal for a 
30 gg I - ) Sunset Yellow solution. Experimental conditions = 
[NH4C1/NH3]=0.5 M, t~c~= 15 s, E~¢¢=-0.4 V, AE=50 
mV, As = 4 mV, electrode area = 2.5 mm 2. 

of  2.2% was obtained in such condit ions (n = 10) 
Once established the most  suitable chemical 

and instrumental  conditions, vo l t ammograms  at 
different concentrat ions of  Sunset Yellow were 
recorded in such condit ions in order  to check the 
linearity range, showing an only peak at - 0.60 V 
(Fig. 5). A calibration graph was established be- 
tween 5.0 and 90.0 lag 1 ~ against their respective 
peak intensities, being the obtained equation: 

Ip(nA) = 163.9 + 59.87Cs(/~g 1- 1) r = 0.9994 

n = 7  

The determinat ion limit (minimum signal mea- 
surable over the background  vo l tammogram)  
reached in these condit ions was 5.0 lag 1- 

In Table 2 opt ima condit ions selected by the 
studied technique have been summarized and also 
the variat ion range tested for each parameter.  

1), but  also a distort ion in this signal was ob- 
served, resulting a poorer  resolution. It was con- 
cluded that  an intermediate value o f  4 mV was the 
most  appropriate.  

With regard to the frequency, the influence o f  
this parameter  was studied between 5 and 120 Hz, 
and a not  linear response was obtained in this 
range, being selected as op t imum a value o f  70 
Hz, because provided the largest peak current,  
decreasing this signal for higher values o f  this 
parameter  as it is shown in Fig. 4. When  fre- 
quency values were increased, Ep values showed a 
shift to negative potentials. 

In these conditions,  a very reasonable scan rate 
o f  280 mV/s (As × frequency) was reached in this 
determination.  

It was also tested the influence o f  the electrode 
area (1.0, 1.6 and 2.5 m m  2) over the peak current.  
In this experience, the increase o f  the size o f  area 
yielded, as expected, an increase in the peak re- 
sponse and did not  affect the value o f  Ep. The size 
' large'  (2.5 m m  2) was considered as suitable in this 
experience because provided the largest intensity. 

In condit ions previously optimized, the re- 
peatability o f  the signal was checked in the same 
day by measurements  o f  a 30 lag 1 ) Sunset 
Yellow solution and a relative s tandard  deviation 

4. Applications 

The procedure for the preparat ion o f  the sam- 
ples was the same in all cases: a known volume of  

7 0 0 0  

6 0 0 0  - -  

~'~ 4 0 0 o ~  

3 0 0 0 -  

2 0 0 0 - -  

0 . 4  0 , 5  0 , 6  0 . 7  0 . 8  0 . 9  

- -  P o t e n t i a l  ( V )  

Fig. 5. Background (B) and square wave adsorptive stripping 
voltammograms at different concentrations of Sunset Yellow: 
(a) 5.0, (b) 15.0, (c) 30.0, (d) 60.0 and (e) 90.0 gg l-  
Experimental conditions: [NH4CI/NH3]=0.5 M, t,c~= 15 s, 
E~cc = - 0.4 V, AE = 50 mV, As = 4 mV, frequency = 70 Hz, 
electrode area = 2.5 mm 2. 
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Table 2 
Optima conditions to determine Sunset Yellow by SWAdSV 

Parameter Variation range Optimum value 

NHmC1/NH~ concen- 0.01 0.5 M 0,5 M 
tration 

Accumulation t ime 0-90 s 15 s 
Accumulation poten- -0.30 0.45 V -0.40 V 

tial 
Pulse amplitude 5 80 mV 50 mV 
Scan increment 2 10 mV 4 mV 
Frequency 5 120 Hz 70 Hz 
Electrode area 1.0-2.5 mm 2 2.5 mm 2 
Linearity range 5.0 430.6 jagl ' 5.0 90,0 gg 1 

the commercial  p roduc t  (200, 20 and 100 ~tl of  
T o f  lemmon,  Ga to rade  lemmon and the third 
refreshing drink, respectively) was added in a 10 
ml NH4C1/NH 3 0.5 M solution, which was placed 
in the vol tammetr ic  cell. 

S tandard  addit ion method  was used for deter- 
mining contents of  studied dye in order to avoid 
matrix effects. In Table 3 have been summarized 
the mean  and s tandard deviations (estimated f rom 
five determinations) o f  results obtained in these 
analysis by s tandard  additions method  in each 
product .  In Fig. 6 are shown vo l t ammograms  
obtained when additions o f  Sunset Yellow of  10.0, 
20.0 and 40.0 lag 1 ' were made over a diluted 
solution of  commercial  p roduc t  Ga to rade  in 0.5 

M NH4CI/NH3. 
In condit ions already described in experimental 

section for H P L C  study, three linear calibration 
graphs were established between 0.2 and 12.0 mg 
I l with slopes o f  14.98, 17.43 and 31.70 arbi t rary 
units o f  peak a r e a x l m g  ' at 420, 440 and 480 
nm, respectively ( r =  0.9996, 0.9994 and 0.9997). 

Table 3 
Contents (pg I ') of Sunset Yellow in commercial products 

Refreshing drinks SWAdSV HPLC 

Tof (lemon) 192 _+ 4" 200 _+ 5 
Gatorade (lemon) 5790 _+ 116 
Refreshing drink (orange) 2142 + 42 1960 + 39 

Already explained in Section 4. 
n (number of determinations) = 5. 
~' Mean _+ S.D. 
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Fig. 6. Square-wave voltammograms of Gatorade (G) and 
standard additions of Sunset Yellow of (a) 10.0, (b) 20.(/and 
(c) 40.0 jag ,. Experimental conditions: [NH4C1/NH3]- 0.5 
M, t ~ = 1 5  s, E~,,.,.=-0.4 V, AE-50 inV. &s=4 mV, 
frequency = 70 Hz, electrode area = 2.5 mm •. 

Chromatograph ic  results are also summarized 
in Table 3 and as it can be seen these results are 
in accordance with the obtained by vol tammetr ic  
method.  Sunset Yellow was not determined in 
Ga to rade  product  by H P L C  because vol tammet-  
ric and chromatograph ic  studies were achieved in 
different time periods, so when we realized chro- 
matographic  analysis this product  had varied its 
composi t ion and Sunset Yellow had been replaced 
b y / ] - C a r o t e n e  (E-160 a) 

In the other  hand, the presence o f  dye Quino-  
line Yellow in the composi t ion of  commercial  
products  T o f  and Ga to rade  did not involve inter- 
ferences in the vol tammetr ic  determinat ion o f  
Sunset Yellow because in chemical condit ions es- 
tablished Quinoline Yellow did not give reduction 
peaks at potentials where Sunset Yellow was re- 
duced. 

With regard to Tartrazine (Product  3), this 
colorant  produced small interferences in the deter- 
minat ion o f  studied dye, because gave a current 
peak at potentials ( - 0 . 6 1  V) very nearly to the 
Sunset Yellow ( - 0 . 6 0  V), which produced small 
differences between chromatographic  and vol tam- 
metric results, (as it is shown in Table 3), that  
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could be due to the possible contribution of Tar- 
trazine over voltammetric signal of Sunset Yel- 
low, nevertheless, for similar concentrations, 
Sunset Yellow had a higher tendency than Tar- 
trazine to be absorbed in the surface drop elec- 
trode in the accumulation step and consequently 
higher possibilities to be reduced in the cathodic 
run, showing higher peak currents. The presence 
of small amounts of Sunset Yellow restrain the 
Tartrazine signal corresponding to higher concen- 
trations. In order to quantify this behaviour seven 
samples of different concentration ratios (Sunset 
Yellow: Tartrazine) were tested from ratios 4:1 to 
1:10. It was observed a great contribution of 
Tartrazine over the analytical signal of Sunset 
Yellow (25-250%) from ratios 1:1 to 1:10, 
whereas in the other tested ratios there was not 
this interference. 

5. Conclusions 

Adsorptive stripping square-wave voltammetry 
is an useful technique to determine Sunset Yellow 
in commercial refreshing drinks. The sensitivity 
and accuracy of the method allowed in the deter- 
mination of Sunset Yellow, and the relatively 
short accumulation times and inexpensive instru- 
mentation are some of advantages provided by 
this technique. 

We advise the proposed method using standard 
addition method measurements (in order to pre- 
vent matrix effect), taking into account good re- 
sults obtained, the speed of the determination in 
analysis (very short length of real time analysis: 
27 s), the simplicity of treatment of the sample 
(measurements have been made directly over a 
diluted solution of commercial product) and 
higher sensitivities reached in commercial applica- 
tions with regards to other techniques [18] in the 
determination of contents of the studied dye in 
complex matrix as foods. 

Satisfactory results and small values of stan- 
dard deviations obtained in the determination of 
the dye in these three commercial products are an 
indication of the applicability of this method in 
other beverages and foods that contain this dye. 
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Abstract 

The inhibitory effect of different pollutants on the enzyme phosphoenolpyruvate-carboxylase was investigated. For 
this enzyme, different procedures are described for determining the activity of the enzyme. Determination of the 
presence of the enzymatically-formed oxaloacetate was found to be more suitable for this purpose because of the 
higher sensitivity compared with that of the enzymatically-formed phosphate. In order to detect possible inhibitors of 
this enzyme, inhibition tests were carried out with different pesticides and metal ions. The enzyme activity was 
decreased by ziram, ferbam and pentachlorophenol. Of the tested metal ions, the enzyme reacts very sensitively to 
mercury ions, however cobalt, lead, zinc and copper also showed an inhibition effect. ~ 1997 Elsevier Science B.V. 

K~Twords: Heavy metal ions; Inhibitors; Pesticides; Phosphoenolpyruvate-carboxylase (PEPC) 

I. Introduction 

In routine analysis o f  drinking water, sewage 
and soil, a larger part  o f  the samples proved to be 
non-polluted.  Using tradit ional instrumental  anal- 
ysis methods  for this is very expensive. Thus, 
biochemical analysis procedures have received 
more  and more  attention in the last few years. 
Enzymes may be used as powerful instruments to 
detect hazardous  substances in food  and even in 
environmental  substances. Enzyme inhibition tests 
are part  of  this methodology.  Screening tests can 
be carried out  with these kinds o f  samples. The 
polluted ones can be separated f rom the non-pol- 

* Corresponding author. 

luted ones, so that  only the actual polluted sam- 
pies must  be examined with the more  exact, but 
also more  expensive, instrumental methods.  This 
can significantly cut costs and save time. The 
enzyme inhibition test is especially well suited as a 
screening test. Here, the fact that  the activity of  
enzymes is selectively inhibited by certain pollu- 
tants is explored. The intensity of  the inhibition 
correlates with the concentra t ion o f  the pollutant.  
It is necessary to be able to use a variety o f  
inhibition tests to screen different pollutants. 
With respect to the enormous  multiplicity o f  enzy- 
matic reactions it seems possible to design enzy- 
matic screening tests for nearly each substance o f  
interest [1]. Therefore it is very impor tant  to find 
enzyme-inhibitor-systems with environmental  rele- 

0039-9140/97517.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40( 96)021 07-8 
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vance. The interest on such screening tests for 
pesticides is very high. A well examined example 
is the acetylcholinesterase inhibition test, which 
has been available on the market for a longer 
time. Organophosphorous acid esters and N- 
methyl carbamates can be detected in water sam- 
ples. Another example is the inhibition of the 
enzyme aldehyde dehydrogenase, dithiocarba- 
mates used as fungicides inhibit this enzyme [2]. 
By using microtiterplates, the time needed to 
carry out enzyme inhibition tests is reduced 
tremendously, since up to 96 tests can be carried 
out simultaneously. Thus, sample preparation is 
the most time consuming step. Another pollutant 
of great interest is the herbicide atrazine, which is 
given as a possible inhibitor of the enzyme phos- 
phoenolpyruvate carboxylase by Wiegand-Rosi- 
nus et al. [3]. Therefore the inhibition behaviour 
of phosphoenolpyruvate carboxylase is experi- 
mentally examined. We could not measure an 
inhibition of this enzyme by atrazine. To deter- 
mine other inhibitors of the enzyme, the inhibi- 
tion test is carried out with the pesticides ferbam, 
ziram, aldrin, heptachlor, aldicarb, carbofuran, 
parathionethyl and pentachlorophenol, which are 
choosen as examples of different chemical struc- 
tures (normally the inhibition depends on the 
chemical structure), and the metal ions mercury, 
thallium, aluminium, nickel, chromate, cobalt, 
lead, zinc and copper (the activity of a lot of 
enzymes is inhibited by heavy metal ions). 

The activity of enzymes can be determined by 
measuring the products formed after the enzy- 
matic reaction. The enzyme phosphoenolpyruvate 
carboxylase acts as catalyst in the following reac- 
tion: 

PEP + HCOf  PEPC OAA + Pi 

PEP, phosphoenolpyruvate; PEPC, phospbo- 
enolpyruvate carboxylase; OAA, oxaloacetate; Pi, 
inorganic phosphate. 

Some authors described the determination of 
CO2 or bicarbonate with the use of phospho- 
enolpyryvate decarboxylase in buffer solutions, 
food or animal tissues, plasma or serum. All these 
applications malate dehydrogenase was used to 
measure the formed oxaloacetate [4-7]. Instead of 
a coupled enzymatic reaction the formed products 

could be measured photometrically. This is more 
suitable for an inhibition test, because of the 
possible influence of the investigated inhibitors on 
the second enzymatic reaction. For the photomet- 
ric determination of inorganic orthophosphate, a 
large number of different procedures are de- 
scribed [8 14]. In this work, the phosphate reacts 
with molybdate-vanadate solution, and the 
formed molybdato-vanadato-phosphate complex 
is measured at a wavelength of 405 nm [8,11]. 
Oxaloacetate can be measured photometrically as 
well. The diazonium salt, fast violet B, forms a 
red complex with oxaloacetate, which could be 
measured photometrically at 490 nm [15]. 

2. Experimental 

2.1. Apparatus 

Microtiterstrip reader (Behring EL 301), 
MaxiSorp-microtiterstrips (Nunc Ltd.), pH-meter 
E 603 (Metrohm). 

2.2. Reagents 

For all solutions bi-distilled water was used. 

2.2.1. Activity measurement by determining the 
enzymatically formed phosphate 

KHCO 3 (MicroSelect, Fluka); solution: 50 mg 
are dissolved in 25 ml water. MgCI2"6H20 (p.a., 
Merck); solution: 51 mg are dissolved in 25 ml 
water. HC1 (p.a., Riedel-de Hahn); 37%. Tris-(hy- 
droxymethyl)- aminomethane (TRIS) (p.a., 
Merck); solution: 6 mg TRIS are dissolved in 
water, the pH is adjusted to 8.6 with HC1 (1 mol 
1-1) and filled to 50 ml. Cofactor solution: 4 ml 
KHCO3 solution, 2 ml MgClz-6H20 solution and 
1 ml TRIS solution are mixed. Nitric acid, Baker; 
70-71%. Ammoniumvanadate (p.a., Riedel-de 
Haen); solution: 25 mg ammoniumvanadate are 
dissolved in hot water, 0.2 ml concentrated nitric 
acid are added and the mixture is filled to 10 ml 
with water. Sulphuric acid (p.a., Merck); 95-97%. 
Ammoniummolybdate-tetrahydrate (p.a., Merck); 
solution: 1 g ammoniummolybdate is dissolved in 
approximately 50°C warm water, 1 ml concert- 
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trated H2SO4 is added and the mixture is filled 
with water to 10 ml. Reagent solution: 3 ml each 
of freshly made ammoniummolybdate and ammo- 
niumvanadate solution are mixed. 

Phosphoenolpyruvate-carboxylase (E.C. 
4.1.1.31) (suspension of the enzyme from corn in 
2.4 tool 1 ~ ammonium sulphate solution, 10 
mmol 1 ~ phosphate buffer (pH 7), 1 mmol 1 
biotin, 5 mmol 1 - ~ dithiothreitol and 1 mmol 1- L 
phenylmethylsulfonylfluoride; 8.1 mg protein m l  
1; 2.4 U mg-  i protein),(Sigma); solution (750 U 
1 ~): 38.6 gl enzyme suspension was diluted with 
961.4 ~tl water. 

Phosphoenolpyruvate tricyclohexylaminsalt 
(PEP) >98%, (Fluka); stock solution: 93.1 mg 
PEP are dissolved in 2 ml water. For  getting the 
substrate curve solutions in the concentration 
range from 1 × 10-~ to 1.34× 10-3 mol 1 ~ the 
stock solution is diluted adequately. For the fol- 
lowing inhibition test 46.6 mg PEP was dissolved 
in 2.5 ml water. Acetonitril (p.a., Riedel-de Ha6n). 
2.2.2. Activity measurement by determining the 
enzymatically Jormed oxaloacetate 

TRIS; solution (1 mol 1 1): 1.2114 g TRIS are 
dissolved in 10 ml water. MgCI2.6H20 (p.a., 
Merck): solution (0.2 tool 1 ~): 40.6 mg are dis- 
solved in 10 ml water. KHCO3 (MicroSelect, 
Fluka), solution (0.4 mol 1 ~): 40.1 mg are dis- 
solved in 10 ml water. Triton X-100 (alkylphenyl- 
polyethylenglycol) (SERVA); solution (1%): 1 ml 
is dissolved in 100 ml water. Fast violet B (FVB) 
standard (Fluka); solution (6 g 1 I): 30 mg FVB 
are dissolved in 5 ml Triton X-100-solution. The 
solution must be prepared freshly every day. Ox- 
aloacetic acid 99%ig (Fluka); solution (2.5 mmol 
1 ~): 330 mg oxaloacetic acid are dissolved in 100 
ml water. TRIS buffer: 0.5 ml TRIS solution and 
0.5 ml MgC12 solution are mixed and filled with 
water to 7 ml. Subsequently the pH is adjusted to 
8 with HC1 (1 mol 1 ~) and filled with water to 10 
ml. Enzyme solution: 10.3 gl enzyme suspension 
are diluted with 989.7 ~tl water. Phosphoenolpyru- 
vate tricylcohexylaminsalt (PEP) (Fluka); solu- 
tion: 20 mg PEP are dissolved in 200 ~1 MgC12 
solution (0.2 tool 1 ~), 200 ~tl TRIS buffer (1 mol 
1 L) and 100 ~tl KHCO~ solution (0.4 tool 1 ~). 
Subsequently, the pH is adjusted to 9 with HC1 (1 
tool 1 1) and filled with water to 2 ml. 

2.2.3. Inhibitors 
Pentachlorophenol (PCP), (AccuStandard 

Ehrenstorfer, Augsburg); stock solution (1 g 1 1): 
10 mg PCP are dissolved in 10 ml methanol. 
Sample solutions are prepared by adequately di- 
luting with water in the concentration range from 
2 mg 1 1 to 100 mg 1 ~. Ferbam (Ehrenstorfer, 
Augsburg); 84% stock solution (0.84 1 ~): 10 mg 
Ferbam are dissolved in 10 ml acetonitril. Sample 
solutions are prepared by diluting adequately with 
water in the concentration range from 1.05 mg 
1 ~ to 84 mg 1 ~. HgNO3 (p.a., Fluka): standard 
solution (1 g 1-1 Hg2+): 161.8 mg HgNO3 are 
dissolved in 100 ml nitric acid. All other used 
pesticides, Ehrenstorfer, Augsburg, all other 
tested heavy metal stock solution 1 g l ~, Merck. 

3. Procedure 

3.1. Activity measurement by determining the 
enzymatically jormed phosphate 

For determining the substrate curve, 70 ~tl co- 
factor solution, 40 gl PEP solution and 40 gl 
enzyme solution are poured in the wells of the 
microtiter strip. After 13 rain enzymatic reaction 
time, 30 gl reagent solution are added. Photomet- 
ric measurements are carried out after another 2 
rain at 405 nm against the reagent blank contain- 
ing water instead of PEP solution. 

3.2. Determination of the inhibition using 
photometric' phosphate determination 

For inhibition tests, 70 ~tl cofactor solution, 80 
~tl standard solution (inhibitor) and 40 gl enzyme 
solution (750 U 1 - ~) are poured in the wells of the 
microtiter plate. After an incubation period of 30 
rain, in which the inhibition reaction takes place, 
40 gl PEP solution are added, and after another 
30 min of reaction time, 30 ~tl reagent solution are 
added. After 2 rain, photometric measurements 
are carried out at 405 nm against reagent blank. 
100% activity is determined using water instead of 
the inhibitor solutions. The inhibition was calcu- 
lated as follows: 
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I[%] Ao - Ai100% 
A0 

A0, absorption of the non-inhibited reaction; 
A~, absorption of the inhibited reaction; I, inhibi- 
tion. 
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3.3. Activity measurement by determining the 
enzymatically formed oxaloacetate 

For determining the complex formation rate 
between FVB and enzymatically formed oxaloac- 
etate, the following volumes of solutions are 
poured into the wells: 60 lal buffer, 40 gl ox- 
aloacetic acid, 60 pl water and 90 ~tl FVB solu- 
tion. After the addition of the FVB solution, the 
absorption is determined photometrically at inter- 
vals of 1 rain at 490 nm against reagent blank, 
containing water instead of  oxaloacetate. 

3.4. Determination of  the inhibition using 
photometric oxaloacetate determination 

For inhibition tests, 100 ~tl inhibitor solution 
and 30 ~tl enzyme solution are poured in the wells 
of the microtiter plate. After 30 rain incubation 
period, 30 ~tl PEP solution are added and after 
another 30 min reaction time, 30 ~tl FVB solution 
are added. The absorption is measured 15 min 
later at 490 nm against reagent blank, containing 
water instead of PEP solution. 100% activity is 
determined using water instead of inhibitor solu- 
tion. 

mined. For  this, a substrate curve is measured by 
determining the absorbance at different substrate 
concentrations (Fig. 1). Normally, the substrate 
concentration at the beginning of the steady state 
range should be chosen for the inhibition test [16]. 
Here, a small fluctuation in the substrate concen- 
tration (e.g., due to pipetting deviation) does not 
lead to larger deviations of  the absorption. In this 
case, with a substrate concentration of 6 mmol 
1-~, a compromise was chosen. This concentra- 
tion is not in the steep increase section of the 
substrate curve. A sufficiently high signal is ob- 
served, and the costs for the expensive substrate 
phosphoenolpyruvate are not yet too high. From 
the Lineweaver Burk plot, the Michaelis constant 
is determined to be KM = 4.1 mmol. This value 
matches well with the value given in the literature 
(approximately 1 mmol)[17]. 

By using atrazine no inhibition effect could be 
observed at concentrations up to 100 mg 1- 
Since the possible inhibition mechanism is not 
known, a series of other pesticides are tested 
regarding their inhibition to this enzyme. An inhi- 
bition effect on the enzyme is observed for the 
fungicides ziram, ferbam and pentachlorophenol. 

S ~ 2  t__ ~ ----J 3 

ziram ferbam 

CI 
C I ~ C I  

CV ~ "CI 
OH 

pentachlorophenol 

4. Results and discussion 

4.1. Determining the enzymatic activity by means 
of photometric phosphate determination 

In the acidic pH range, which is necessary for 
photometric phosphate determination, the enzyme 
denatures immediately and forms very fine flakes, 
but in the concentration range from 0.5 to 5 lamol 
1 ~ phosphate a linear relationship between ab- 
sorption and concentration (regression coefficient: 
r = 0.996) is observed at this acidic pH. 

For  the development of the inhibition tests, the 
optimal substrate concentration has to be deter- 

0.60 : 

0.50 

o = 0.40 / ~ ~  

"~ 0.30 ] 

0.20 

0.10 

0.00 - ~ I - ~ - 

0 5 10 15 20 25 
c (PEP) in mmol/L 

Fig. 1. Subst ra te  curve  for phosphoeno lpy ruva t e  (PEP) (mean 
values f rom n = 5 measurements ) .  
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Fig. 2. Inhibition caused by pentachlorophenol (mean values 
from n -  3 measurements) and by ferbam (for c > 20 rag/l: 
mean values from n =  3 measurements) (photometric phos- 
phate determination). 

For the other investigated pesticides (aldrin, 
aldicarb, atrazine, azinphosethyl, carbofuran, 
heptachlor and parathionethyl), no inhibition ef- 
fect could be measured up to concentration of 100 
mg 1 ' 

The inhibition curve was determined for ferbam 
and PCP (Fig. 2). Often the 10% inhibition value 
is given as a detection limit. Under this not opti- 
mised condition 10% inhibition was observed at 
7.5 mg 1 ' PCP and below 1 rng 1 - '  ferbam. 
Since the inhibitors are dissolved in organic sol- 
vents the influence of the solvent was investigated. 
10% of methanol leads to a decrease in activity of  
25%, but 10% of DMSO leads to an inhibition of 
the enzyme of 20%. In contrast to this, the solvent 
acetonitrile leads only to a little increase in en- 
zyme activity. The weak amounts of  solvents in 
the sample, which influence likewise the activity of  
the enzyme, were mathematically considered at 
the evaluation by measuring the influence of the 
solvent and substracted rsp added this inhibition 
rsp activation caused by the solvent from the 
measured total inhibition rsp the measured activa- 
tion was taken into account determining the not 
inhibited activity. Since it is well known, that 
enzymes can be inhibited by heavy metal ions, the 
suspicion is obvious, that the inhibition caused by 
ferbam is developed by the iron ion of the 
molecule. Therefore, an inhibition test with 
FeC13.6H20 solution is carried out. The concen- 
tration of the iron ions is the same as the iron 

concentration in the solution of 100 mg 1 ~ fer- 
barn. With this iron solution, however, no inhibi- 
tion of the enzyme could be observed. Therefore, 
the observed inhibition of the ferbam solution is 
caused by the ferbam molecule itself, and not by 
the iron ion. 

4.2. Determination the enz)'malic activity hi' 
means o f  oxaloacetate detection 

Years ago Norris et al. described a method 
using FVB for the oxaloacetate determination 
formed by phosphoenolpyruvate carboxylase [15]. 
In determining the enzyme activity by means of 
the oxaloacetate concentration after 15 min the 
oxaloacetate is almost completely transformed 
with the Fast Violet B (FVB). For the lbllowing 
measurements, the absorption is measured 15 min 
after addition of the FVB solution (Fig. 3). Be- 
cause of the inhibition effect of FVB itself [15], it 
must be added at the end of the enzymatic reac- 
tion. The absorption in the investigated concen- 
tration range from 10 to 500 Hmol 1 1 
oxaloacetate showed a very good linearity (regres- 
sion coefficient: r = 0.9999). Because of the higher 
sensitivity of  the photometric oxaloacetate deter- 
mination compared with the phosphate determi- 
nation weaker enzyme concentrations can be 
used. This way, the detection limit of the inhibitor 
is improved. As shown in the inhibition curve of 
Fig. 4, 20 mg I ~ PCP cause almost 100% inhibi- 
tion of the enzyme, while at determination of the 
enzymatic activity by means of measuring the 

1 . 6 0  I - 

1.40 i .~_.--~ + ~ + ~ + . . . . . .  + * ~ 

1 .20  X S  

1.00 / 
~ 0.80 , / o 

0-60 i /'/ ! 

0.40 { / { 

0.20 f 
0.00 . . . . . .  _ _  - 

0 5 10 15 20 25 
t in rain 

Fig. 3. Formation rate of the diazonium colour complex {mean 
values from n = 3 measurements). 
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Fig. 4. Inhibition caused by pentachlorophenol (mean values 
from n = 2 measurements) (photometric oxaloacetate determi- 
nation). 
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Fig. 5. Inhibition caused by mercury(II)-ions (mean values 
from n = 2 measurements) (photometric oxaloacetate determi- 
nation). 

enzymatically formed phosphate with 100 mg 1 
PCP, an inhibition of only 80% is observed (com- 
pare Fig. 2). 

The mercury(II) ion is a very strong inhibitor 
for phosphoenolpyruvate carboxylase, as it is for 
a lot of other enzymes. As shown by the inhibi- 
tion curve in Fig. 5, Hg(II) could be detected in 
the lag 1 ~ concentration range (10% inhibition 
for 15 tag 1- ~ Hg(II)). Analogously, the inhibition 
effect of  other heavy metal ions were investigated. 
At concentrations of 1 mg 1 ~ thallium, alu- 
minium, nickel and chromate, no inhibition was 
observed. However, cobalt ( < 10% inhibition at 1 
mg 1-~), lead ( <  10%), zinc (27%) and copper 
(54%) are also inhibitors of this enzyme. 

5. Prospect 

In this work the determination of the enzymatic 
formed oxaloacetate was found to be more suit- 
able for a phosphoenolpyruvate inhibition test, 
because of its higher sensitivity, which results in a 
higher sensitivity to the inhibitors examined. The 
described investigations are basic points for the 
optimisation of the inhibition test under the view 
of the further application, e.g., determination of  
PCP in extracts of leather, wood or cotton, deter- 
mination of  Hg z+ ions in natural waters, extracts 
from soil or food and so on, which will be done at 

the time. Such inhibitions test are a tool in the 
field of the analysis with the respect to the effect 
of  pollutants on the environment. 

References 

[1] A. Prell-Swaid and G. Schwedt, Acta Hydrochim. Hydro- 
biol., 22 (1994) 70-75. 

[2] M. Wiegand-Rosinus, K. Haberer, U. Obst and A. Wild, 
Z., Wasser-Abwasser-Forsch., 23 (1990) 98-101. 

[3] M. Wiegand-Rosinus, U. Obst, K. Haberer and A. Wild, 
Environ. Tox. Water Qual., 7 (1992) 313 321. 

[4] V.L. Crow and F.G. Marty, J. Diary Res., 58 (1991) 
521-525. 

[5] G.P. Dobson, R.L. Veech, U. Hoeger and J.V. Passon- 
neau, Anal. Biochem., 195 (1991) 232 237. 

[6] R.R. Punzalan, G.F. Johnson, B.A. Cunningham and 
R.D. Feld, Clin. Chem., 36 (1990) 2057-2062. 

[7] N.P. Hall, M.J. Cornelius and A.J. Keys, Anal. Biochem., 
132 (1983) 152-157. 

[8] B. Lange and Z.J. Vejdelek, Photometrische Analyse, 
Verlag Chemie, Weinheim Deerfield Beach Basel, 1980. 

[9] J.J. Pauer, H.R. van Vliet and F. van Staden, Water, SA 
14 (1988) 125-130. 

[10] N. Lacy, G.D. Christian and J. Ruzicka, Quimica Acta, 8 
(1989) 201-209. 

[11] W. Reichard and B. Eckert, Nahrung, 37 (1993) 79 81. 
[12] S. Motomizu, T. Wakimoto and K. Toei, Talanta, 30 

(1983) 333 338. 
[13] H.J. Altmann, A. Ffirstenau, A. Gielewski and L. Scholz, 

Z. Anal. Chem., 256 (1971) 274-276. 
[14] M. Hoenig, R.J. Lee and D.C. Ferguson, J. Biochem. 

Biophys., Meth., 19 (1989) 249 252. 
[15] K.A. Norris, A.R. Atkinson and W.G. Smith, Clin. 

Chem., 21 (1975) 1093 1101. 



K. Stein, G. Ohlenbusch / Talanta 44 (1997) 475 481 481 

[16] K. Stein and G. Schwedt, Vom Wasser, 79 (1992) 211- [17] M.H. O'Lear~, Ann. Rev. Plant Physiol., 33 (1982) 297 
224. 315. 



E L S E V I E R  Talanta 44 (1997) 483 489 

Talanta 

Short communication 

Detection and semiquantitative determination of bismuth(III) in 
water on immobilized and plasticized polyurethane foams with 

some chromogenic reagents 

M.S. E1-Shahawi *'1, R.S. A1-Mehrezi 
Department o[" ('hemisto~, Faculty of Science, UAE ~bliversiO', P.O. Box 17551, Al-Ain, United Arab Emirams 

Received 7 November 1995: revised 16 April 1996; re-revised 17 May 1996: accepted 22 May 1996 

Abstract 

Polyurethane foams immobilizing 1,2-di-(2-fluorophenyl)-3-mercaptoformazan (F2H2Dz) and dithizone (H2 Dz) have 
been used for the detection of bismuth(III) in water via batch, dynamic and pulsated column modes of extraction. The 
detection limits of bismuth(III) with the FzHzDz- and H2Dz-immobilized foams were found to be 0.01 and 0.02 l~g ml l 
respectively. Lower concentrations (~ 1 ppb) of bismuth(lII) were also detected by employing dynamic and pulsated 
columns packed with plasticized tri-n-butylphosphate and F2H2Dz-immobilized reagent foams. The electronic spectra 
and partition coefficients of the reagents H2Dz and FzH2Dz and their bismuth(III) chelates in chlorotbrm and in 
polyurethane foams have been determined. Bismuth (V) was also detected by the proposed procedure alter prior 
reduction to bismuth(III) with sulphur dioxide at pH < 1. The effect of diverse ions on the detection of I /~g of 
bismuth(Ill) was critically investigated using F2H2Dz-immobilized foam. © 1997 Elsevier Science B.V. 

Keywords: Bismuth(III); Chromogenic reagents; Polyurethane foams 

1. Introduction 

Various reagents have been used for the detec- 
tion, extraction and spectrophotometric determi- 
nation of bismuth(III) [1]. Most of these reagents 
suffer from limitations, e.g. long extraction pe- 
riod, low stability of the compounds formed, low 
tolerance limit, critical pH and interferences [1,2]. 

Open cell polyurethane foams have been suc- 

* Corresponding author. Fax: ( + 971 ) 3-671-291. 

cessfully used for the extraction and collection of 
various species in aqueous media [3]. Foams 
loaded with dithizone and other chromogenic 
reagents (chromofoams) have been reported 
for the sensitive detection and semiquantitative 
determination of some metal ions, including 
bismuth(III), employing batch and column extrac- 
tion modes [4 9]. 

There has been no study of the use of 1,5-di(2- 
fluorophenyl)-3-mercaptoformazan agent in the 
detection and proconcentration of bismuth(III) 

0039-9140/97/$17.00 ¢3 1997 Elsevier Science B.V. All rights reserved 
PII S0039-9140(96)02004-8 
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Table 1 
Characteristic absorption (cm ~) in KBr discs a and electronic (nm) spectral data for the reagents F2H2Dz and H2Dz and their 
bismuth(Ill) chelates in chloroform and in polyurethane foams (values in parentheses) 

Compound Wave number (cm - I )  2 . . . .  (nm) r(10 3 1 mol i cm-~)  log kex 
1 

v (N-H)  v(N = H) 6 ( N - H )  + (C = N) v(N C S) 

F2H2Dz 3320 (br) 2380 (w) 1510 (s) 1485 (s) 632 (614.5) 25.3 
1598 (s) 1450 (s) 545 (460.5) 23.7 

H2Dz 3340 (br) 2365 (w) 1515 (s) 1505 (s) 615 (614) 35.8 
1465 (s) 448 (480) 17.9 

Bi(FzHDz)3 3440 (m) 1615 (s) 1535 (s) 1485 (s) 490 (487) 91.4 
3245 (m) 1595 (m) 1460 (s) (605) 
3090 (br) 1440 (m) 

Bi(HDz)3 3420 (m) 1610 (s) 
3190 (m) 1590 (m) 1530 (s) 1490 (s) 489 (478) 80 11.49 
3060 (m) 1480 (sh) (616) 

9.75 

a s = strong, m = medium, w = weak, sh = shoulder, br = broad. 

and other metal ions in aqueous solution employ- 
ing polyurethane foams. Thus, the present paper 
describes the use of the immobilized and plasti- 
cized 1,5-di-(2-fluorophenyl)-3-mercaptoformazan 
(F2HzDz) and dithizone (HzDz) polyurethane 
foams for the sensitive and selective detection and 
the semiquantitative determination of traces of 
bismuth(III) in aqueous media. 

2. Experimental 

2.1. Reagents and materials 

All the reagents used were of analytical-reagent- 
grade unless otherwise specified. An open cell 
polyether type polyurethane foams (bulk density 
30 kg m -3) was supplied by Greiner K.G. 
Schaumstoffwerk (Kremsmunster, Austria). The 
foam material (cubes with 0.5 cm sides) was 
washed and dried as previously described [10]. A 
stock solution containing 1 mg ml ~ of bis- 
muth(III) was prepared by dissolving the appro- 
priate amount of bismuth(III) nitrate penta- 
hydrate in deionized water acidified with a few 
drops of 0.5 M nitric acid and standardized by 
EDTA titration. A bismuth(III) solution (100/~g 
ml -~) was also prepared by dissolving 0.123 g of 
bismuthic acid in 100 ml of 0.5 M KOH [11]. 

Tri-N-butylphosphate (TBP; BDH) was used 
without further purification. A series of standard 
bismuth(III) and (V) solutions was prepared by 
dilution with water acidified with a few drops of 
nitric acid. 

The reagent F2H2Dz was prepared by the nitro- 
formazyl method [12,13]. This reagent and the 
H2Dz (Merck) solutions were prepared by dissolv- 
ing 10 mg of each reagent separately in 50 ml of 
chloroform. The FzHzDz - and H2Dz-loaded 
foams were prepared by mixing the dried foam 
cubes with F2H2Dz and H2D-2 solutions (10 ml 
g-~ dry foam) respectively and stirring for 10 rain. 
The reagent-loaded foam cubes were then 
squeezed and dried as reported [10]. Plasticized 
F2H2Dz and HzDz foams were prepared by mix- 
ing the dried foam cubes with FzH2Dz and H2Dz 
(0.1% w/v) in TBP respectively, stirring for 15 min 
and then drying [10]. 

2.2. Apparatus 

A Shimadzu UV 2101 PC UV-visible scanning 
spectrophotometer and a Shimadzu FTIR-8101 
Fourier transform infrared spectrophotometer 
were used for recording the IR and electronic 
spectra of the reagents and their bismuth(III) 
complexes in chloroform and in parallelepiped 
polyurethane foam. An Orion pH-meter, glass 
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Table 2 
Comparative sensitivity of batch and dynamic modes of extraction for the detection of bismuth(Ill) ions (ppb) using F~H~Dz and 
H2Dz immobilized or plasticized TBP foams 

Method Amount of bismuth(lII) detected (ppb) 

F.H.Dz H2Dz 

Batch Dynamic Batch Dynamic 

Unloaded foam 100 
Immobilized reagent foam 10 
Plasticized TBP reagent foam 5 

100 
5 20 ~' 10" 
1 20 I 0 

" Data were obtained from Ref. [4]. 

columns (16 cm height × 5 mm i.d.) and medical 
syringes (100 ml capacity) as pulsating columns 
were used. 

2.3. General procedures 

2.3.1. Batch experiment 
One of  the immobilized reagent or plasticized 

TBP- reagen t  foam cubes was shaken with 3 - 5  ml 
of  the bismuth(III)  aqueous solution (pH < 4) for 2 
min. The colour of  the reagent foam changed from 
green to o r ange -b rown  and to orange with H2Dz 
and F2H2Dz respectively. The colour that devel- 
oped on the foam cube was taken as evidence for 
the detection of bismuth(III).  

2.3.2. Column experiments 
1 g of  the F2H2Dz or H2Dz-loaded or plasticized 

reagen t -TBP foams was packed in a glass column 
by the vacuum method of foam column packing 
[14]. 250 ml of  the bismuth(III)  solution of opti- 
mum pH was allowed to pass through the foam 
column at a flow rate of  2 3 ml min ~. The 
coloured foam bed produced was used for the 
detection of bismuth(III)  ions. 

2,3.3. Pulsating column experiments 
50 ml of  the bismuth(III)  solution of suitable pH 

was transferred to a 100 ml medical syringe. The 
solution was then compressed and released with 
one cube of F2H2Dz-immobilized or plasticized 
F 2 H 2 D z - T B P  foam. An orange colour on the 
foam cube was then observed after 25 successive 
pulses. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

Table 1 summarizes the IR data for the regions of  
interest in the spectra of  the solid reagents HzDz 
and F2H2Dz and their solid complexes of  bis- 
muth(III)  in a potassium bromide disc. The 
reagents F2H2Dz and H2Dz and their bismuth(Il l)  
complexes were characterized by 1R spectral [15 
17] (Table 1) and elemental analysis. The electronic 
spectra of  the reagents and bismuth(III)  complexes 
in chloroform and in parallelepiped polyurethane 
foams are also given in Table 1 and Fig. 1. The 
electronic spectra of  the bismuth(III)  complexes in 
chloroform (Fig. 1A) and in polyurethane foams 
(Fig. I B) have well-defined bands at 489-490 and 
478-487 nm respectively and a broad shoulder of  
low intensity at 270-360 nm. The introduction of 
fluorine atoms at the C-2 position of the phenyl 
radicals of  H2Dz leads to small bathochromic shifts 
of  both of  its bands (632 and 454 nm ~ 615 and 448 
nm respectively) for H2Dz. The position of,;.m~ for 
the bismuth(Il l)  complex of F2H 2 Dz in chloroform 
underwent similar shifts (Table 1 ) as compared with 
the bismuth(Il l )  complex of HeDz. The relative 
molar  absorptivities in chloroform of the two 
absorption bands of FeH2Dz and its bismuth(l lI)  
complex were similarly affected by the introduction 
of fluorine atoms compared with H~Dz and its 
bismuth(III)  complex (Table 1 ). 

3.1. Detection and semiquantitative determination 
o f  bismuth(IlI) with F2H2Dz 

Bismuth(Ill)  forms o range- red  and orange 
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Table 3 
Detection of 1 /~g of bismuth(Ill) with F2H2Dz-immobilized polyurethane foams in the presence of some interfering ions 

Foreign ions Compound Tolerance limit Note 
added 

Cd 2+ CdBr 2 1:1 x 104 
Fe 2+ FeSO 4 l:l × 10 4 

Fe 2+ FeCl 3 l:l × l04 
Ni 2+ NiC12 • 4H20 1:1 x 103 
Au 3+ AuCl 3 1:1 × 103 

MnO 4-  KMnO4 1:1 x 103 
Mn 2+ MnSO 4 1:1 × 104 
Hg 2+ HgCI 2 1:1 x 104 
Pd 2+ Pd(NO3) 2 1:1 x 103 
Cr 3+ CrCI 3 • 6H,O 1:1 × 103 
Ag + AgNO 3 1:1 x 103 
Zn 2+ ZnSO 4 1:1 x 103 

Oxalate H2C204.2H20 l:l x l03 
VO 3- NH4VO 3 l:l x 103 

Add a few crystals of sodium sulphite 
Add 1 ml of NaF (1 M) 
Add 1 ml of NaF (1 M) 
Add a few drops of KCN (1 M) 
Add a few crystals of sodium sulphite and adjust pH to ~- 1 
Add one crystal of sodium azide 
Add bromine water and boil the solution 
Add one crystal of ascorbic acid 
Add one crystal of NaF or thiourea 
Add H202 and boil the solution 
Add a few crystals of KCNS 
Adjust the pH of the aqueous solution to <2  with 
HNO3 (1 M) 
Add bromine water and boil the solution 
Add 1 ml of NaF (1 M) 

brown complexes [12, 18] with F2H2Dz and 
H2Dz in acidic aqueous solution (pH<5.2)  re- 
spectively. These reactions were tried with foam 
immobilized with F2H2Dz and H2Dz and plasti- 
cized reagent -TBP foam for the detection and 
semiquantitative determination of bismuth(III) 
in aqueous solution. 

On shaking one cube of the unloaded foam 
with the mixed test solution of  Bi(F2HDz)3 in a 
test tube at p H < 4  for 2 -3  min as little as 0.10 
ppm bismuth(III) was easily detected. The sensi- 
tivity of  the test was significantly improved by 
immobilizing or plasticizing the foam cubes with 
the reagent F2H2Dz. On shaking one cube of 
the immobilized F2H2Dz foam and one cube of 
the plasticized F zH2Dz-TBP  with 2 -3  ml of  
the test aqueous solution of  bismuth(III) con- 
centrations as low as 0.01 and 0.005 ppm were 
easily detected respectively. The relatively high 
available surface area of  the foam cube acts as 
an efficient collector for the bismuth(III) ions 
present in the aqueous solution at low concen- 
tration. In addition, it is easy to observe the 
characteristic red colour of the reaction product 
on/in the thin membranes of the foam material. 
The TBP plays a dual purpose [5] as it acts as 
an efficient non-volatile solvent for the reagent 

F2H2Dz and as a plasticizer for the plastic 
foam itself. This enhances the permeability of 
the foam material and the rate of sorption of 
bismuth(III) ions from the aqueous solution on 
the plasticized reagent foam. A comparison be- 
tween these results (Table 2), those reported 
with the usual spot test [19] and those of 
Hamza et al. [4] employing H2Dz-loaded foam 
shows that the FzH;Dz-immobilized foam and 
platicized F2H2Dz-TBP foam methods are much 
more sensitive for the detection of  bismuth(III) 
than H2Dz and other chelating agents [4, 19]. 

The colour density on the foam cubes was 
found to depend on the concentration of the 
bismuth(III) ions. Thus, semiquantitative deter- 
mination of bismuth(III) was achieved by com- 
parison of the colour of the plasticized 
FzH2Dz-TBP foam cube with a standard colour 
scale prepared from 0.01, 0.05, 0.1, 0.5, 1 and 
10 ppm bismuth(III) solutions under the same 
experimental conditions. 

The proposed F2H2Dz-loaded and plasticized 
FzH2Dz TBP foams were easily packed in the 
column mode producing a foam bed suitable for 
the detection of  bismuth(III) present in an ex- 
tremely dilute aqueous solution. Concentrations 
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Fig. 1. Electronic spectra of (1) F2H2Dz, (2) H2Dz, (3) Bi(F2HDz)~ and (4) Bi(HDz)~ in chloroform (A) and in polyurethane foam 
(B). 

as low as 5 and 1 ppb of bismuth(III) in aqueous 
solution were easily detected with F2H2Dz-loaded 
and plasticized F2H2Dz TBP foams respecively. 
The length of the coloured zone was found to be 
proportional to the bismuth(III) concentration in 
the aqueous phase (Fig. 2). Thus, semiquantitative 
determination of bismuth(III) in extremely dilute 
solutions was found to be possible using a stan- 
dard colour covering the range 5-80 ppb and 
employing F2H2Dz-loaded foam. 

The proposed F2H2Dz-loaded and plasticized 
F2H2Dz TBP foam cubes were used in a medical 
syringe for the detection of bismuth(III). As little 
as 5 ppb of bismuth(liD was easily detected after 
25 successive pulses with F2HzDz-loaded and 
plasticized F2H2Dz TBP foams. Semiquantitative 
determination was also found to be possible with 
standards of 5, 10, 15, 20 and 25 ppb bismuth(III) 
solution by comparison of the colour of the foam 
cubes at a constant number of pulses >25. 

3.2. Determination and semiquantitative 
determination of bismuth(Ill) with HeDz jbam 

The use of H2Dz allows the detection of as little 
as 0.02 ppm bismuth(III) in aqueous solution by 
shaking one cube of H2Dz-loaded foam or plasti- 
cized H2Dz-TBP foam with the test solution. 
These data are in good agreement with the data 
reported by Hamza et al. [4]. As little as 5 ppb of 
bismuth(III) was easily detected in aqueous solu- 
tion by H2Dz-loaded and plasticized H2Dz TBP 
foam columns at a flow rate of 2-3 ml rain ~. 
The semiquantitative determination of bis- 
muth(III) with immobilized foams was found to 
be possible in the concentration range 1 30 ng 
ml-~ (Fig. 2). 

The results obtained with F2H2Dz were much 
better thatn those obtained with H,Dz. The 
higher acidity of F2H2Dz (pK, = 4.05) and the 
higher extraction constant of its bismuth(llI) 
complex (log K~x = 11.41) compared to the values 
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for H2Dz (pK, = 4.7) [20] and its Bi(HDz)3 com- 
plex (log Kex = 9.8) may partially account for this 
behaviour. The distribution ratios of Bi(FzHDz)3, 
(log D=4 .1 )  and Bi(HDz) 3 (log D = 3 . 8 )  in the 
thin membrane of the polyurethane foam may 
also play significant roles in the preconcentration. 
Similarly, the fluorine atom at the ortho position 
of the phenyl moiety of H2Dz was found to 
increase the partition coefficient of F2H2Dz be- 
tween CC14  and H20 to 2.1 x 104 compared to 
1.1 x 104 for H2Dz [21,22] in the same two-phase 
system. The partition coefficient of Cu(F2HDz)2 
between CC14 and H2 O was found to be 1.53 x 
105 [21], compared to 7.3 x 104 for Cu(HDz)3 
(calculated from the stability constants data of 
Ref. [231). 

Bismuth (V) was also detected by the proposed 
method after prior reduction to bismuth(III). 

6.00 

4 . 0 0  
o 

g 

"6 
2.00 == 

=, 

I [ I I I 

~0 20 30 40 50 

Concentration of bismuth(I l I )  ion in P.g I "1 

Fig. 2. Relationship between the length of the coloured zone 
(cm) on the immobilized (1) F2H2Dz, (2) H2Dz, foam columns 
and the concentration of bismuth(Ill) in ppb. 

Sodium sulphite (1%) in acid media was found to 
be the most convenient reducing agent, where the 
unreacted sulphur dioxide was easily removed by 
boiling. As little as 0.02 ppm of bismuth (V) was 
easily detected in batch mode after reduction to 
bismuth(III) followed by shaking this solution 
with plasticized F2H2Dz-TBP foams. 

3.3. Interference study 

Elimination of interferences in the detection of 
bismuth(III) in water employing the F2H2Dz- 
loaded foam was considered to be a prime impor- 
tance. Thus, the selectivity of the proposed batch 
F2H2Dz-loaded foam method for the detection of 
bismuth(III) in the presence of diverse ions was 
critically investigted. It was possible to detect 1 pg 
of bismuth(IH) in the presence of up to 1 mg of 
the following ions: Li +, Ca 2+, Ba 2+, Mg 2+, Sr 2+, 
A13+, NH4 +, Mn 2+, Zn 2+, 8042-, NO3 , Br- ,  
CI , VO3 , WOa 2 , SO3 z-,  BrO3-, NO2 , 
NO 3-, C 1 0 4 -  , SeO32 , S e O 4 2 - ,  S b O  2 , A s O 2 - ,  

acetate, citrate, tartrate, ascorbate, phosphate and 
chromate. In the presence of some other ions 
(~<0.01 mg) which interfered seriously with the 
proposed method, simple modifications were 
made to the aqueous sample solution to eliminate 
their interferences, affording unambiguous and 
sensitive detection of bismuth(III) as given in 
Table 3. 

3.4. Application of the proposed method 

The feasibility of the method for the detection 
of bismuth in sea and waste water samples was 
also examined. A water sample (0.2 1) acidified 
with 0.1 mol 1 ~ nitric acid was allowed to pass 
through a 0.45/tm Millipore filter, and then 10 ml 
of 1 × 10 3 m o l l  ~ disodium salt of E D T A a n d  
1 0 m l o f l  ×10 3 m o l l  -~ NaF were added. The 
reaction mixture was allowed to stand for 15 min 
and then 1 ml of sodium sulphite solution and 5 
ml of concentrated HC1 were added. The solution 
was boiled to dryness, diluted with 20 ml of 
distilled water and the pH was then adjusted to 
9-10 with ammonia follwed by the addition of 10 
ml of 2% (w/v) sodium diethyldithiocarbamate 
(NaDDC). The Bi(DDC)3 complex produced was 
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then ext rac ted  by shaking  with l0  ml o f  xylene 
[24]. Back ex t rac t ion  o f  b i smuth ( I I I )  was 
achieved with 5 ml o f  concen t ra t ed  H N O  3 and 
finally the p H  o f  the solut ion was ad jus ted  to 
3 5. Negat ive  results for  the de tec t ion  o f  bis- 
mu th  in sea and waste water  with ba tch  immobi -  
l i zed-F2H2Dz foam were ob ta ined  while with a 
co lumn packed  with F3H2Dz foam it was possi-  
ble to detect  b i smuth ( I I I )  in the concen t ra t ion  
range 10-20  ppb  in seawater .  This  concen t ra t ion  
range was detected by flameless a tomic  absorp -  
t ion spec t romet ry  to be 12 _+ 2 ppb  bismuth.  

An  a t t empt  was made  to demons t r a t e  the util-  
ity o f  the me thod  for  the quant i t a t ive  col lect ion 
o f  b i smuth ( I I I )  at 3 < p H  < 5  with a co lumn 
packed  with F2H2Dz foam. 100 ml o f  a 10 /xg 
ml t aqueous  so lu t ion  o f  b i smuth ( I I I )  was pre-  
co la ted  th rough  a foam co lumn (12 cm height  x 
1.5 i.d.) packed  with F2H2Dz foam at 1 - 2  ml 
min ~. Analys i s  o f  the effluent so lu t ion  by 
a tomic  abso rp t ion  spec t romet ry  showed quant i -  
ta t ive col lect ion (95-98"/o) o f  b i smuth( I I I )  on the 
foam column with a s t anda rd  devia t ion  a o f  
1.30. 

4. Conclusion 

This art icle has  d e m o n s t r a t e d  the possible  use 
o f  plast ic ized or  immobi l i zed  po lyu re thane  foams  
for  the sensitive and  selective de tec t ion  and  
quant i t a t ive  col lect ion o f  b i smuth ( I I I )  in wate r  at 
ext remely  low concent ra t ions .  E l imina t ion  o f  the 
interference o f  diverse ions in the de tec t ion  o f  
b i smuth  in water  by the p r o p o s e d  p rocedure  is o f  
pr ime impor tance .  M u c h  work  still remains  to be 
done  on improv ing  the selectivity and  uti l i ty o f  
the me thod  for the direct  de t e rmina t ion  o f  bis- 
muth( I I I ) ,  o r  b i smuth  (V) af ter  p r io r  reduct ion,  
ei ther  by direct  solid phase  spec t romet ry  on par-  
a l le lpiped po lyu re thane  foams  or  by elut ion o f  
the Bi(F2HDz)3 chelate  f rom the packed  foam 
co lumn with a selective elut ing agent.  
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A b s t r a c t  

Previously, thiols have been determined indirectly by cathodic stripping voltammetry (CSV) after accumulation as 
their mercury and copper(I) salts. Following a previous report of the first use of the catalytic nickel peak (for the 
determination of cysteine), this paper reports the first use of the catalytic cobalt peak in CSV (for the determination 
of 2-mercaptobenzothiazole (MBT)): only a very ill-defined catalytic cobalt peak had been observed previously with 
cysteine, and was unreported. MBT is accumulated at pH 4 (Bri t ton-Robinson buffer) as its cobalt(If) complex at 
- 0.1 V, and is then determined indirectly by observing the reduction of the cobalt(II) in the complex at - 0.95 V, 
i.e., with a much lowered overpotential: hydrated cobalt(II) is reduced at - 1.2 V. The peak is catalytic because the 
thiol released on reduction of the complex complexes further cobalt ions and causes their reduction. The detection 
limit for the determination of MBT was calculated to be 2.5 x 10 9 M (3a) using an accumulation time of 1 min. 
The sensitivity is about three times that obtained with the corresponding catalytic nickel peak. © 1997 Elsevier Science 
B.V. 

Keywords: Catalytic cobalt peak: 2-Mercaptobenzothiazole; Thiols 

1. I n t r o d u c t i o n  

Mercury  is oxidized more  readily,  i.e., at a less 

posi t ive potent ia l ,  in the presence of  complexan t s  

or  prec ip i tan ts  for  mercury( I )  or  -(II). In  this way, 

_ n 

* Corresponding author. 
L Present address: Norwegian University of Science and 

Technology, Department of Chemistry, N-7055 Dragvoll- 
Trondheim, Norway. 

thiols  can be accumula ted  as their  mercury  salts 

and  can be de te rmined  by mon i to r i ng  the reduc-  

t ion o f  the complexed  mercury  ions dur ing  a 

ca thod ic  poten t ia l  sweep. A n  accumula t ion  poten-  

t ial  in the region o f  + 0 . 2 - 0  V is usual [1]. In the 

presence o f  copper( I I ) ,  many  thiols  can be accu- 

mula ted  as their  copper ( I )  complexes,  and  can be 

de te rmined  by mon i to r i ng  the reduct ion  of  the 

copper ( I )  in the complex  dur ing  a ca thod ic  sweep. 
A n  accumula t ion  po ten t ia l  in the region o f  - 0 . 1  

0039-9140,'97/$17.00 ~:) 1997 Elsevier Science B.V. All rights reserved. 
PII S01)39-9 140196)02060-7 
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Fig. 1. Effect of  pH on the CSV of MBT in the presence of  cobalt(It) in Bri t ton-Robinson buffer. Accumulation potential = - 0 . 4 0  
V; accumulation time = 60 s; MBT concentration = 1.2 x 10 7 M; cobalt(l]) concentration = 3.4 x 10 a M. (a) pH 3.1 buffer only; 
(b) pH 3.1 buffer plus cobalt only; (c)-(h) buffer plus cobalt(II) plus MBT. pH: (c) 3.1; (d) 3.6; (e) 4.0; (f) 4.3; (g) 4.5; (h) 4.7. 

V is necessary [1]. Recently, we reported the first 
use of the catalytic nickel peak in cathodic strip- 
ping voltammetry (CSV) [2-6]. Hydrated nick- 
el(II) is reduced at about - 1.0 V, but nickel(II) 
in complexes of thiols such as cysteine [2], penicil- 
lamine [5] and glutathione [3] is reduced at about 
- 0 . 6  V owing to the reduced overpotential. This 
latter peak is catalytic because the thiol released 
on reducing the complexed nickel(II) is free to 
complex further nickel(II) ions and to cause their 
reduction. In the case of cysteine, penicillamine 
and glutathione, however, the peak is relatively 
small. More recently, 2-mercaptobenzothiazole 
(MBT) was shown to give a much larger catalytic 
nickel peak when determined by CSV in this way 
[7]. 

The catalytic cobalt wave has been studied 
mechanistically in polarography [8], including 
studies of cobalt complexes of thiols and selenium 
analogues [9-13]. More interest has been shown 
polarographically in the catalytic hydrogen evolu- 
tion process, which occurs in the presence of 
cobalt, and which gives a peak at a more negative 
potential than the catalytic cobalt peak [13]. We 
observed the catalytic cobalt peak in the CSV of 

cysteine at pH 7 in a brief excursion from our 
main study with nickel [2], but the peak was very 
ill-defined and was not reported. Here we report 
the first recorded use of the catalytic cobalt peak 
in CSV, in the determination of MBT. 

Derivatives of MBT are used extensively as 
accelerators in the vulcanization of rubber [14]. 
MBT is also used as a corrosion inhibitor in 
antifreezes based on ethylene glycol. Because of 
its widespread use, MBT has been detected in 
many environmental samples, including waste wa- 
ters. Liquid-liquid extraction and HPLC have 
been used to determine MBT and its derivatives 
[15], as have polarography and voltammetry 
[13,16]. Goyal and Kumar [16] studied the oxida- 
tion of MBT at a pyrolytic carbon electrode: a 
platinum ring-disc electrode was used to deter- 
mine MBT in ethylene glycol samples at 3 × 10 - 4  

-6  × 10 2 M levels. Calusaru [13] showed that by 
forming the cobalt(II)-MBT complex, MBT 
could be determined polarographically at 1 × 10 -6 

-1 × 10 5 M levels using the catalytic hydrogen 
peak produced by the complex. The method de- 
scribed here would need to be tested for its suit- 
ability for application to any of these sample 
types. 
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Fig. 2. Effect of cobalt(ll) concentration on the CSV of MBT in the presence of  cobalt(ll) in pH 4 Bri t ton-Robinson buffer. 
Accumulation potential = - 0.40 V; accumulation time = 60 s; MBT concentration = 1.2 × l0 7 M. (a) Buffer only; (b) buffer plus 
MBT only; (c) (h) buffer plus MBT plus cobalt(lI). Cobalt(ll) concentration: (c) 0.85; (d) 1.7; (e} 2.55; (f) 3.40; (g) 4.24; (h) 
5.1 x 10 4 M .  

2. Experimental 

Cathodic stripping voltammetry was carried out 
with a Metrohm 646/647 VA processor, using a 
multi-mode electrode in the hanging mercury 
drop electrode (HMDE) mode. The three-elec- 
trode system was completed by means of a glassy 
carbon auxiliary electrode and an Ag/AgC1 (3 M 
KC1) reference electrode. All potentials are quoted 
relative to this reference electrode. Differential- 
pulse voltammetry was carried out with a pulse 
amplitude of 50 mV, a scan rate of  10 mV s 1 
and a pulse interval of 1 s. 

Stock solutions of MBT (Aldrich) in methanol 
(3 × 10 3 M) were prepared fresh every 3 days. 
More dilute solutions were prepared daily by di- 
luting these solutions with methanol. Standard 
cobalt(II) solutions were prepared daily by dilut- 
ing standard solutions (Spectrosol, BDH). Brit- 
t on -Robinson  buffer was prepared by dissolving 
boric acid (2.47 g), orthophosphoric acid (2.7 ml) 
and glacial acetic acid (2.3 mi) in water and 

diluting to 1 1. Appropriate volumes of this solu- 
tion were adjusted to the required pH with 
sodium hydroxide solution (3 M). 

The general procedure used to obtain cathodic 
stripping voltammograms was as follows: a 20 ml 
aliquot of buffer was placed in the voltammetric 
cell and the solution was purged with nitrogen for 
6 min with the stirrer on. After an initial blank 
run, the required volumes of MBT and cobalt 
solutions were added by means of a micropipette. 
After forming a new mercury drop, accumulation 
was effected for the required time at the predeter- 
mined accumulation potential whilst the solution 
was stirred. The small mercury drop size was used 
on the Metrohm 647 VA stand. At the end of the 
accumulation period, the stirrer was switched off 
and after 10 s had elapsed to allow the solution to 
become quiescent a negative-going potential scan 
was initiated. When further volumes of MBT 
solution or reagents were added, the solution was 
deoxygenated for a further 20 s before producing 
further voltammograms. 
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Fig. 3. Cathodic stripping voltammograms obtained for producing a calibration graph for the determination of MBT in pH 4.0 
Britton-Robinson buffer. Accumulation potential = - 0.10 V; accumulation time = 60 s; cobalt(II) concentration = 2.55 x 10 4 M; 
MBT concentration = (a) 0; (b) 0.3; (c) 0.6; (d) 0.9; (e) 1.2; (f) 1.5; (g) 1.8; (h) 2.1 × 10 7 M. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

Typical cathodic stripping vol tammograms for 
MBT based on accumulation of  the cobalt(II) 
complex are shown in Figs. 1 -  3. The effect of  pH 
on the catalytic cobalt peak is shown in Fig. 1. 
pH 4.0 is optimum, giving a well defined peak of 
maximum height with good separation from the 
diffusion-controlled hydrated cobalt(II) peak. Ca- 
thodic stripping vol tammograms showing the ef- 
fect of  cobalt(II) concentration are shown in Fig. 
2. The catalytic peak is clearly seen to be well 
formed and approaching its maximum height at 
cobalt(II) concentrations of  about  2.55 x 10 -4  
M, and this concentration of  cobalt was usually 
used subsequently in determining MBT; above 
this concentration of  cobalt the peak continues to 
increase slightly. The hydrated cobalt(II) diffu- 
sion peak, which is much smaller than the cata- 
lytic peak at relatively low cobalt(II) 
concentrations, increases in size when excess of  
cobalt(II) is added. Cathodic stripping voltam- 
mograms obtained for producing a calibration 
graph are shown in Fig. 3 for 2 .55x  10 4 M 
cobalt(II); the sensitivity would be increased 

slightly if a slightly higher concentration of 
cobalt(II) were used. Calibration graphs obtained 
with 1 min accumulation, including that using the 
vol tammograms shown in Fig. 3, were rectilinear 
from 3 x 10-8 to 2.7 x 10-7 M MBT. The stan- 
dard deviation of  the signal at 3 x 10 8 M was 
2.8% (n = 8). From this, the detection limit was 
calculated to be 2.5 x 1 0  - 9  M (3o-, n = 8): the 
sensitivity (2.4 nA for 1 nmol 1 ~) is about three 
times that obtained with the corresponding cata- 
lytic nickel peak. With longer accumulation 
times, well defined peaks could be obtained with 
more dilute MBT solutions, a 7 x 1 0  - 9  M MBT 
solution producing a peak current of  75 nA for a 
5 rain accumulation. An accumulation time of  60 
s, however, was normally used. The effect of  
accumulation time on peak height at higher con- 
centrations (1.2 x 10 7 M MBT and 2.55 x 10 4 
M cobalt(II)) had been studied. The peak height 
increased regularly (but sub-linearly) with in- 
creasing accumulation time up to about  6 min, 
when the unit increase with time became small. 
Peak currents for accumulation times of 0, 60, 
120, 180, 360, and 480 s were 60, 206, 324, 420, 
588, and 644 nA, respectively. 
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This work was carried out as part of a larger 
study of  indirect CSV methods for determining 
thiols and other compounds, and is the first re- 
ported use of  the catalytic cobalt peak in CSV. The 
appropriate choice of methods involving the accu- 
mulation of  thiols as mercury, copper(I), nickel 
and cobalt salts and complexes seems to depend on 
the particular thiol that is being determined. Thus, 
MBT is poorly determined as its mercury salt, and 
is better determined as its copper(I), nickel or 
cobalt salts or complexes. Cysteine can be deter- 
mined voltammetrically as its nickel complex but 
has not been determined successfully as its cobalt 
complex so far. Trimercapto-s-triazine (TMT), 
which is used to remove heavy metals from 
effluents, gives excellent mercury(II), nickel and 
cobalt peaks, but gives no peak with copper(II), 
presumably owing to formation of colloidal cop- 
per(II) TMT (to be published elsewhere). Studies 
on the CSV of a range of thiols, and other 
compounds that can be determined indirectly this 
way, are continuing, in order to establish what 
factors govern whether complexes and salts are 
accumulated from solution or not. The possibility 
is also being considered of the use of accumulation 
of such complexes and salts at screen-printed 
electrodes for use in sensor devices. 
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Abstract 

Trimercapto-s-triazine (TMT) is available commercially for precipitating heavy metals in effluents prior to 
discharge and for recovering silver and copper. The TMT content of an effluent for discharge is normally monitored 
down to about 2 ppm by means of its UV absorption at 285 nm. Indirect cathodic-stripping voltammetric methods 
of determining TMT at sub-ppb levels in standard solutions are reported here. These methods might prove suitable 
for the determination of TMT in effluent at levels lower than is currently possible. TMT can be accumulated and 
determined indirectly at pH 9.0 as its mercury salt down to sub-ppb levels. Accumulation is made at 0 V and the 
mercury TMT reduction peak is at - 0 . 47  V. Alternatively, by adding nickel(II), TMT can be determined optimally 
at pH 7.8, using the catalytic nickel peak at - 0 . 73  V and accumulating between - 0 . 1 0  and - 0 . 6 0  V: at this pH 
the HgTMT peak at - 0.47 V is small. At slightly higher pH (pH 8.6) the nickel TMT complex can be accumulated 
directly at - 0 . 4 0  V, but at this pH, however, a slightly increased sensitivity can be achieved by accumulating TMT 
as its mercury salt, at - 0 .1  V in the presence of nickel(II), the nickel TMT complex being formed during the 
potential sweep on the release of the TMT when the mercury salt is reduced. Unlike many other thiols TMT is not 
accumulated as its copper(I) salt on addition of copper(II) to the solution. 6! 1997 Elsevier Science B.V. 

Keywords': Cathodic stripping voltammetry; Trimercapto-s-triazine; TMT: Catalytic nickel peak 

1. Introduction 

* Corresponding author. 
t Present address: Norwegian University of Science and 

Technology, Department of Chemistry, N-7055 Dragvoll, 
Trondheim. Norway. 

Tr i sodium tr imercapto-s- t r iazine (TMT)  is 
available commercial ly  as a 15% solut ion 
(TMT15;  Degussa, Hanau ,  Germany)  for the pre- 

0039-9140/97/$17.00 (© 1997 Elsevier Science B.V. All rights reserved. 
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cipitation of  divalent heavy metals and silver from 
aqueous solutions. It is used in the treatment of 
effluent before discharge and in the recovery of 
metals, e.g. copper and silver, from electroplating 
and photographic baths and from electrical com- 
ponents (see Degussa literature). 

A few years ago we were pleased to provide 
initial information on the voltammetric determi- 
nation of  heavy metals in samples provided by 
chemists at Powergen who were assessing the 
suitability of the technique for analysis of  effluent 
from the Flue Gas Desulphurisation plant being 
installed at Ratcliffe on Soar Power Station. This 
plant, now in operation, removes sulfur dioxide 
from the flue gases. This is done by means of  a 
limestone slurry, which is converted first into cal- 
cium sulfite, and then, through the injection of  
air, to calcium sulfate (gypsum), which is sold for 
plasterboard production and other purposes. 
Small concentrations of heavy metals enter the 
system from the limestone or the coal, via the flue 
gases: these are removed from the effluent initially 
with lime and then with TMT15. 

Trade literature from Degussa gives methods 
for the determination of TMT. At higher levels 
(e.g. in TMT15), TMT can be determined acidi- 
metrically by potentiometric titration with hy- 
drochloric acid. At lower levels, e.g. in treated 
effluent, it can be determined by means of its UV 
absorption at 285 nm. Typical dosage levels of 
TMT15 are reported to be 50-100 ml per cubic 
meter of  effluent (ie. 7.5 15 ppm TMT). Calibra- 
tion graphs are constructed from 1 10 ppm TMT 
using standard TMT solutions prepared in water 
having a similar salt composition to the effluent as 
high salt levels are reported to cause a reduction 
in the absorbance at 285 nm. 

General studies are being made in our laborato- 
ries of the indirect determination of  thiols by 
cathodic stripping voltammetry [1-7]. In particu- 
lar the first use of nickel and cobalt catalytic 
reduction peaks in CSV have been reported [1,7]. 
Comparisons are being made of the use of accu- 
mulation and determination of the mercury, cop- 
per(I), nickel and cobalt salts of  thiols. In this 
communication we report on the cathodic strip- 
ping voltammetry of TMT in standard solutions 
using these methods, and give some indication of  

possible interference from heavy metals, including 
copper and nickel, in the determinations. 

2. Experimental 

Cathodic stripping voltammetry was carried out 
with a Metrohm 646/647 VA Processor, using a 
multi-mode electrode in the H M D E  mode. The 
three-electrode system was completed by means of 
a glassy carbon auxiliary electrode and an Ag/ 
AgC1 (3M KC1) reference electrode. All potentials 
are quoted relative to this reference electrode. 
Differential-pulse voltammetry was carried out 
with a pulse amplitude of 50 mV, a scan rate of 10 
mV s-1 and a pulse interval of 1 s. 

Samples of TMT15 were kindly provided by 
Powergen. Stock solutions of TMT (1.2 × 10 2 
M) were prepared fresh every week: more dilute 
solutions were prepared daily by diluting these 
solutions. Standard copper(II), nickel(II) and 
other heavy metal solutions were prepared daily 
by diluting standard atomic absorption solutions 
from various manufacturers. Britton Robinson 
buffer (BRB) was prepared by dissolving boric 
acid (2.47 g), orthophosphoric acid (2.7 ml) and 
glacial acetic acid (2.3 ml) in water and diluting to 
11. Appropriate volumes of this solution were 
adjusted to the required pH with sodium hydrox- 
ide solution (3 M). 

The general procedure used to obtain cathodic 
stripping voltammograms was as follows: a 20 ml 
aliquot of buffer was placed in the voltammetric 
cell and the solution was purged with nitrogen for 
6 min with the stirrer on. After an initial blank 
run, the required volumes of TMT and metal 
solutions were added by means of a micropipette. 
After forming a new mercury drop, accumulation 
was effected for the required time at the predeter- 
mined accumulation potential whilst the solution 
was stirred. The small mercury drop size was used 
on the Metrohm 647 VA stand. At the end of the 
accumulation period the stirrer was switched off 
and after 10 s had elapsed to allow the solution to 
become quiescent a negative-going potential scan 
was initiated. When further volumes of TMT 
solution or reagents were added the solution was 
deoxygenated for a further 20 s before producing 
further voltammograms. 
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3. Resul t s  

Typical cathodic stripping vol tammograms of 
T M T  at pH 2-9 .4  are shown in Fig. 1. At the 
lower pH values (pH < about  7.5) two peaks are 
observed, which may be attributed to the reduc- 
tion of mercury(l l )-TMT. The smaller second 
peak is absent at higher pH values. There is a 
shift in the potential of  the main peak from - 0. l 
to - 0 . 4 7  V over this pH range, and the peak 
height reaches a maximum value at about  pH 9.0. 
This pH was used subsequently. Calibration 
graphs were very reproducible, but were rectilin- 
ear up to 7 x 10 ~ M when a disproportionate 
increase of  peak current was obtained, followed 
by a levelling off of  the current. At this time we 
have no explanation for the disproportionate in- 
crease in current, although it may be associated 
with the accumulation of different layers of 
HgTMT.  The final levelling off of  the current is 
normally owing to saturation of the surface of the 
drop. The limit of  detection (three standard devia- 
tions) was calculated to be 5 x 10 9 M. 

The addition of copper(lI)  removed the mer- 
cury T M T  peak: a 7-fold excess of  copper(II)  
eliminated the peak completely. No peak indicat- 
ing the accumulation of copper(I) T M T  was ob- 
served (see Fig. 2). Addition of cadmium also 
removed the mercury T M T  peak, and small peaks 
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Fig. 1. The effect of  pH on cathodic stripping vol tammograms 
of T M T  at a hanging mercury drop electrode. Accumulation 
potential. 0.0 V; accumulation time, 60 s: T M T  concentration, 
2 .4×  10 VM. p H - A ,  2.15:B, 2.50;C, 3.59;D, 4.44:E, 8.15; 
F, 8,69: (}, 9.06: H. 9.41. 
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Fig. 2. Interference of copper(II) in the determination of  TMT.  
Accumulation potential, 0.0 V; accumulation time. 60 s: T M T  
concentration, 2.4 x 10 7 M. pH = 9.(I. Copper(ll} concentra- 
tion: A, 0 (buffer only): B, 0 (buffer + T M T  only}: C, 3.14: D, 
6.28; E. 9.44: F, 12.6: G, 15.7 × 10 7 M. 

became evident between - 0 . 6  - 0 . 8  V indicat- 
ing some small accumulation of a cadmium T M T  
species (not shown). Lead, cobalt and zinc did not 
interfere at this pH: there was no sign of a cata- 
lytic cobalt peak but the possibility of  its appear- 
ing at lower pH values needs to be investigated. 

On the addition of a high concentration (e.g. 
5 x 10 4 M) ofnickel(II)  the catalytic nickel peak 
of N iTMT appeared at - 0 . 7 3  V in addition to 
the H g T M T  peak at - 0 . 4 7  V, when accumula- 
tion was effected at - 0 . 1  V at pH 8.6. This 
indicates that T M T  is accumulated still as 
H g T M T  at 0.1 V, but is converted to NiTMT 
when the T M T  is released when the H g T M T  is 
reduced at - 0 . 4 7  V during the potential scan. 
T M T  can be accumulated directly at - (/.4 V, but 
with a slightly reduced sensitivity. The opt imum 
pH for the production of the catalytic nickel peak 
is slightly lower (pH 7.8) than for the production 
of the peak of the mercury salt: at this pH the 
mercury peak is very small, even when accumula- 
tion is effected at 0.20 V. Typical cathodic 
stripping vol tammograms obtained for producing 
a calibration graph for the determination of T M T  
as its nickel complex with an accumulation time 
of 60 s are shown in Fig. 3. 
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Fig. 3. Cathodic stripping voltammograms obtained for pro- 
ducing a calibration graph for the determination of TMT as its 
nickel complex (a) at pH 8.6 and (b) at pH 7.8. Accumulation 
potential, (a) -0.1 V and (b) -0 .2  V; accumulation time, 60 
s. Nickel(ll) concentration: 5.1 x 10 4 M. TMT concentra- 
tion: A, 0 (buffer only); B, 0 (buffer + Ni only); C, 0.3; D, 0.6; 
E, 0.9; F, 1.2; G, 1.8; H, 2.4 x 10 7 M. 

De te rmina t ions  o f  the trace meta ls  remain ing  
af ter  T M T  t rea tment  of  effluent are made  by  
wel l -es tabl ished s t r ipping  vo l t ammet r i c  me thods  
af ter  U V  i r rad ia t ion  to des t roy  T M T  remain ing  in 
the effluent (J.A. Lees, Pr ivate  c ommun ic a t i on  
and  [8]). The  trace meta ls  r emain ing  in the 
effluent could  be present  as dissolved or  col loidal  
T M T  complexes.  The  CSV me thods  descr ibed in 
this c o m m u n i c a t i o n  will de te rmine  free T M T  and 
soluble T M T  complexes  that  can be accumula ted  
as H g 3 T M T  2 (solubi l i ty  p r o d u c t =  1.4 x 10 4 7 ) ,  

but  appa ren t ly  no t  col lo idal  T M T  complexes.  
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Handbook of  Sensors and Actuators, Volume 2, 
Solid State Magnetic Sensors, by C.S. Roumenin, 
Elsevier. Amsterdam, 1994, x i i i+417  pp., 
US$148,50. ISBN 0-444-89401-2. 

One of a series of handbooks on sensors and 
actuators, this book is intended to be of use to 
scientists and engineers interested in using minia- 
ture sensing elements to detect and measure mag- 
netic fields. The author's aim is to present the 
overall progress made in the field of magneto- 
transducers, to summarise the scientific achieve- 
ments, and to provide a handbook for researchers 
and engineers interested in solid-state magne- 
tosensors. 

After introducing the principles and technolo- 
gies used to measure magnetic fields, the back- 
ground theory of the Hall effect, 
magnetoresistance, magnetodiode and related ef- 
fects, and coherent phenomena associated with 
superconductivity in condensed mat ter- - includ-  
ing the principles of operation of the incredibly 
sensitive SQUIDs (Superconducting Quantum In- 
terference Devices)--are dealt with in detail. The 
characteristics of  solid-state magnetic field sensors 
and methods for their determination are sum- 
marised. 

About half the book is devoted to an extensive 
review of developments associated with the vari- 
ous classes of miniature magnetosensor: Hall sen- 
sors (first developed about 100 years ago) and 
magnetoresistors; magnetodiode sensors; bipolar 
magnetotransistors (whose characteristics have 
greatly improved, although the theory of their 
action is incomplete) and related sensors; SQUID 

sensors (both DC and RF). Factors such as the 
choice of materials and geometry are considered, 
and the implications for fabricating and packag- 
ing the sensors in single-chip form are made clear. 

The functional approach to the construction of 
magnetosensors, which has lead to the invention 
of multisensors, gradiometers and vector magne- 
tometers, is described. The incorporation into the 
circuit environment of solid-state sensors as elec- 
tronic devices is considered, including biasing and 
signal processing circuitry, flip-flop based sensors, 
interfacing with digital systems, and a discussion 
of improvements that may be made to solid-state 
magnetosensors are surveyed. In addition to accu- 
rate measurement of  d.c. and a.c. magnetic fields, 
electrical quantities and a variety of non-electrical 
and non-magnetic quantities may be measured. 
Useful appendices on magnetic terms and units, 
and important quantities and constants used in 
this area, are included. 

C. Aust 

Physical Properties of  Polymers Handbook, edited 
by J.E. Mark, American Institute of Physics, New 
York, 1996, x v +  723 pp., £95.00. Also available 
from Oxford University Press. ISBN 1-56396-295- 
0. 

This is the third volume from the AlP series in 
Polymers and Complex Materials. The books in 
the series are designed to help those who concen- 
trate on one type of complex material to gain an 
insight from systematic expositions of other mate- 
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rials with analogous microstructural complexities, 
and to keep up with experimental and theoretical 
advances occurring in disciplines other than their 
own. The first two volumes were Statistical 
Physics of Macromolecules and, Biomimetics: De- 
sign and Processing of Materials. 

The large multi-authored text is divided into 10 
parts and contains 52 chapters. Properties empha- 
sised are those that are most relevant to physical 
chemistry and chemical physics, so that the more 
synthetic-organic topics such as the polymeriza- 
tion process and the chemical modification of  
polymers are not included. The first part of  the 
book concentrates on Structure and is followed by 
a Theory section containing topics such as scaling 
and fractal dimension, computational parameters 
and rotational isomeric state models. Part 3, the 
largest in the book, deals with Thermodynamic 
properties such as heat capacities, thermal con- 
ductivities, glass temperatures, solubility parame- 
ters and many others. The small (29 pages) 
Spectroscopy section contains information on 
NMR, IR and, Neutron and X-ray scattering. 
Part 5 covers Mechanical Properties such as im- 
pact behaviour and viscoelasticity and includes 
chapters on adhesives and gels. Part 6 deals with 
Crystallinity and morphology and contains, for 
example, chapters on densities, unit cell informa- 
tion and crystallization kinetics. The 6 chapters of  
Part 7 concentrate on Electro-Optical and Mag- 
netic Properties such as electrical conductivity, 
electroluminescence and the refractive index. Part 
8 contains details of  Responses to Radiation, 
Heat and Chemical Agents such as flammability, 
degradation and pyrolysability. The chapter on 
synthetic biodegradable polymers for medical ap- 
plications is an overview of general interest, with 
many useful references for further reading. Part 9 
of the book deals with surface and interfacial 
properties, acoustic properties and permeability of 
polymers to gases and vapors. Finally, part 10 
lists a number of  definitions, units and conversion 
factors. 

The many figures, tables and equations are of  
high quality, numerous references are included 
and the extensive indexing enables information to 
be located easily. Overall, this handbook succeeds 
in collating useful information on polymer prop- 

erties and deserves a place in science libraries as 
well as in the numerous laboratories involved with 
polymer activities. 

P.J. Cox 

Practical Surface Analysis, Volume 2--1on and 
Neutral Spectroscopy, edited by D. Briggs and 
M.P. Seah, Second edition, Wiley, Chichester, 
1992, xvi + 738 pp., £50.00. ISBN 0-471-96498-0. 

My favourable opinion of the hard-back ver- 
sion of this book, reviewed in Talanta, 1993, 40, 
1995, remains unchanged even though the book is 
no longer up-to-date. The paper-back version will 
be welcomed by under- and post-graduate stu- 
dents because it is a relatively cheap, highly valu- 
able book. Research supervisors will also welcome 
this version, for their highly-prized, hardback ver- 
sion need no longer be 'borrowed' by their stu- 
dents. 

J.B. Craig 

Mass Spectrometry in the Biological Sciences, ed- 
ited by A.L. Burlingame and S.A. Carr, Humana, 
Totowa, New Jersey, 1996, xii + 570 pp., $145.00. 
ISBN 0-89603-340-6. 

This book contains 26 chapters written by lead- 
ing practitioners in 'biological mass spectrometry' 
and is based on the 3rd International Symposium 
for Mass Spectrometry in the Health and Life 
Sciences; held in San Francisco in 1994. 

I place Biological Mass Spectrometry in in- 
verted commas because this is a book that has 
been largely written by mass spectrometerists and 
concentrates (mostly) on the changes offered by 
biopolymers in their quest to work at ever higher 
mass and with increasingly involatile and in- 
tractable molecules. I do not mean to be overly 
critical on this point, but there are a lot of other 
areas in the biosciences that are benefitting from 
the application of mass spectrometry. Some of 
these rely on new application of 'old' technology, 
but others are a direct result of recent develop- 
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ments in mass spectrometry. As an inorganic mass 
spectrometerist I feel duty bound to mention that 
a section on inductively coupled plasma mass 
spectrometry and more on the measurement and 
application of  stable isotope tracers (organic and 
inorganic) would have been useful additions. 

Space does not permit an in-depth review of 
every chapter and it is hard to single out individual 
contributions from the text that is of such consis- 
tently high quality. However, to give a flavour of 
the contents I have selected a handful for special 
mention: Designing TOF/MS for the Future (R. 
Cotter et al), The Role of Fourier Transform Ion 
Cyclotron Resonance MS in Biological Re- 
search~-New Developments and Applications 
(R.D. Smith et al), MALDI-TOF MS in the Quest 
for Novel Antibiotics (P. Tempst et al), Approaches 
to the Practical Use of Recognition Studies (A.M. 
Lawson et al) and Applications of Accelerator MS 
in Tocicology: A Highly Sensitive Tool for Low- 
Level Isotope Measurement (K.W. Turtletaub and 
J.S. Vogel). In addition to these there were chapters 
on DNA Sequencing, IR-MALDI MS of Proteins, 
Capillary LC/Electrospray MS and Tandem LC/ 
MS in Drug Biotransformations. 

This book is a must for all MS laboratories 
with an interest in biological applications. No one 
can fail to be impressed by the massive strides 
that have been made in the development and 
application of MS over the past decade. Equally 
no one can be in any doubt that we are only at 
the beginning of a most exciting phase of collabo- 
ration with our bioscience colleagues. 

B.A. McGaw 

Thin-Layer Chromatography: Reagents and Detec- 
tion Methods, Volume lb by H. Jork, W. Fuk, W. 
Fischer and H. Zimmer, VCH, Weinheim, 1994, 
xv i +496  pp., £81.00. DM 198.00. ISBN 3-527- 
28205-X. 

This volume is part of a series. Volume 1, which 
covers Physical and Chemical Detection Methods, 
is to be published in three Volumes (Volumes l a, 
l b and l c). Volume 2 will be concerned with 
Biochemical and Biological Detection Methods. 

The particular volume under review deals with 
Activation Reactions, Reagent Sequences and 
Reagents. 

Volume l a is divided into three parts. Part 1 
covers, in 137 pages, Specific Detection Methods 
and involves (i) Activation Reactions, (ii) Reagents 
for the Recognition of Functional Groups and (iii) 
Reagent sequences. Activation Reactions are sub- 
divided into Photochemical, Thermochemical and 
Electrochemical Activation Reactions. Each 
method is briefly described with listings of exam- 
pies where the methods have been successfully 
used. In addition a number of more detailed 
procedures, e.g. for the detection of testosterone, 
are provided. The section on Reagents for the 
Recognition of Functional Groups is a short sec- 
tion (11 pages) and essentially provides a list of 
reagents for the detection of specific functional 
groups, e.g. aldehydes, amines etc. The third sec- 
tion of Part 1 (ca 80 pages) covers Reagents 
Sequences, which involve the use of combinations 
of such reactions as electrophilic substitutions, 
oxidations and reductions, azo couplings, metal 
complexations etc. for the detection of specific 
compounds or families of compounds. An example 
of a reaction sequence involves the sequential 
addition of (i)cerium(IV) sulphate/sodium arsen- 
ite/sulphuric acid, (ii) methylene blue and (iii) 
ammonia vapour for the detection of iodide ions 
and organoiodine compounds. For each quoted 
recipe, the preparation of all the necessary 
reagents, the method of application and, where 
known, the underlying chemistry are detailed. 

The major part (Part II, with over 300 pages) of 
this Volume is an alphabetical listing of reagents 
and their uses for the detection of specific types of 
compounds. For each reagent listed, the formula, 
the preparation of reagent solutions, the method of 
application, the chemical reactions undergone, the 
compounds detected and examples of tested proce- 
dures are all generally given. 

The excellent index at the end of this Volume 
covers not only Volume la but also Volume lb. 
The book is truly a mine of useful information. It 
clearly has a place in all chemistry libraries and is 
highly recommended by this reviewer. 

J.L. Wardell 
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recognition and receptor based sensors, biosensors for in field uses, ground water analysis and remote 
sensing, biosensors for environmental pollutants based on non-aqueous systems, micromachining, indus- 
trialization and market aspects of biosensors for environmental pollutants. 

Organizing Committee 
D.P. Nikolelis (Greece), M. Trojanowicz (Poland), G.G. Guilbault (Ireland), U.J. Krull (Canada), J. 
Wang (USA), M. Mascini (Italy). 
Local Organizing Committee 
V. Tvarozek, T. Hianik, D. Donoval, I. Novotny, M. Snejdarkova. 

Applications for participation should be sent to: 
Dr. D.P. Nikolelis (Director NATO ARW), Laboratory of Analytical Chemistry, Chemistry Department, 
Athens University, Panepistimiopolis-Kouponia, 15771 Athens, Greece. Fax: + 301 723 1608. 
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Chemistry, Energy and the Environment 3 

Hotel Pal cio, Estoril, Portugal 25-28 May 1997 

The workshop will cover modern trends in the development of chemistry for energy storage and energy 
conservation processes, its contribution to environmental protection, alternative options on the central 
roles to be played by chemistry in the energy industry and their relevance to society, and several aspects 
on Energy and New Technologies, as well as Energy and The Environment. The aim is to promote the 
exchange of information and ideas between scientists in industry, academia and government and to 
provide a forum for people dealing with these problems from around the world. 

Workshop topics will include: 
• Chemistry--friend or foe of the environment? 
• Catalysis in the service of the environment. 
• The challenge of the environmentally-friendly production of energy. 
• Hydrogen as an energy source. 
• Nuclear waste. 
• Renewable energy water production processes. 
• Energy sources for 2000 and beyond. 
• Electrochemical decontamination. 

Call for papers: 
Authors are invited to submit titles of papers covering any of the above topics, and/or related topics. 

These titles should reach CAC Sequeira, Instituto Superior T~cnico, Av. Rovisco Pais, 1096 Lisboa 
Codex, Portugal. 

Further information write to: 
C~sar Sequeira, Institute Superior T~cnico, 1096 Lisboa Codex, Portugal. Tel./fax: + 351 1 7783594 
o r  

John Moffat, University of Waterloo, Ontario N2L 3G1, Canada. Tel.: +1 519 8884567; 
fax: + 1 519 7460435. 
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First Symposium 'In Vino Analytica Scientia' 
Applications of Analytical Chemistry to Wines, Alcohols and 

Spirits 

University of Bordeaux-2:12-14 June 1997 

Under the Patronage of: Federation of European Chemical Societies (Analytical Chemistry Division 
and Food Chemistry Division), Soci6t6 Fran~aise de chimie (Division de Chimie Analytique) and Office 
International de la Vigne et du Vin. 
Ecole Europ6enne de Chimie Analytique (EECA) will organise the 1st Symposium 7n Vino Analytica 

Scient ia '  (Applications of Analytical Chemistry to Wines, Alcohols and Spirits) at the University of 
Bordeaux-2, the 12, 13, 14 June 1997, with the Vinexpo Exhibition.The official languages will be English 
and French with simultaneous translation. 

This international meeting of researchers, oenologists and professionals will take stock of the latest 
benefits of Analytical Chemistry in the improvement of both products and processes. 

Scientific Programme: 
Constituents of grapes, wines and spirits 
Chemical and biochemical reactions 
Contaminants and traces 
Flavours and sensory analysis 
Chemical and biochemical sensors 
Quality and authenticity of products 

Invited Speakers: 
V. Cheynier (F), M. Forina (I), G. Friedbacher (A), A. Mosandl (D), P. Schreier (D), G.R. Scollary 
(AUS), J.R. da Silva (P), H.K. Sivertsen (N), M. de la Torre Borona (E), J. Vercauteren (F), J.C. Villetaz 
(CH), J. Wang (USA) 

Presidium: 
Honorary President: P. Rib6reau-Gayon 
Presidents: R. Kellner, W. Pfannhauser 

Scientific Committee: 
Chairman: C.J. Ducauze 
F. Bandion (A), A1. Bertrand (F), M. Comtat (F), J. Empis (P), M. Karayannis (GR), R. Lobinski (F), 
G.J. Martin (F), M.-H. Merle (F), B. te Nijenhuis (NL), A.C. Noble (USA), A. Rapp (D), D.N. Rutledge 
(F), J.C. Sapis (F), G.R. Scollary (AUS), M. Valcarcel (E), H.H. Widmer (CH), P.G. Zambonin (1) 
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Organising Committee: 
Chairman: Y. Glories 
O.F.X. Donard, L.J. Eveleigh, Ph. Garrigues, C. Gonzalez, J. Vercauteren, N. Vivas 

For further information please contact: 
D.N. Rutledge, Tel.: + 33 144 081648; fax: + 33 144 081653 

Organisation: 
Congress Rive Droite, 28, rue Baudricourt, 33100 Bordeaux, France. Tel.: + 33 556 328229; fax: + 33 
556 327953 
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Tenth International Conference on Partitioning in Aqueous 
Two-phase Systems, Advances in the Principles and Applications 

of Separation Science in Biotechnology, Cell Biology and 
Environmental Recovery 

Reading, UK 
10-15 August 1997 

This will be the 10th International Conference on Partitioning of Proteins, Metal Ions and Biological 
Particles in Aqueous Two-phase Systems. Theoretical, predictive, applied and engineering aspects of this 
emerging technology, which has found important applications, will be presented and discussed. 

The conference will provide a focus for presentation and debate on developments and major issues in 
the principles and applications of separation science in biotechnology, cell biology and environmental ion 
recovery. It is expected that the meeting will be a forum for interdisciplinary debate with active 
participation of academics and industrial colleagues. 

Abstracts of papers and posters for presentation at the conference are invited. Original contributions on 
any aspect of the following themes will be welcome: 

physicochemical properties of proteins important in bioseparations; interactions between liquid phase 
components and proteins 

- modelling partitioning; thermodynamics 
- prediction of partitioning of macromolecules and metal ions 
- applications of partitioning; separation of enzymes and recombinant proteins 
- studies of phase separation and development of new polymers 

biomedical applications; partitioning of cells, organelles and plasma membranes 
novel and complementary techniques 

Authors intending to submit papers should send a title and 200-300 word abstract to the SCI 
Conference Secretariat to arrive no later than Friday, 1 February 1997. 

F o r  f u r t h e r  d e t a i l s  c o n t a c t :  

SCI, Society of Chemical Industry, 14/15 Belgrave Square, London SWIX 8PS; Tel.: +44  171 2353681; 
fax: +44  171 2357743; e-mail: conferences@chemind.demon.co.uk 
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Twenty-Eighth Annual International Symposium On 
Environmental Analytical Chemistry 

Geneva, Switzerland 2-5  March 1988 

The aim of this 28th Symposium is to actively encourage progress in methods, instrumentation, 
applications and to facilitate the transfer of know-how in different fields. It is targeted at scientists, 
analysts, manufacturers, end-users and post-graduate students. 

Tentative main topics of the Symposium: 
- Analyzing trace polar products in the environment 
- New extraction, separation and instrumental techniques 

Chiral separations in environmental analysis 
Micro-Total analysis Systems (TAS) 
In situ measurements and speciation 
Quality assurance issues for environmental analysis for harmonization within EC and non-EEC 
countries 
Environmental and Education 

- Other topics 

All topics will be introduced in plenary lectures and invited research lectures followed by brief research 
presentations and posters. An exhibition of scientific equipment will also be organised. A short course on 
Sample Handling and Analysis of Organic Pollutants will be organised in Archamps, France, 27-28 
February 1988. 

For further details contact: 
Mrs. M. Frei-Husler, IAEAC Secretariat, Postfach 46, CH-4123 Allschwil 2, Switzerland. Tel.: + 41 61 
4812789; fax: + 41 61 4820805. 
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Abstract 

Intense room temperature phosphorescence of 1-bromonaphthalene (1-BrN) induced by p-octylpolyethylene glycol 
phenylether was studied in aqueous fl-cyclodextrin solution. The mode of inclusion complex formation was 
approached. The optimal conditions were obtained. Interferences of foreign substances with phosphorescence were 
examined. The phosphorescence intensity is proportional to the concentration of 1-BrN in the range 0 ~ 5.18 pg 
ml-~. The recovery is 90-102% and the relative standard deviation is less than 4.5%. The proposed method is simple 
and convenient. © 1997 Elsevier Science B.V. 

Keywords: 1-Bromonaphthalene; fl-Cyclodextrin; p-Octylpolyethylene glycol phenylether; Phosphorescence 

1. Introduction 

Micelle-stabilized room temperature phospho- 
rescence (MS-RTP) and cyclodextrin-induced 
room temperature phosphorescence (CD-RTP) 
have been proposed for analytical purposes in the 
eighties [1-5]. Good  spectral selectivity was ob- 
tained because a majority of organic species do 
not show phosphorescence at room temperature 
and the substrates have little or lower background 
emission in the proximity of the phosphorescence 

* Corresponding author. 

wavelength. For MS-RTP, deoxygenation is 
needed for the attainment of RTP. However, oxy- 
gen removal from micellar solutions by the nitro- 
gen-purging technique results in plentiful bubbles. 
It has an effect on the precision of  analysis. For  
CD-RTP of polycyclic aromatic hydrocarbons 
(PAHs) without an internal heavy atom, a 
bromonated alkane or alcohol was required as an 
external heavy-atom perturber, sometimes com- 
bined with deoxygenation by nitrogen [6-9]. Al- 
though no bubbles appear, a phosphoroscope was 
required for phosphorescence measurements be- 
cause serious emulsification of the solutions 
causes strong scattering lights. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)02048-6 
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Bromonated naphthalenes are a series of in- 
teresting compounds which normally exhibit 
weaker fluorescence than their parent naph- 
thalene due to their internal heavy atom effect 
[10,11]. In the presence of  acetonitrile or an al- 
cohol, the intense RTP of  l-bromonaphthalene 
(1-BrN) has been observed from aqueous cy- 
clodextrin solutions without deoxygenation on a 
conventional spectrofluorimeter [12-15]. Since 
the microcrystals of  the inclusion complex con- 
taining an alcohol absorb onto the inner walls 
of glassware, the phosphorescence intensity is 
usually unstable at a fixed concentration of 
phosphors. In this work, p-octylpolyethylene 
glycol phenylether (OP), a detergent, was em- 
ployed for the attainment of  stable phosphores- 
cence. It can induce intense RTP of 1-BrN in 
aqueous fl-cyclodextrin (fl-CD) solution like an 
alcohol and enables the complex precipitate to 
disperse in solution due to the complex with the 
polar head group of OP. As a result, the accu- 
racy and the precision were improved. Further- 
more, the interaction of OP with fl-CD and 
1-BrN and the potential application were also 
discussed. 

emission slits of 3 nm were employed. The scan 
speed of  the monochormators was maintained at 
240 nm min ~. The quartz cell was washed with 
ethanol to guarantee the thorough cleaning of  
organic species that absorb onto the inner walls of 
the glassware. It was carefully washed with dis- 
tilled water prior to use. 

2.3. General procedures 

An aliquot of 2.33 x 10 -2 mol 1 - 1 0 P  solu- 
tion containing 1-BrN was transferred into a 10 
ml volumetric flask and an appropriate amount 
of fl-CD was added. After dilution to the mark 
with water, the samples were allowed to stand 
for at least 45 min. The samples were intro- 
duced into the cell, which was later capped with 
a Teflon stopper. The RTP signal was moni- 
tored at 492 nm when the samples were excited 
at 290 nm. 

3. Results and discussion 

3.1. R T P  spectra o f  a ternary inclusion complex 

2. Experimental 

2.1. Reagents 

1-BrN, purchased from Shanghai Reagent 
Co., was distilled under reduced pressure. A so- 
lution of 200.7 tag m l - i  1-BrN was prepared by 
dissolving it in 2.33 x 10 _2 mol 1 l OP solution 
in an ultrasonic bath. fl-CD, purchased from 
Suzhou Gourment Factory, was dissolved in dis- 
tilled water and recrystallized three times. OP 
was purchased from Shanghai Reagent Co. and 
was used as received. Twice demineralized water 
was distilled. 

2.2. Apparatus 

All steady-state luminescence spectra were per- 
formed on a Hitachi 650-10S fluorescence spec- 
trophotometer equipped with a 150 W xenon 
lamp as the excitation light source. Excitation and 

In aqueous solution, 1-BrN exhibits weak 
fluorescence with an excitation wavelength of 
277 nm and emission wavelength of  337 nm. 
Upon addition of  fl-CD to the solution, the 
fluorescence intensity slightly increases due to 
the formation of the f l-CD:I-BrN inclusion 
complex but no RTP appears. In the presence 
of both fl-CD and OP, 1-BrN gives rise to in- 
tense phosphorescence emission at 492 nm and 
525 nm at room temperature in aerated aqueous 
solution, accompanied by the emulsification of  
the solution. The excitation wavelength red- 
shifts to 290 nm (see Fig. 1). These phenomena 
suggest that OP has a significant effect on the 
microenvironment surrounding 1-BrN because 
phosphorescence is highly sensitive to the prop- 
erties of  environment. A favorable microenvi- 
ronment is provided in the apolar cavity of 
fl-CD upon addition of OP. It is reasonable to 
attribute the appearance of  RTP to the forma- 
tion of a ternary complex among fl-CD, 1-BrN 
and OP. 
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Fig. 1. RTP spectra of  inclusion complexes. OP ( ' - %  fl- 
C D + O P ( ' ' %  I - B r N + O P ( -  - )  and f l - C D + t - B r N +  
OP( ). 1-BrN: 20.70 lag ml - i; fl-CD: 8.0 x 10-  a mol I -  i. 
OP: 2.33 x 10-3  tool ~ 1 ~. Photomultiplier, gain: 1.0. Slit 

width: 3 x 3 mla. 

3.2. Effect of #-CD on RTP 

The influence of fl-CD on the RTP of 1-BrN 
was examined at a fixed concentration of 1-BrN 
and OP. As shown in Fig. 2, the phosphorescence 
is too weak to be observed at a fl-CD concentra- 
tion below 1 . 0 x l 0  3 m o l l  ~ in the presence of 
2.33 x 10 3 tool 1-~ OP. Subsequently, the phos- 
phorescence intensity rapidly increases with the 
increasing concentration of fl-CD. Although the 
higher fl-CD concentration results in more in- 
tenseRTP,  f l - C D o f 8 . 0 x l 0  3mo l l  ~wasused 
in the experiment due to the limit of its solubility 

in water. 
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Fig. 2. Dependence of  RTP on fl-CD concentration. I-BrN: 
20.70 l a g m l - ~ : O P : 2 . 3 3 x 1 0  3 m o l l  -~. 

20 

~ 1 0  

0 

II  
I I  
I t . . ' "  
I t : 
I t : 
I 
I t : 
I t : 
I I :  

II" ~% 
I" ~' 

I :  ~ ". 
I "  ~ " 

300 400 

Wavelength/nm 

Fig. 3. Fluorescence spectra of  OP. OP( ° • "); f l-CD + OP( - 
) and f l - C D +  I-BrN + O P ( - - ) .  I-BrN: 20.70 gg ml t: 

fl-CD: 8 .0x  10 3 m o l l  L:Op: 2 . 3 3 x 1 0  -3  m o l l  ~ 

3.3. Effect of OP on RTP 

OP is a nonionic detergent with a tert-octyl 
group as its hydrophobic part and a polyethylene 
glycol group as its hydrophilic one. It contains 
ether groups, a phenyl group and a hydroxyl 
group. Surface tension measurements suggest that 
the micelles are not present in aqueous solution 
containing excess fl-CD since the fl-CD molecule 
includes an OP molecule. Fig. 3 shows the fluores- 
cence spectra from a micellar solution of OP in 
the absence and presence of excess fl-CD. The 
fluorescence at 307 nm (2ex = 287 rim) and 360 nm 
(2ex=297 nm) can be attributed to the OP 
monomer and OP aggregates, respectively. 

Upon addition of OP to the solution containing 
1-BrN and 8 x  10 3 m o l l  t fl-CD, R T P c a n b e  
observed at 1.54 x 10 -4 tool 1 I OP. This is 
accompanied by the slight emulsification of the 
solution, in which the micelles are not present in 
aqueous solution due to the inclusion of fl-CD 
with OP. As shown in Fig. 4, the addition of more 
OP to the solution leads to more intense RTP. In 
the presence of 2 .33x 10 3 m o l l  ~ OP, the 
phosphorescence maximum is obtained. Since OP 



514 X. Du et al./Talanta 44 (1997) 511 515 

.~, 20 

Y. 10 

--~5 

• I I I I 

0 1 2 3 4 5 6 
C/(10 -3 mol'L l )  

Fig. 4. Dependence of RTP on OP concentration. 1-BrN: 
20.70 lagml-I ; f l -CD:  8.0x10 3 mol l  ~. 

is an amphiphilic molecule, the complex precipi- 
tate homogeneously disperses in aqueous solution. 
Consequently, the phosphorescence intensity ap- 
pears stable and good precision was achieved. 
After the highest phosphorescence intensity, a fur- 
ther increase in OP concentration results in a 
decrease in the phosphorescence intensity. RTP 
completely disappears and the solutions become 
transparent in the presence of more than 1.24 x 
10 -2 mol 1 -~ OP (more than 8.0 x 10 3 mol 
I ~). The spectral changes indicate that the com- 
plex has completely dissociated. In terms of the 
surface tension of the solutions, the micelles oc- 
curs in the presence of excess OP. Since the spec- 

tral properties of 1-BrN in the solutions are 
similar to those of 1-BrN in the micellar solution 
of OP, it is possible that the I-BrN molecule 
transfers from the fl-CD cavity to the micellar 
core. 

The phosphorescence enhancement upon addi- 
tion of OP indicates that OP is also a micorenvi- 
ronment regulator in the apolar cavity of fl-CD 
like an alcohol. The hydrocarbon part of OP is 
incorporated into the apolar cavity of fl-CD 
through the hydrophobic interaction. This result 
is analogous to those reported by Park and Song 
[16] and Li and Purdy [17]. By the Benesi-Hilde- 
brand method [18], the stoichiometry of the 1:1:1 / 
fl-CD:I-BrN:OP complex was obtained with 
phosphorescence measurements. The apparent in- 
clusion constant was estimated as 1.80 x 10 5 
tool- 2 12, which is much greater than the value of 
720 tool - J 1 of the fl-CD:I-BrN complex. On the 
other hand, it is seen from Fig. 3 that the ternary 
complex formation results in a greatly decreased 
fluorescence of OP at 307 nm. One plausible 
explanation is that 1-BrN and the phenyl ring of 
OP locate close to each other in the cavity and 
1-BrN seriously quenches the fluorescence of OP 
due to its external heavy-atom effect. For this 
reason, most of water molecules in the cavity are 
replaced by the 1-BrN molecule and the hydrocar- 
bon part of the OP molecule. The rotation of the 
1-BrN molecule in the cavity is restricted and the 

Table l 
Analytical results of the synthetic samples 

Components (lag ml- l )  Added (lag ml-1) Found (lag ml-I)  Recovery (%) RSD (%) 

l -BrN 1.24 
1 -BrN 1.66 
l-BrN 3.31 
naphthalene: 5.13; anthracene: 7.13; biphenyl: 6.16 4.14 
naphthalene: 1.28; acenaphene: 1.54; biphenyl: 1.54; l- 4.14 

naphthol: 1.44 
naphthalene: 1.28; anthacene: 1.78; phenanthrene: 1.78; 4.14 

acenaphthenel: 1.54; fluorene: 1.66; biphenyll: 1.54; 1- 
Naphthol: 1.44; chrysene: 2.28 

naphthalene: 2.56; anthacene: 3.56; Phenanthrene: 3.56; 4.14 
acenaphthene: 3.08; fluorene: 3.32; biphenyl: 3.08; 1- 
naphthol: 2.88; chrysene: 4.56 

1.26 102 1.4 
1.68 101 1.8 
3.35 101 4.1 
3.76 91 4.2 
3.89 93 1.9 

3.86 93 1.9 

3.71 90 1.6 

RSD relative standard deviation. 
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rigidity o f  the 1-BrN molecule is promoted.  Fur-  
thermore,  the longer phosphorescence lifetime of  
1-BrN (3.62 ms) also indicates that  the excited 
triplet state o f  the 1-BrN molecule in the f l -CD 
cavity is shielded f rom efficient triplet state 
quencher oxygen molecules in the solution to 
some extent. As a result, the probabil i ty o f  a 
radiationless transit ion greatly decreases and the 
phosphorescence intensity dramatically increases. 

to-noise ratio o f  three, the limit o f  detection was 
estimated as 4.04 ng m l -  ~. The analytical results 
o f  synthetic samples are listed in Table 1. The 
recovery is 90 -102% and the precision is good  
(n = 11). It is suitable for  the determination o f  
1-BrN in a mixture o f  PAHs.  
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3.4. Interferences of  foreign species 

Interferences of  other  P A H s  with the R T P  of  
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Abstract 

Four simple and sensitive spectrophotometric methods (A-D) for the assay of cisapride in pure and dosage forms 
based on the formation of chloroform soluble ion-associates under specified experimental conditions are described. 
Four acidic dyes, namely, Suprachen Violet 3B (SV 3B, method A), Erioglaucine A (EG-A, method B), Naphthalene 
Blue 12 BR (NB-12BR, method C) and Tropaeolin 000 (TP 000, method D) are utilized. The extracts of the 
ion-associates exhibit absorption maxima at 595, 640, 620 and 500 nm for methods A, B, C and D, respectively. 
Beer's law and the precision and accuracy of the methods are checked by the UV reference method. The results are 
reproducible with an accuracy of + 1.0%. The methods are found to be suitable for the determination of cisapride 
in the presence of the other ingredients that are usually present in dosage forms. © 1997 Elsevier Science B.V. 

Keywords: Cisapride; Ion-associates; Spectrophotometry 

I. Introduction 

Cisapride (CPD) is a gastrointestinal stimulant 
agent, effective in the relief of  gastrointestinal or 
esophagus disorders and in the promotion of  gas- 
tric emptying of a gastrointestinal motility [1]. It is 
a prokinetic agent believed to facilitate acetyl- 
choline release from the myenteric plexus of the gut 
[2]. It is chemically known as ( _ ) cis-4-amino-5- 

chloro-N-[1-[3-fluorophenoxy)propyl]-3-methoxy- 

* Corresponding author. Tel.: + 91 54873, ext. 236/348. 

4-piperidyl]-2-methoxy benzamide. The drug is 
official in the British Pharmacopoeia [3]. Literature 
mentions only a few methods such as fluorimetry 
[4], high performance liquid chromatography [5,6], 
thin layer chromatography [7] and a fluorescent 
polarization immunoassay method [8] for its deter- 
mination in biological fluids and dosage forms. 
Although spectrophotometric methods are the in- 
strumental methods of choice commonly used in 
industrial laboratories, no colorimetric method has 
been reported so far for the determination of 
cisapride. Therefore, the need for a fast, low cost 
and selective method is obvious, especially for 
routine quality control analysis of pharmaceutical 
products containing cisapride. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02050-4 
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Fig. 1. Absorption spectra of the CPD-SV3B system (@--O) (concentration of CPD: 6.43 x 10-s M; SV3B: 9.26 x 10-4 M), 
aqueous SV3B (Z]--Z]) (aqueous SV3B: 2.77 x 10 - 4  M), and reagent blank vs. chloroform (O--O). 

As the extraction spectrophotometric proce- 
dures are popular for their sensitivity and selectiv- 
ity in the assay of drugs [9,10], the technique was 
therefore utilized in the present work for the 
estimation of cisapride. A thorough literature sur- 
vey of the extraction spectrophotometric determi- 
nation of drugs reveals that many acid dyes 
belonging to azo [11-19], amino anthroquinone 
[20- 22], indigoid [ 14,15], triphenylmethane 
[14,15,23] and sulphopthalein [14,24] are studied 
in the determination of compounds exhibiting ba- 
sic properties (e.g. amines, quaternary ammonium 
compounds, heterocyclic compounds). In continu- 

ation of these studies, the present paper describes 
four simple and sensitive extraction spectrophoto- 
metric methods for the determination of cisapride, 
based on its tendency to form chloroform ex- 
tractable ion-association complexes with acidic 
dyes belonging to different chemical classes, 
namely, Suprachen Violet 3B, SV 3B (amino an- 
throquinone; method A), Erioglaucine A, EG-A 
(triphenyl methane; method B), Naphthalene Blue 
12BR, NB-12BR (diazo; method C) or Tropaeolin 
000, TP 000 (monoazo; method D) under specified 
experimental conditions by exploiting the basic 
nature of the drug molecule. 
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Fig. 2. Absorption spectra of the CPD-EG A system ((3 (3) (concentration of CPD: 6.43 x 10-6 M; EG A: 1.69 x 10 3 M), 
aqueous EG A (~  {5) (aqueous EG A: 6.09 x 10 -5 M), and reagent blank vs. chloroform ( O - - O ) .  

2. Experimental 

2.1. Instruments 

A Milton Roy Spectronic 1201 UV-visible spec- 
trophotometer and a Systronic 106 digital spec- 
trophotometer with 1 cm matched quartz cells 
were used for all the absorbance measurements. 
An Elico LI 120 digital pH meter was used for pH 
measurements. 

2.2. Reagents 

All reagents and chemicals used were of analyt- 
ical or pharmacopoeial grade purity and doubly 
distilled water was used throughout. 

2.2. I. Dye solutions 
Aqueous solutions of SV 3B (0.2% W/V, 

Chroma, Stuttgart, Germany), EG-A (0.4% W/V, 
Gurr, High Wycombe, Bucks, UK), NB-12BR 

(0.2% W/V, BDH, Poole, UK) and TP 000 (0.2% 
W/V, Fluka, Switzerland) were prepared by dis- 
solving the required amount in doubly distilled 
water. The solutions were washed with chloro- 
form to remove the chloroform-soluble impurities 
and the residual solvent was removed by bubbling 
with nitrogen. 

2.2.2. Buffer solutions 
The glycine-HC1 buffer solutions (pH 1.3 for 

methods A, B and pH 1.5 for method C) were 
prepared [25]. 

2.3. Preparation of standard drug solution 

A 1 mg ml ~ stock solution of cisapride was 
prepared by dissolving 100 mg of the drug in 100 
ml of chloroform. Working standard solutions 
were obtained by appropriate dilution of the stock 
solution with the same solvent (50 gg ml ~, for 
methods A, C, D and 10 gg ml 1 for method B). 
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Fig. 3. Absorption spectra of the CPD-NB 12BR system (Q Q) (concentration of CPD: 2.14 x 10 -5 M; NB-12BR: 2.11 x 10 - 4  
M), aqueous NB-12BR (D Vq) (aqueous NB-12BR: 1.90 × 10 -5 M), and reagent blank vs. chloroform (O O). 

2.4. Recommended procedures 

2.4.1. Methods A and B 
Aliquots of  standard CPD solution (0.5-8.0 ml; 

50 lag ml - l, method A or 0.5-6.0 ml; 10 lag ml - 1, 
method B) were placed in a series of  125 ml 
separating funnels. A volume of  pH 1.3 buffer 
solution (6.0 ml for method A or 10.0 ml for 
method B) and 2.0 ml of  SV 313 solution (method 
A) or 5.0 ml of  EG-A solution (method B) were 
added. The total volume of  the aqueous phase in 
each separating funnel was adjusted to 10.0 ml 
and 15.0 ml with distilled water for methods A 
and B, respectively. A requisite volume of chloro- 
form was added to each funnel to make the 
organic layer up to 10.0 ml and contents were 
shaken for 2 min. The two phases were allowed to 
separate, the separated chloroform layer was 
dried over sodium sulphate and the absorbance 
was measured at appropriate 2ma x (595  nm, 
method A or 640 nm, method B) against the 
corresponding reagent blank within the stability 

period (1 m i n - 3  h, method A or 1-30 min, 
method B). The amount  of  CPD was computed 
from the respective calibration curves. 

2.4.2. Methods C and D 
Aliquots of  standard CPD solution (0.5-4.0 ml; 

50 lag ml 1, method C or 1.0-5.0 ml; 50 lag m l -  1 
method D) were placed in a series of  125 ml 
separating funnels. Then 5.0 ml of  pH 1.5 buffer 
and 1.0 ml of  NB-12BR solutions (for method C) 
or 6.0 ml of  0.1 M HC1 and 2.0 ml of  TP 000 
solutions (for method D) were added to each 
separating funnel. The total volume of the 
aqueous phase was adjusted to 15.0 ml and 10.0 
ml with distilled water for methods C and D, 
respectively. A requisite volume of chloroform 
was added to each funnel to make the organic 
layer 10.0 ml and the contents were shaken for 2 
rain. The two phases were allowed to separate, the 
separated chloroform layer was dried over sodium 
sulphate and the absorbance was measured at 
appropriate 2max (620 rim, method C or 500 nm, 
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method D) against the corresponding reagent 
blank within the stability period (1-30 min; 
method C or 1 min -2  h; method D). The amount 
of CPD was computed from the respective cali- 
bration curves. 

2.5. Analysis o f  pharmaceutical formulations 

A portion of pharmaceutical preparation 
(tablets, chewable tablets and suspension) equiva- 
lent to 100 mg of active ingredient was extracted 
with chloroform (3 x 20 ml) and filtered if any 
insoluble portion was left. The combined chloro- 
form extract was made up to 100 ml with the 
same solvent to obtain a solution of 1 mg m l -  
The stock solution was further diluted to provide 
the working standard solutions and these were 
analyzed as described under the procedure for 
bulk samples. 

3. Results and discussion 

Conditions under which the reaction of CPD 
with each dye fulfils the essential analytical re- 
quirements were investigated. All the experimental 
conditions studied were optimized at room tem- 
perature (25 + 3°C) and were established by vary- 
ing one parameter at a time [26] and observing its 
effect on the absorbance of the coloured species. 

In the preliminary experiments, in view of  de- 
veloping methods of analysis suitable for assaying 
small quantities of CPD, several acidic dyes such 
as Alizarin Red S, Suprachen Violet 3B, Fast 
Green FCF, Erioglaucine A, Orange II, Tropae- 
olin 000, Alizarin Violet 3B, Naphthalene Blue 12 
BR, Bromocresol Green and Bromopyragallol 
Red were tested at various pH ranges as the 
colour producing agents by a dye salt partition 
technique. Different organic solvents such as ben- 
zene, chloroform, carbontetrachloride, ethyl ac- 
etate, dichloromethane and methyl isobutyl 
ketone were tested for the extraction of the ion- 
association complex formed between the CPD 
and each dye. The criterion for the best dye was 
the highest absorbance value of the complex in 
the Organic phase at the wavelength of maximum 
absorbance [10]. The above studies reveal that 

four dyes namely SV 3B (C1 No. 60730), EG-A 
(C1 No. 42090), NB-12 BR (CI No. 20500) and TP 
000 (C1 No. 14600) gave better results than the 
other dyes. These dyes also gave low absorbance 
for the reagent blank. Chloroform was suggested 
as the solvent of  choice for the extraction of the 
coloured complex with respect to maximum sta- 
bility. 

Figs. 1-4 shows the absorption spectra of the 
ion-association complexes of CPD with the four 
dyes, extracted into chloroform and of the reagent 
blank, obtained as described in the procedure. 
The spectra are very similar in shape to the ab- 
sorption spectrum of an aqueous solution of the 
respective dye, indicating that these ion-associa- 
tion complex spectra show the characteristics 2m, x 
(595 rim, method A; 640 nm, method B; 620 nm 

0[ 
0 - G  

0 . 4  

< 

0 

D. (  "" 
400 500 SO0 

W a v e t e n g t h  ( n m )  

Fig. 4. Absorption spectra of the CPD-TP 000 system ( Q - -  
(3) (concentration of CPD: 3.21 × 10 5 M; TP 000:1.14 × 
10 3 M and HCI: 6.0 x 10- 2 M), aqueous TP 000 (• ~) 
(aqueous TP 000:2.28 × 10 ~ M; HCI: 2.4 × 10 -e M) and 
reagent blank vs. chloroform (O--O).  
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Table 1 
Optical and regression characteristics, precision and accuracy of the proposed methods 

Parameters Methods 

A B C D 

2m~x (nm) 
Beer's Law limits (/~g ml -~) 
Detection limits (/zg ml-~) 
Molar absorptivity (1 tool ~ cm-~) 
Sandell's sensitivity (/zg Cm -2 per 0.001 absorbance unit) 

Regression equation (y)a 
Slope (b) 
Standard deviation on slope (Sb) 
Intercept (a) 
Standard deviation on intercept(s.) 
Standard error of  estimation (se) 
Correlation coefficient 

Relative standard deviation (%)b 
Range of  errorb (95% confidence limit) 

595 640 620 500 
2.5-40.0 0.5 5.0 2.5-17.5 2.5-25.0 
0.956 0.257 0.166 0.289 
1.21 x 104 4.56 × 104 1.69 × 104 1.98 × 104 
0.040 0.0! 1 0.029 0.024 

2.51x10 -2 9.32×10 2 3 .61×10-2 4 .14×10-2  
0.16×10 3 0 .46×10-3  0 .45x10-3  0 .004x10-3 
- 0 . 2 3 x 1 0  2 0 .54×10-2 _ 0 . 8 4 × 1 0 - 2  - 0 . 1 9 x 1 0  2 
3.99x10 -3 1.35x10 3 5 .06x10-3  0 .07x10-3  
6.31×10 -3 1.93 x 10 -3 6.00 x 10 -3 1.98 × 10 -~ 
0.9998 0.9999 0.9996 0.9999 

0.28 0.77 0.56 0.45 
0.30 0.81 0.59 0.48 

Y= a+bC where C is the concentration i n / t g  ml ~ and Y is absorbance units. 
b Six replicate samples (concentrations of  30, 3, 10 and 15/~g ml -~ of  pure drug for methods A, B, C and D, respectively. 

method C; and 500 nm, method D) values of the 
respective dye itself. 

In order to establish the optimum pH range 
(for methods A, B and C) or acid strength (for 
method D), the CPD was allowed to react with 
the respective dye in aqueous solution buffered 
between pH 1.0-10.0 (methods A, B and C) or in 
dilute HC1 ranging from 0.05-1.5 M (method D) 
and the complex formed was extracted into chlo- 
roform for absorbance measurement. The results 
show that a quantitative extraction was produced 
between pH 1.1-1.5 (methods A and B), 1.4-1.8 
(method C) or with an acid strength of 0.08-0.12 
M HCI (method D). All subsequent studied were 
carried out at pH 1.3 (for methods A and B) and 
pH 1.5 (for method C) or 0.1 M HCI (for method 
D). The pH was adjusted using a glycine-HC1 
buffer solution (this buffer was chosen on account 
of its elevated complexing ability, which could be 
of use in overcoming interferences). The volume 
of this buffer added (4-10 ml) had no effect in 
methods A, B and C, respectively. A 6.0 ml 
portion of 0.1 M HC1 solution was found to be 
optimal in method D. The minimum shaking time 
was determined by varying the shaking time from 
1-10 rain; although 1 min was sufficient, pro- 

longed shaking had no adverse effect on the ex- 
traction and 2 min was selected for this study. A 
ratio of 1:1 (for methods A and D) or 2:3 (for 
methods B and C) of organic to aqueous phases 
was required for efficient extraction of the 
coloured species and lower reagent blank reading. 
It was found that better reproducibility and a 
lower reagent blank were achieved if the dye was 
purified by extraction with chloroform initially. 

3.1. Analytical data 

The optical characteristics such as the Beer's 
law limits, molar absorption coefficient, Sandell's 
sensitivity, regression equation and correlation co- 
efficient obtained by linear least squares treatment 
[27] of the results for the systems involving cis- 
apride with the mentioned dyes are presented in 
Table 1. The precision of each method was tested 
by estimating six replicates of CPD within Beer's 
law limits. The percent standard deviation and the 
percent range of error at 95% confidence limit are 
given in Table 1. 

In order to confirm the utility of the proposed 
methods, they were applied to the estimation of 
CPD in various pharmaceutical formulations and 
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Scheme 1. Structures of SV 3B, EG A, NB-12BR, TP 000 and their respective complexes with cisapride. 
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the results are presented in Table 2. The results 
obtained by the proposed and UV reference 
(which is developed in our laboratory, showing 
characteristic 2max at 308 nm in methanol 
medium) methods for the dosage forms were com- 
pared statistically by means of F- and t-tests and 
were found not to differ significantly. As an addi- 
tional check of accuracy of the proposed methods, 
recovery experiments were performed by adding a 
fixed amount of the CPD to the preanalysed 
formulation and the results are also summarized 
in Table 2. 

3.2. Chemistry of the ion-association complex 

Cisapride being basic in nature forms an ion-as- 
sociation complex with the acidic dye which is 
extractable into chloroform. The stoichiometric 
ratio of the dye to drug was determined by the 
slope ratio method [28] and found to be 1:1 (for 
methods A and D), 1:3 (for method B) or 1:2 (for 
method C). The quantitative measure of the effect 
of complexation on acid-base equilibrium is most 
likely to be interpretable in terms of electronic, 
steric and other effects of complexing. The possi- 
ble structure of the ion-association complex in 
each instance was established based on the anal- 
ogy reports for similar types of molecules with 
acidic dyes and was further confirmed by slope-ra- 
tio studies. The protonated nitrogen (positive 
charge) of the drug molecule in acid medium is 
expected to attract the oppositely charged part 
(negative charge) of the dye and behave as a 
single unit being held together by electrostatic 
attraction as given in Scheme 1. 

4. Conclusion 

A significant advantage of an extraction spec- 
trophotometric determination is that it can be 
applied to the determination of individual com- 
pounds in a multicomponent mixture. This aspect 
of spectrophotometric analysis is of major interest 
in analytical pharmacy since it offers distinct pos- 
sibilities in the assay of a particular component in 
a complex dosage formulation. In the present 
study, cisapride was determined successfully as a 

pure compound as well as a component in repre- 
sentative dosage formulations. The ingredients 
usually present in the dosage forms of cisapride 
did not interfere in the proposed methods. Thus, 
the proposed methods are simple, rapid with rea- 
sonable precision and accuracy when compared 
with many of the reported methods and offer 
advantage in that only a small amount of drug or 
dosage formulation (even 0.5 tag ml l) is enough 
for analysis. 
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Abstract 

The formation and dissociation rates of some transition metal(II) and lanthanide(III) complexes of the 1,7,13-tri- 
aza-4,10,16-trioxacyclooctadecane N',N",N'"-triacetic acid (1) and 1,7,13-triaza-4,10,16-trioxacyclooctadecane- 
N',N",N'"-trimethylacetic acid (2) have been measured by the use of stopped-flow and conventional 
spectrophotometry. Experimental observations were made at 25.0 _+ 0.1°C and at an ionic strength of 0.10 M KC1. 
The complexation of Zn 2 + and Cu z + ions with 1 and 2 proceeds through the formation of an intermediate complex 
(MH3L +*) in which the metal ion is incompletely coordinated. This may then lead to a final product in the 
rate-determining step. Between pH 4.68 and 5.55, the diprotonated ( H z L )  form is revealed to be a kinetically active 
species despite its low concentration, The stability constants (log KMH L+ *) and specific base-catalyzed rate constants 

. . 3 .  

(koH) of intermediate complexes have been determined from the kmenc data. The dissociation reactions of 1 and 2 
complexes of Co 2 +, Ni 2 +, Zn 2 +, Ce 3 +, Eu 3 + and Yb 3 + were investigated with Cu 2 + ions as a scavenger in acetate 
buffer. All complexes exhibit acid-independent and acid-catalyzed contributions. The buffer and Cu 2 + concentration 
dependence on the dissociation rate has also been investigated. The metal and ligand effects on the dissociation rate 
of some transition metal(II) and lanthanide(III) complexes are discussed in terms of the ionic radius of the metal ions, 
the side-pendant arms and the rigidity of the ligands. © 1997 Elsevier Science B.V. 

Keywords: Alkanoic acid complexes; Lanthanide; Transition metal 

I. Introduction 

In recent  years  there  has  been a growing  inter-  

est in the deve lopment  o f  macrocycl ic  po lyaza-  

* Corresponding author. Fax: + 82 42 2219717. 

po lyca rboxy la t e  l igands  which can be used as 
con t ras t  agents  for  magne t ic  resonance  imaging  
( M R I )  [1,2] and  as N M R  shift p robes  for b iologi-  
cal systems [3] by fo rming  meta l  chelates o f  high 
t h e r m o d y n a m i c  and  kinetic s tabi l i ty  [4]. The  ki- 
netic behav io r  o f  the Ln 3 + ions  with D O T A  
( 1 ,4 ,7 ,10- te t raazacyc lododecane-N,N ' ,N" ,N '" - t e -  

0039-9140/97,/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
P11S0039-9140(96)02052-8 
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traacetic acid) and TETA (1,4,8,11-tetraazacy- 
clotetradecane-N,N',N",N'"-tetraaceticacid) dif- 
fers considerably from that of the first-row 
transition metal ions, since the DOTA and TETA 
complexes of NF + and Cu 2+ formed relatively 
quickly as demonstrated by Kasprzyk and 
Wilkins [5]. Macrocyclic polyazapolycarboxylate 
ligands have some additional features including 
cavity size, steric factors, conformation and preor- 
ganization which affect the rates of formation and 
dissociation for their complexes. Formation kinet- 
ics on the lanthanide complexes of NOTA (1,4,7- 
triazacyclononane-N,N',N"-triacetic acid) and 
DOTA have been investigated and the formation 
of intermediates (LnHNOTA + * and 
LnH2DOTA +*) was proposed, followed by reor- 
ganization in the rate-determining step to the final 
product [6,7]. The size effect of Ln 3 + ions on the 
formation rate of Ln 3 + complexes was not pro- 
nounced as observed for the dissociation reactions 
of these chelates [6,7]. Additional studies on the 
dissociation kinetics of lanthanide complexes of 
macrocyclic polyazapolycarboxylate, triaza- 
crown-alkanonate and DTPA-bis(amide) ligands 
were also reported [8-13]. In these studies, the 
dissociation of the complexes occurred via both 
acid-independent and acid-assisted pathways and 
the dissociation rates varied with the size of metal 
ions and the ligand topology. 

The main objective of this research is to deter- 
mine the formation and dissociation rates of some 
divalent and trivalent metal complexes with vari- 
ous macrocyclic triazatrioxa ligands with acetate 
and methylacetate groups as N-pendant arms 
(Fig. 1). We intend to investigate the effect of the 
cavity size and rigidity of the macrocycle as well 
as pendant arms effects on the kinetic properties 
of these complexes. 

2. Experimental 

trioxacyclooctadecane-N,N',N"-triacetic acid (1) 
and 1,7,13-triaza-4,10,16-trioxacyclooctadecane- 
N,N',N"-trimethylacetic acid (2) were synthesized 
according to the method of Martell et al. [15]. The 
ligands were characterized by ~H NMR, mass 
spectrometry and elemental analysis (1: found: C, 
39.76; H, 6.06; N, 7.63%; C~sH33N3Og.3HC1 re- 
quires C, 39.68; H, 6.11; N, 7.71%. 2: found: C, 
42.85; H, 6.78; N, 7.06 %; C21H39N309.3HC1 
requires C, 42.97; H, 6.70; N, 7.16%). The stock 
solutions of COC12, NiC12, CuC12, ZnCI2, CeC13, 
EuC13 and YbC13 were prepared from solid sam- 
ples (Aldrich, 99.9%). The concentrations of the 
sample solutions were determined by EDTA titra- 
tion using Murexide or xylenol orange as indica- 
tors. The concentrations of 1 and 2 stock 
solutions were determined by titration against a 
standardized CuC12 solution using Murexide as an 
indicator. Potassium chloride was used to control 
the ionic strength in all kinetic studies. All solu- 
tions were made in deionized water. All other 
chemicals were reagent grade and were used with- 
out further purification. 

2.2. Measurements 

The pH values of the sample solutions were 
measured with a Beckman combination electrode 
and Beckman Model ¢ 71 pH meter. The H + ion 
concentrations were calculated from the measured 
pH values in acetate buffer solution of 0.10 M 
(KC1) ionic strength by the procedures reported 
previously [16]. Kinetic measurements were car- 

RI 

<o o> 

2. I. Chemicals and reagents 

1,7,13-Triaza-4,10,16-trioxacyclooctadecane 
trihydrobromide was prepared by the previous 
procedure [14]. Ligands 1,7,13-triaza-4,10,16- 

1. R~ = R2 = R3 = CH2COOH 

2. RI=~  = ~  =CHCOOH 
I 
C~ 

Fig. 1. Structure of the triaza-crown-alkanoic acids. 
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ried out on a Hi-Tech stopped-flow spectrophoto- 
meter interfaced with a scientific data acquisition 
system and a UVIDEC-610 spectrophotometer at 
25.0 4- 0.1°C with the use of  a Lauda RM6 circu- 
latory water bath. 

The formation reactions of Z n  2+ complexes 
were studied in slightly buffered solutions (0.01 M 
acetic acid/sodium acetate) by monitoring the pH 
decrease (0.05-0,17 pH unit) with bromocresol 
green (4.6 < p H  < 5.2, observation wavelength 
615 nm) as an indicator [5]. The reaction of Cu 2+ 
with 2 was studied by monitoring the formation 
of complex directly at 260 nm. The data agreed 
well with some runs using the indicator method 
[5]. The concentration of the indicator was 2.0 x 
10-5 M, while that of  the acetate buffer varied 
between 5.0 x 10 -3 and 2.0 x 10 2 M, indepen- 
dent of  the reaction rate. The concentration of the 
ligands was 2.0 x 10 -4  M, while that of  the Cu 2+ 
and Zn 2+ ions was varied between 4.0 x 10 _4 
and 4.0 x 10 3 M. 

The dissociation reactions of  the complexes 
were studied in acidic solutions in the presence of 
excess Cu 2 + ions. Under these conditions, a dis- 
sociation reaction takes place and the progress of  
the exchange may be monitored by the formation 
of copper complexes at 270 nm, The Cu 2+ ion 
was used as a scavenger of  free ligands. The 
complex concentration in the reaction mixtures 
was 5.0 x 10- 5 M, while that of  the Cu 2+ ion 
was varied between 2.0 x 10 - 4  and 1.0 x 10 -3 M. 
The buffer solutions were made by using a con- 
stant acetate ion concentration and varying the 
concentration of acetic acid necessary for attain- 
ment of the desired pH. 

3. Results and discussion 

3.1. Formation kinetics 

The formation rate of  Zn(l),  Cu(2) and Zn(2) 
complexes in the presence of excess metal ion can 
be given as 

d [ML  +] dt ' = kobs[L]r ( l )  

where [L]T is the total concentration of the free 
ligand and kobs is a pseudo-first-order rate con- 

12 

10 

<8 
Tt, 
~ 6  

4 

2 

o.s .o £5 2'.o 2'.s 
10-3[Zn 2-~]-1/M-I 

Fig. 2. Plots of k obl~ vs [Zn 2+ ] i for the formation kinetics of 
Zn(2) at different pH values. [2]=2.0× 10-4M; [OAc ]=  
0.01 M; T=25.0+_0.1°C; 1=0.10 M (KCI); pH=4.68(C)), 
4.89(k,), 5.04(A), 5.26(0), 5.37(e), 5.45(11), 5.55(AI. 

stant. At a given pH 4.64 5.55, the values of kob s 
increased with increasing [M 2+] and the plot of  
the kob s values against [M 2+] gave a saturation 
curve, as found for the formation of Ln(NOTA) 
[6] and L n ( D O T A ) -  [7]. The relationship between 
kob s values and [M 2+] can be described [17] by 

k l K [ M  2+ ] 
kob~ -- 1 + K[M z + ] (2) 

where K is the equilibrium constant characterizing 
the formation of the intermediate and k~is the rate 
constant of the intermediate to product in the 
rate-determining step. Plots of l/kob ~ against 1/ 
[M 2÷] lead to straight line as show in Fig. 2. The 
values of kj, K and the second-order rate constant 
k 2 = klK were deduced from Eq. (2) and are sum- 
marized in Table 1. The present work shows no 
significant variation in the values of  K with vari- 
ous pH. The protonated forms of 1 and 2 could 
contribute to the complexation kinetics of  M 2 + 

ions between pH 4.64 and 5.55. The concentra- 
tions of  protonated ligands were computed with 
the use of  ligand protonation constants. (Protona- 
tion constants (log K/) in 0.10 M KCI and 25.0 + - 
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Table 1 
Rate data for the metal complex formation with 1 and 2 at 
25 .0±0.1°C,  l = 0 . 1 0  M (KCI) and [OAc-]  = 1.0x 10 2 M 

Metal ions pH k l ( s - '  ) K(M ') k2(M i s i) 

1 
Zn 2 + 

2 
Zn 2+ 

Cu 2+ 

4.68 2.65 × 101 2.13 × 102 5.64 × lO 3 
4.81 2.95 x 101 2.06 × 102 6.07 x 103 
4.95 3.34× 101 2.03 x 102 6.79× 103 
5.09 4.10x 101 2.14× 102 8.76x 103 
5.16 4.57x101 2 .11x lO  2 9.64x103 
5.29 5.48 × 101 2.21 × 102 12.1 × 103 
5.41 6.62 × 101 2.15x 102 14.3× 103 

4.68 2 .09×10 -1 1.16×102 2.42× 10 I 
4.89 3 .42x10  I 1.23x102 4 .20×10  j 
5.04 4 .61×10 i 1.23×102 5.67x101 
5.26 7 .63×10 i 1.13x102 8.62×10 I 
5.37 9 .81x10  ~ 1.22×102 12.0×10 l 
5.45 l l . 7 x  10 - I  1.26× 102 14.7 x 10 I 
5.55 14.6×10 - I  1.27 x 102 18.5 x 101 
4.64 2.24× 101 5.89 × 102 1.32 x 104 
4.85 2.50 × 101 6.94 x 102 1.73 × 104 
4.97 2.84 × 10 j 7.24 × 102 2.06 × 104 
5.15 3.42× 101 7.79x102 2.66x104 
5.24 3.84x 101 7.90× 102 3.03 x 104 
5.33 4.23 x 101 8.01 x 102 3.39 × 104 
5,43 4.92 x lO 1 8.27 x 102 4.07 × 104 

0.1°C are 9.57, 8.15, 7.67, 2.05 and 1.07 for 1 [15] 
and 9.70, 9.18, 7.27, 3.86 and 2.94 for 2, which 
were calculated by fitting the potentiometric data 
to the PKAS program [18]). In this pH range, the 
species H3L is at a high concentration (81.99 
99.62%) while HzL-  is at a low concentration 
(0.07-1.42%). 

The stability constant of the intermediate 
(MH3L + )* can be calculated from the value of K 
at a given pH, using known protonation constants 
of the ligands by Eq. (3) 

K~MH3L+), = K(1 + (K3[H +]) - l  (3) 

The calculated stability constants of three inter- 
mediate complexes (MH3L+) *, summarized in 
Table 2 along with the literature value [19], are 
relatively pH-independent over most of the pH 
range examined. The stability constants of the 
intermediate here are about one order of magni- 
tude higher than those for the corresponding 
monoacetate and monomethylacetate complexes 
[20]. This suggests that the M 2+ ion is coordi- 
nated with more than one carboxylate oxygen in 
the intermediate formation. A similar result is 
also observed for the formation of 
Ln(N302Ac) 

(l,4,10-traiza-7,13-dioxacyclopentadecane- 
N,N',N"-triacetic acid) [12]. The intermediate of 
the Cu(2) complex has a larger stability constant 
than that of the Zn(2) complex. This fact may be 
attributed to the thermodynamic stability 
(log flcu~l = 13.45 vs. log 13Zn~2 ) = 13.00). (The sta- 
bility constant was obtained from the experimen- 
tal data with the aid of the BEST program [18]. 
Values were obtained in 0.10 M (KC1) at 25.0 + 
0.1°C). The stability constants for intermediates 
of Zn(1) and Zn(2) are not significantly different, 
and are about one order of magnitude lower than 
the value of Kz,mL+, found previously for 
Zn(N302Ac) [19].Fr6m the kinetic data, the sec- 
ond-order rate constant k H L also represents 
(k,K)H L. If one species is markedly more reactive 
than all others, the second-order rate constant 
could be obtained from the following expression 
[5] 

k 2 = knL(1 + (Kn,,,+,~L)-~[H +]) -~ (4) 

Table 2 
Stability constants (log KMn,L +.), second-order rate constants (kn,,L) and base-catalyzed rate constants (kon) of  the intermediate 
complexes at 25.0 + 0.1°C and 1 =  0.10 M (KCI) 

Complexes IOgKMH3L+" kH2L ( M - I  s--l) kH3L_(M-I S-I)  koH( M I S I) 

Zn( l )  2.33 + 0.11 (7.97 ± 0.26) × 106 (2.67 _+ 0.11) x 106 (1.51 _+ 0.04) x 10 I° 
Zn(2) 2.15 ± 0.15 (1.99 ± 0.05) × 106 (2.90 + 0.07) x 104 (3.18 ± 0.09) x l0 s 
Cu(2) 2.94 _+ 0.11 (4.37 + 0.45) × l08 (6.63 __+ 0.18) x 106 (9.33 ± 0.16) z 109 
Zn(N302Ac)" 2.91 + 0.07 (1.42 _+ 0.04) × 10 m 

a Ref. [19]. 
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where K n n + ~ L is the protonation constants of 1 and 
2. From ~the~plots of k2 against (I+(KH L) -~ 
[H + ])- ~, the second-order rate constants~"~or the 
HzL- and H3L species are collected in Table 2. 
Despite their very low concentration in the pH 
range observed, the H2L- species appears to be 
kinetically much more reactive than the H3L spe- 
cies (except for the Zn(l) reaction), even though 
the latter is the major component in solution [21]. 
These experimental results show differences from 
those reported by Kumar and Tweedle [4], where 
H3 L and H2L- are the predominant species due 
to the difference in the basicities of ligands. The 
low reactivity of the H3L form may be assigned to 
the formation of trizwitterionic forms of 1 and 2. 
The three N - H  + groups in the 18-membered 
cycle of H3L probably hinder the rearrangement 
of the intermediate complex into the final chelate 
product due to the electrostatic repulsion with the 
incoming metal ion. 

The value of k~, the rate of rearrangement of 
the intermediate, was increased with increasing 
pH as shown in Table 1. This implies that the 
rearrangement of the intermediate complex into 
the final chelate product is catalyzed by the OH-  
ion. This observation is consistent with the previ- 
ously reported works [4,12,19]. Fig. 3 shows that 
the plot ofk~ as a function o f [H  +] ~ gives a 
linear line. An expression consistent with this 
functional dependence is given by Eq. (5) [4] 

kj = kH o + koHKw[ H +  ] 1 (5) 
2 

where kH2 o and koH are the water and hydroxide- 
catalyzed rate constants of the rearrangement of 
the intermediate. The koH values calculated form 
the slope of the straight line in Fig. 3 and Eq. (5) 
(log Kw = 13.78) are listed in Table 2. The values 
of second-order rate constants for proton transfer 
(koH) are diffusion controlled. This may be at- 
tributed to the low basicity of nitrogen express as 
macrocyclic ligands [4]. A significant contribution 
from the base form of the buffer is not expected, 
since the concentration of buffer used in the 
present work is low. The koH value of Zn(2) is 
about two orders of magnitude smaller than that 
of Zn(1). This indicates that the substitution of 
three methyl groups on the acetate pendant arms 
of I makes the ligand more rigid [22,23]. On the 
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Fig. 3. Plots of k I vs. [H +] i for the formation kinetics of 
Zn(2) at 25.0 +_0.1°C and I = 0 . 1 0  M (KCI). 

other hand, the hydroxide-catalyzed dissociation 
rate of Cu(2) is about 30 times faster than that of 
Zn(2). Probably the cavity size (18-membered cy- 
cle) of 2, which is too large for the Cu 2+ ion, 
plays a major role in the metal complex formation 
reaction. Similar results reported that the forma- 
tion rates of alkaline earth complexes of DOTA 
were increased with decreasing ionic size [5]. 

3.2. Dissociation kinetics 

The rates of the dissociation reactions for some 
transition and lanthanide complexes of 1 and 2 
have been measured between pH 4,07 and 5.18. In 
the presence of excess Cu 2+ ions, the rate of 
exchange may be expressed as 

-- d[ML] dt ~ = kobs[ML] (6) 

where kob s is a pseudo-first-order rate constant. 
The values of kob s for 1 and 2 complexes were 
found to be independent of [OAc-] but depen- 
dent on [Cu 2+ ]. The dependence of kob s o n  [ C u  2+ 

] is illustrated in Fig. 4 at different pH values. The 
data in Fig. 4 indicate that the dissociation rate of 
complex is proportional to [Cu2+]. The small 
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positive intercepts along the ordinate of these data 
plots indicate that [Cu2+]-independent dissocia- 
tion also occurs. Thus, the data can be described 
by 

kob s = kj + kcu[Cu 2 + ] (7) 

where kd and kcu are the functions of  acidity, 
[H+]. Fig. 5 shows that ka is proportional to 
[H+], while kcu is proportional to [H+] ~. On 
the basis of  these results, the overall rate of 
dissociation reaction can be expressed as 

- d[ML] d t - ' =  kd[ML] + ku[ML][H +] 

+ kcu[ML][Cu 2 + ] 

+ kcu u _ ,[ML][Cu 2 +][H +] - 1 
(8) 

The rate constants (kd, kH, kcu and kcu H ,) calcu- 
lated from the experimental data are presented in 
Table 3. As can be seen, the first and second terms 
in Eq. (8) are responsible for the dissociative 
pathway of  the Cu2+-independent mode. The 

7 

e~ 

O 

o 
, - -3  

2 4 6 8 10 
lo'[cu +]/M 

Fig. 4. Plots of  kob~ vs. [Cu ~'+ ] for the dissociation kinetics of  
Eu(1) at different pH values. [Eu(1)] = 5.0 x 10 -5  M: [OAc 
l=0 .01  M; T = 2 5 . 0 + 0 . 1 ° C ;  1 = 0 . 1 0  M (KCI); p H =  
4.08(0) .  4.17(Z3), 4.27(±),  4 .40(0) ,  4.64(.), 4.91(11), 5.18(A). 
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Fig. 5. Plots of k d v s .  [H +] and kc. vs [H +] ~ for the 
dissociation kinetics of Eu(l). [Eu(l)] = 5.0 x 10 5 M; [OAc- 
]=0.01 M; T=25.0 +0.1°C; 1=0.10 M (KCI). 

rate-determining step involves the loss of  metal 
ion from the complexes and the rapid reaction of 
the released ligand with Cu 2+ ion. Eq. (8) also 
represents the associative pathway of  the Cu 2+- 
dependent mode, which is composed of  the direct 
attack of the Cu 2+ ion on partially dissociated 
M - L  and the [H +] ~ dependence. [H+] -~ be- 
havior can be interpreted by the existence of  the 
attack of hydrolyzed copper species (CuOH +) on 
M - L ,  even though the investigated pH is not 
higher, kcuou+ is therefore obtained by the ex- 
pression. 

k c u  H - i --- k c u o H  + flCuOH + (9) 

where flcuoH+(= kcuoH+Kw) is a stability con- 
stant (i.e. 2.0 x 10 -8) [9]. 

Table 3 gives a summary of  the rate constants 
for dissociation of  various metal complexes of 1 
and 2. A comparison of  the rate constants kd and 
kH of  the transition metal and lanthanide com- 
plexes of 1 and 2 demonstrates the order Co 2 + > 
Ni 2 + > Zn 2 + and C e  3 + > E u  3 + > Y b  3 + ,  

respectively. Both rate constants are significantly 
affected by metal ionic size. An increase in the 
cation radius from Co 2+ to Zn 2+ leads to an 
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Table 3 
Rate constants lbr the dissociation reactions of metal complexes of macrocyclic ligands at 25.0 ± 0.1°C and I = 0.10 M (KCI) 

Complexes ka(s-1) kH(M - L s- i) kcu( M - I s -  i) kc~,ou(M - i  s i) 

Co(l) (3.01 _+ 0.08)x 10 -I  (7.97 4- 0.171 x 10 ~ (9.01 + 0.10) x 103 (3.15 ±0 .08 )×  107 
Ni(l) (2.17 + 0.06) x 10-i (6.04 4- 0.14) x 103 (8.61 ± 0.08) × l0 t (2.99 4- 0.06) x 107 
Zn(I) (2.69 +_ 0.09) x 10 3 (1.96 + 0.05) x 111 ~ 1.67 _+ 0.04 (8.95 +_ 0.17) x 1() ~ 
Ce(I) (1.60±0.05)x10 ~ (1.12+0.04)x104 (7.43 4- 0.11) x10 ~ (2.71+0.051x107 
Eu(I) (1.32 + 0.04) x 10- [ (9.76 + 0.12) x 1() ~ (6.81 ± 0.101 x 10 ~ (2.49 _+ 0.06) × 11) 7 
Yb(1) (8.60 +0.11)x 10 2 (6.31 4- 0.09) x l0 t (6.12 0.06)x 103 (2.12 +_0.03)× 107 
Co(2) - (1.87 ± 0.04) × 10 i (7.05 4- 0.08) x 10 ~ (1.25 ___ 0.03) × 103 (9.53 + 0.14) x 10 (' 
Ni(2) 0.41±0.03) x10 I (6.01± 0.06) x l 0  a (1.014-_0.04) x103 (7.85 4-0.15)× 106 
Zn(2) (7.91 + 0.12) x 10 4 5.47 4- 0.10 (4.61 ± 0.07) x 10- L (2.63 _+ 0.05) x 10 ~ 
Ce(2) (6.86 4- 0.111 x 10- 2 (5.06 4- 0.08) x 103 (4.04 ± 0.06) x 1(13 (1.08 4- 0.04) x 107 
Eu(2) (6.54 _+ 0.05) x 10 2 (4.52 4- 0.04) x 103 (3.87 ± 0.03) × 103 (1.00 +_ 0.02) × 107 
Yb(2) (5.28 4- 0.14) x 10 2 (3.71 4- 0.06) x 103 (3.56 _k 0.06) x I(1 ~ (8.58 + 0.13) × 10 (' 
En(N302Ac) b (1.62 + 0.03) x 10 5 1.38 + 0.06 . . . .  

~' Not observed. 
b Ref. [121. 

increase  in k ine t ic  s tabi l i ty  p r o b a b l y  because  the  

Zn  2 + ion  fits in to  a l igand  s o m e w h a t  be t t e r  t h a n  

the  C o  2 + and  N i  2 + ions.  H o w e v e r ,  the  cons i s t en t  

dec rease  in the  d i s soc i a t i on  ra tes  o f  1 and  2 

c o m p l e x e s  f r o m  Ce  3 + to  Y b  3 + para l le l s  the  ther-  

m o d y n a m i c  s tabi l i ty  o f  these  c o m p l e x e s  wi th  de-  

c reas ing  ionic  size o r  inc reas ing  cha rge  dens i ty  o f  

Ln  3 + ions.  T h e  d i s soc i a t i on  rates  o f  1 c o m p l e x e s  

were  f o u n d  to be  fas te r  t h a n  t hose  o f  2 complexes .  

Th i s  ind ica tes  tha t  the  subs t i t u t i on  o f  three  

m e t h y l  g r o u p s  on  the  ace ta te  p e n d a n t  a rms  o f  1 

increases  the  r ig id i ty  o f  the  m a c r o c y c l e ,  y ie ld ing  a 

c o m p l e x  wi th  even  g rea t e r  k ine t ic  s tabi l i ty.  A 

m e t h y l  subs t i t u t i on  in o t h e r  p o l y a z a p o l y c a r b o x y -  

late  l igands  has  also been  o b s e r v e d  to  increase  the  

iner tness  o f  the i r  resu l t ing  c o m p l e x e s  [22-24] .  A n  

ac id -ca t a lyzed  d i s soc i a t i on  ra te  o f  Eu(1)  is a b o u t  

f o u r  o rde r s  o f  m a g n i t u d e  fas te r  t h a n  tha t  o f  

Eu(N3OzAc) ,  even  t h o u g h  1 has  the  inc reased  r ing 

size ( 1 8 - m e m b e r e d  cycle) c o m p a r e d  wi th  N 3 0 2 A c  

( 1 5 - m e m b e r e d  cycle).  Th is  m a y  be a t t r i bu t ed  to 

the  decrease  o f  m a c r o c y c l e  r ig id i ty  by the  flexibil-  

i ty o f  1 and the m i s m a t c h  caused  by  the  large 

cav i ty  size. 
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Abstract 

This paper describes a comparative study of the microwave induced plasma (MIP) and the stabilized capacitive 
plasma (SCP) for halide determinations. The MIP is generated in a Beenakker cavity TMo~ o using a tangential flow 
torch and the SCP consists of a 27.12 MHz discharge sustained in a liquid-cooled, fused silica tube surrounded by 
two annular electrodes. Both discharges are operated in helium at atmospheric pressure and detection was carried out 
by Atomic Emission Spectrometry (AES). The halides (I , B r - ,  C1 ) are converted to volatile halogens by 
continuous flow generation based on chemical oxidation and on-line separation from the aqueous phase, via a 
gas-liquid separator, to be finally introduced into the plasma. The different factors affecting the emission intensity 
of the volatile halogens generated are compared for both discharges and the analytical performance characteristics are 
also evaluated. Detection limits of 17 ng ml ~, 24 ng ml ~ and 55 ng ml-1 are obtained for the determination of 
C I - ,  Br , and I , respectively, in the ultraviolet-visible (UV-VIS) region using the MIP-AES and 45 ng ml -  ~, 135 
ng ml -  ~ and 400 ng ml ~ for C I - ,  B r - ,  and I -  with the SCP-AES. Lines in the near infrared (NIR) region were 
also evaluated for the SCP-AES detection; improvements in detection limits higher than 30 times were observed in the 
NIR region as compared with the UV-VIS with detection limits in the NIR of 1.4 ng ml -  ~ for C I - ,  3 ng ml -  ~ for 
Br -  and 13 ng ml-1 for I - .  © 1997 Elsevier Science B.V. 

Keywords: Continuous halogen; Generation; Halides; Microwave induced plasma; Stabilized capacitive plasma 

I. Introduction 

Different plasma sources,  using He as the dis- 
charge gas, have been proposed as sensitive means 

* Corresponding author. Tel./fax: + 34 8 5103474; e-mail: 
ASM@dwarfl .quimica.uniovi.es 

for halogen detection by Atomic  Emission Spec- 
t rometry  (AES) such as inductively coupled plas- 
mas [1], glow discharges [2], furnace atomic 
non-thermal  excitation spectrometry [3], etc. 
A m o n g  those, the microwave induced plasmas 
MIPs,  owing to their high electronic temperature,  
offer particularly good  analytical sensitivity for 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02055-3 
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a) CONTINUOUS FI,OW 
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Fig. I. Schematic diagram of the continuous halogen introduction system and the plasma-AES set-up. I. Oxidant; 2. Sample; 3. M 
H2SO4 (channel 3 was used only for iodide analysis). 

the analysis of non-metals such as the halogens 
[4 6]. However, the limited thermal energy avail- 
able in the commonly used low-power MIPs ( <  
150 W) leads to difficulties with sample 
desolvation, restricting the real-life use of these 
discharges to gas phase sample introduction, as in 
gas chromatography where MIP-AES has become 
a popular detector [7-9]. 

More recently, the stabilized capacitive plasma 
(SCP) has attracted special attention and interest 
for non-metal excitation using He as plasma gas 
[10-12]. This plasma has also been evaluated as 
a gas chromatographic detector [12] and good 
results (in terms of sensitivity, chemical and 
spectral interferences) were observed for non- 
metals in this particular application of SCP- 
AES. 

Alternative means of gas phase sample intro- 
duction to MIPs and SCPs for total halogens 
analysis include chemical [13-17] or electrother- 
mal [11-18] volatilization of halides. 

Using chemical volatilization, by on-line chemi- 
cal oxidation to the corresponding halogen with 
an adequate oxidant (KMnO4 or H20~) in acid 
media, we have investigated the comparative ana- 
lytical performances of both low power plasma 
for halide analysis: the MIP-AES generated in a 
Beenakker cavity and the SCP-AES device. Ana- 
lytical figures of merit and discussion on excita- 
tion characteristics observed with both plasma 
systems are given. Finally, the application of both 
detection systems to the determination of chloride 
in real water samples is described. 

2. Experimental 

A block diagram of the experimental set-up 
used is shown in Fig. I. Details of the sample 
introduction system, the plasma components and 
the spectrometric equipment are described below. 
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Table 1 
Optimum sample and oxidant flow rates 

537 

Halogen Oxidant flow (ml min 1) Sample flow (ml min ~) H2SO 4 (ml min i) 

Chlorine 0.12 4.5 - -  
Bromide 0.12 4.5 
Iodine 2.1 2.1 2.1 

2.1. Sample introduction system and procedure 

Sample solutions were prepared in 7.5 M 
H2SO 4 when analyzing bromide or chloride. In 
order to prevent any chemical oxidation of iodide 
to volatile iodine by sulfuric acid, the iodide sam- 
ples were prepared in aqueous medium. For on- 
line oxidation of samples containing chloride or 
bromide a solution of 0.05 M KMnO4 in concen- 
trated H z S O  4 w a s  pumped to the sample stream. 
For  iodide the dissolved samples were mixed on- 
line with two solutions: one of 3 M H2SO4 and 
the second one containing 3 M H 2 0  2. Flow rates 
of samples and reagents selected in the continuous 
system are given in Table 1. The generated 
volatile halogen passed through a gas-liquid sep- 
arator consisting of a glass tube (2 cm i.d. and 6.5 
cm long) where the gas-liquid sample mixture 
interacted with a smooth flow of He which passes 
through a glass-flit membrane (Fig. 2). The liber- 
ated halogen vapour was stripped off continu- 
ously by the carrier-gas stream of He, while 
residual moisture was removed by bubbling 
through a desiccator flask filled with concentrated 
H2SO 4. The dried gaseous mixture is then intro- 
duced directly into the plasma discharge (see Fig. 
1) for atomization and excitation. 

2.2. Plasma-AES equipment 

The components of the two plasma systems 
used are listed in Table 2 and have been described 
in detail elsewhere [10,19]. The Beenakker cavity 
of the MIP was mounted on a translation stage 
(Oriel Corp.) over an optical bench so that the 
vertical and horizontal positions could be ad- 
justed within a reproducibility of better than 0.02 
ram, A Tangential Flow Torch (TFT) was used as 
the discharge tube [19-21]. It consists of two 

coaxial alumina ceramic capillaries (2.5 mm i.d., 4 
mm o.d., 30 mm long, and 1 mm i.d., 2 mm o.d., 
60 mm long, respectively) positioned in a fitting 
holder for the addition of  a tangential gas flow. 
Reflected power was kept all time at values lower 
than 3 W. The plasma was viewed axially and 
imaged 1:1 on the entrance slit of  the monochro- 
mator using a fused silica lens. 

The SCP is a 27.12 MHz discharge in helium at 
atmospheric pressure [10,12]. The discharge is sus- 
tained in a water-cooled, fused silica tube sur- 
rounded by two annular electrodes. The outer 
surface of the tube is efficiently cooled to a tem- 
perature below 100°C by a thin film of fast flow- 
ing water. The light emitting region is a disused 
filament in the centre of the tube at a length of 
about 20 mm symmetrical to the electrodes. The 
emitted light from the SCP is collected "end-on" 
but, in contrast to the MIP detection, an optical 
fibre, directly mounted on the torch in order to 
direct the spectral emission to the slit of the 
spectrometer, was used for the SCP. 

Helium (99.999%) was chosen as plasma gas 
because of its high excitation energy. In the case 
of the SCP a dopant gas addition of 0.03% 02 
was used. 

2.3. Reagents 

All the reagents used in this study were of 
analytical reagent grade and high-purity water 
(Milli-Q Water) was used throughout. 

Stock solutions of iodide, bromide and chloride 
(1000 gg ml--1) were prepared by dissolving the 
corresponding potassium halides (dried previously 
at 110°C) in Milli-Q water. Calibration standard 
solutions were prepared by serial dilution of the 
stock solutions in Milli-Q water for I - and in 7.5 
M H x S O  4 for B r -  and C1-.  
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Fig. 2. Diagram of the gas-liquid separator. 

2.4. Real sample analysis 

To check the applicability of the technique, the 
chloride content of some commercial mineral wa- 
ters, tap water, and groundwaters was analyzed. 
Samples were prepared using sulfuric acid at a 
final concentration of 7.5 M H2SO4. The calibra- 
tion was carried out using synthetic standard so- 
lutions prepared in 7.5 M H2SO 4. 

For method validation, the determination of 
chloride in the same real water samples was also 
carried out by ion chromatography using an ion 
chromatograph (Dionex Corporation) with sup- 
pressed conductivity detection. 

plasma variables (flow rates of the gases forming 
the plasma and microwave power) and also the 
conditions for continuous chemical halogen gen- 
eration and halogen stripping from the liquid 
phase; flow rates of the liquid samples and of the 
individual oxidation reagents, type of gas-liquid 
separator, etc. 

The optimization studies were carried out fol- 
lowing a univariant search and using the ratio 
IN/IR (where IN is the background-corrected net 
analyte emission intensity and I B the background 
emission intensity) as the analytical parameter to 
be maximized. 

3.1. Wavelength selection 

3. Results and discussion 

In order to obtain maximum analyte emission, 
both chemical generation and plasma excitation 
parameters were examined and individually opti- 
mized for each halide. These parameters included 

There are several emission lines lying in the 
UV-VIS and NIR regions which have been rec- 
ommended for halogen determined by Plasma- 
AES at atmospheric pressure [13-18,22]. The 
emission lines selected offering the best signal to 
background ratios with our detection systems are 
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Table 2 
MIP-AES and SCP-AES components 

Components Description and specifications 

MIP system 
Microwave generator with 

reflected power meter 
Beenakker resonator 

Monochromator 

Photmultiplier 
Read-out system 

SCP system 
Plasma generatator and supply 
Monochromator 

Fiber optic 
Photodiodes (IR measurements) 
Photomultiplier (UV 

measurements) 
Data acquisition 

Microwave Generator AF, GMW 24-301 DR. Frequency 2450 MHz. Maximal forward 
power 300 W. Power output with modulation input with coaxial cable KNW 243 N, 50 
Water-cooled microwave resonant cavity from AF. Model HMW 25-471 NM TMo,o 
silver-plated. 
1-m Jobin-Yvon HR-1000 M Czerny-Turner mount with a grating of 2400 grooves 
mm ~. Slit width 0.1 mm. 
R-212 Hamamatsu. 
Jobin Yvon Spectralink system controlled by a computer. 

Anton Paar KG, ESD Engineering samples. 
Jobin-Yvon HR-640. Grating 1200 (IR) and 
m m .  

Polymicro Technologies (Phoenix, AZ). 
$2387, Hamamatsu Photonics. 
R-212 Hamamatsu. 

2400 (UV-VIS) grooves m m - i  Slit width 0.1 

Chromstar Hard-Land Software, Bruker Franzen Analytik. 

collected in Table 3 for both SCP and MIP detec- 
tors (in this latter case only UV-VIS detection was 
available). 

3.2. EfJect ofplasmaparameters 

The effect of microwave forward power in the 
Beenakker cavity was studied for each continu- 
ously generated halogen as explained in the Sec- 
tion 2, in the range 75-100 W. The results 
obtained have been plotted in Fig. 3. As can be 
seen, the plots are very similar for the three 
analytes under study; consequently the observed 
effect of microwave forward power does not seem 
to be dependent on the energy of the high lying 
state of the excited analyte (29 eV for the CI 

Table 3 
NIR and UV-VIS wavelengths (nm) investigated 

Halogen SCP MIP 

UV-VIS NIR UV-VIS 

C1 479.45 837.59 479.45 
Br 470.48 827,24 470.48 
I 206.16 973,17 206.16 

479.45 nm ionic line, 26.11 eV for the Br 470.48 
nm ionic line, and 6.95 eV for the I 206.16 nm 
atomic line) or the spectral region (UV for iodine 
and VIS for bromine and chlorine) for the power 
values investigated. 

The commercial SCP-AES instrument used here 
works at a fixed value of 140 W, hence, it was not 
possible to evaluate the effect of the radiofre- 
quency power in our experiments. 

The observed influence of plasma carrier flow 
rate on analytical signals (IN/IB) of halogens in 

70  ~ . . . . . . . . . . .  ~ . . . . . . . . . .  J . . . . . . .  7 

I • /  I 40 2 ~ 4 l N/ 1 u 

3 0  ± B r  3 
i ID 

zo +! 
+ 

I 0 ~  1 

0 ~ 7 ~ - - - - ' -  0 

70 75 80 85 90 95 100 lOS 

P o ~ e r ( W )  

Fig. 3. Effect of the microwave forward power on the determi- 
nation of chloride by MIP-AES. 
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Fig. 4. Influence of sample He flow rates for the two plasmas 
on the observed analytical signal (net signal over background, 
IN/IB):(a) SCP; (b) MIP. 

the SCP and the MIP is plotted in Fig. 4(a) and 
4(b) for each of the three halogens. Over the 
range of flow rates evaluated, no noticeable 
changes in the background emission were ob- 
served. Interestingly, different behavior was no- 
ticed in the two plasmas studied; in the SCP (Fig. 
4(a)) it can be observed that the optimum plasma 
gas flow rate is quite dependant upon the type of 
analyte: for chlorine optimum flow rates were in 
the region of 20-40 ml min ~, for bromine in the 
region 40-70 ml min-1 and for iodine the opti- 
mum was in the range 120-150 ml rain-1. These 
results could be rationalized in terms of volatility: 
C12 is lighter, and so more volatile than bromine 
and iodine; being easier to transport by the carrier 
gas, the use of higher flow rates will just dilute the 
volatilized analyte and decrease its residence time 
in the plasma. The heavier iodine needs higher 
flows of carrier gas for its transport [14] while 
bromine would show an intermediate transport 
behavior (see Fig. 4(a)). The optimization results 
of carrier gas flows using the MIP-AES system 

Table 4 
Selected plasma operating parameters 

(Fig. 4(b)) indicated a much smaller effect of 
residence time of analytes in this plasma. It seems 
that the TFT used for MIP generation requires a 
minimum carrier gas flow for efficient transport 
(e.g. around 60-70 ml min 1) but it is much less 
sensitive to the use of higher flow rates (210 ml 
min-  1 was the maximum flow rate tested). In any 
case, the volatility effect is still noticeable as 
iodine needs higher flows for optimum transport/ 
atomization/excitation than the other halogens. 
The effect of the tangential gas flow in the torch, 
at the flow rates under study (70-230 ml min l) 
was not critical for chlorine or bromine excita- 
tion; however, for iodine a gradual improvement 
in sensitivity was observed by increasing the tan- 
gential flow rate from 70 to 180 ml min J 

Table 4 collects the finally selected conditions 
for the plasma operating parameters in the SCP 
and the MIP for the analysis of the three halides. 

3.3. Halogen generation conditions 

In order to establish optimum conditions for 
on-line generation of chlorine, the KMnO 4 con- 
centration and flow rates of KMnO4/H2SO 4 and 
of the sample were varied and the corresponding 
plasma emission signals from a 10 gg ml 1 solu- 
tion of chloride were recorded following the gen- 
eral procedure. Selected optimum conditions are 
collected in Table 1 and in the Section 2. 

The continuous on-line bromine generation has 
been carried out previously in our laboratory 
using C10- as oxidant [17]. However, 0.05 M 
KMnO4 plus concentrated H2SO4 was selected 
here, thus allowing the possibility of performing a 
simultaneous determination of both chloride and 
bromide (for iodine analysis KMnO 4 cannot be 

Parameter Cl Br I 

SCP MIP SCP MIP SCP MIP 

Power (W) 140 80 
Outer He flow (ml min -L) 150 
Sample He flow (ml min-1) 40 100 

140 80 140 80 
- -  1 5 0  - -  175 

70 100 130 140 
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Fig. 5. Comparison of two gas-l iquid separator designs using the SCP-AES detection system for the determination of halides. A: 
GLS depicted in Fig. 2 (experimental conditions as stated in Table 3); B: GLS described in [16] (He flow-rate 70 ml min t for C1 
analysis; 70 ml rain ' for Br analysis; 150 ml m i n - '  for I -  analysis). 

used because it transforms iodide into non- at 206.16 nm in the SCP has already been re- 
volatile IO3-). ported [24]. 

The influence of the gas-liquid separator 
(GLS) device was also studied in the SCP-AES 3.5. Interference studies 
detector by comparing the design shown in Fig. 2 
and a GLS described previously in the literature The chemical generation and separation of 
[16,23]. As can be seen in Fig. 5 significantly volatile molecular halogen avoids most of the 
higher analytical signals were obtained for the possible interferences which could affect plasma 
three halogens using the GLS of Fig. 2 which was detection. However, matrix interferences may oc- 
then selected for further experiments, cur in the halogen chemical generation process 

itself. 
3.4. Comparative analytical performance charac- The effect of different salts on the generation of 
teristics chlorine using the MIP-AES detector was studied 

in this work. The results have been compiled in 
Analytical performance characteristics were Table 6 which shows that no effect was observed 

evaluated for chloride, bromide and iodide deter- from ions such as F - ,  NO3, PO 3-, CrO 2 even 
minations with the MIP (UV-VIS emission lines) at ratios of 500:1 (maximum level tested). How- 
and SCP (UV-VIS and NIR emission lines) detec- ever, anions consuming oxidant (such as I , 
tors using the optimum experimental conditions. SCN or C2024 - ) interfere, but increasing the 
The linear ranges, the detection limits (calculated flow of oxidant or the oxidant concentration used 
as the concentration of analyte producing a net would improve significantly the tolerance ratio to 
signal equal to three times the standard deviation those potential interferences. 
of the background emission intensity), and the A study of interferences in the analysis of io- 
precisions (expressed as relative standard devia- dide by MIP-AES has been carried out elsewhere 
tion for ten replicators) observed for the three [25], using a "surfatron" as the MIP cavity. The 
elements in both discharges are summarized in effect of some common salts that might accom- 
Table 5. While in the UV-VIS region the pany iodide in real samples was tested and the 
delectability of halogens is clearly better using the results showed that this determination was very 
MIP-AES, using the NIR atomic emission lines in selective. 
the SCP provided the best detection limits ob- No spectral interference was observed at any of 
served, demonstrating the usefulness of this spec- the emission lines under study in both plasmas. It 
tral region for halogen determinations. The has been reported that the atomic line I(I) at 
comparatively poor precision obtained for iodine 973.17 nm could be overlapped by phosphorus 
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Table 6 
Selectivity studies for the determination of 2 ~tg ml r of  
chloride at 479.45 nm with the MIP-AES 

Foreign ion Tolerance ratio 

F 500:1 
I 50:1 
C2042 20:1 
NO3 500:1 
SCN 10:1 
PO 3 500:1 
CrO42 500:1 

emission [24]. However, phosphorus is not a 
source of spectral interference in our method since 
no volatile phosphorus species are formed with 
the proposed system. 

3.6. Real sample analyses 

The optimized method was tested in real analy- 
sis for the determination of chloride in mineral 
waters using MIP-AES. The real sample measure- 
ments for SCP-AES (tap water, groundwaters) 
were carried out using a flow injection (FIA) 
mode for halogen generation [26]. The results 
observed with both detectors are collected in Ta- 
bles 7 and 8. As can be seen, good agreement was 
observed with results for the same samples ob- 
tained by ion chromatography, which validates 
the proposed methodologies. 

4. Conclusions 

This comparative study of two different inex- 
pensive plasmas as excitation sources confirms the 
feasibility of highly sensitive halide determina- 
tions by resorting to continuous halogen genera- 
tion as the sample introduction approach. For the 
case of the emission lines evaluated in the UV-VIS 
region, better detection limits were obtained with 
the MIP than with the SCP, however, it has also 
to be noted that different light collection systems 
were used for both detectors and that could give 
rise to slight modifications in the detection limits. 
The NIR region offers particular advantages as 
shown by SCP results. This calls for further exper- 
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Table 7 
Results of the determination of chloride in mineral waters by 
MIP-AES 

Sample MIP (rag I ') + S.D. IC (mg l -I)  _+ S.D." 

I 2.20 +_ 0.02 2.8 _+ 0.2 
11 5.10 +_ 0.01 5.4 +0.1 
I11 16.3 _+ 0.7 16.0 + 0.3 

"Results from ion chromatography (IC), as alternative tech- 
nique, for the same samples. 

iments using the MIP as excitation source and 
NIR lines for detection. 

It is worth noting that the determination of 
chloride was the most sensitive of the three halo- 
gens assayed with both detectors. Finally, the use 
of the same oxidant mixture for C1 and Br- 
analysis provides the possibility for simultaneous 
determination of both elements with a multichan- 
nel detector. 
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Table 8 
Results of the determination of chloride in waters by SCP- 
AES 

Sample S C P ( m g l  ' ) +  IC (mgl  i )+  
S.D. S.D." 

Polluted ground- 175.9_+ 3 172 +_ 1 
water 

Groundwater 17 + 1 17.3 _+ 0.1 
Tap water 2.3 + 0.1 2.1 _+ 0.1 

'~Results from ion chromatography (IC), as alternative tech- 
nique, for the same samples. 
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Abstract 

The phenolphthalin method for the determination of cyanide has been modified and adapted to a continuous flow 
system based on the flow injection principle. Aqueous cyanide samples are injected into a carrier stream (0.001 M 
NaOH), which is then merged with the combined reagent stream of phenolphthalin and carbonate buffer (pH 10.3), 
and the mixture is passed through an on-line cupric sulfide packed column. The resulting phenolphthalein (the 
oxidized form of phenolphthalin) is measured in a flow-through spectrophotometer at 552 nm, to determine the 
cyanide content. The chemical factors and flow injection analysis (FIA) variables influencing the system are discussed. 
The calibration graph is linear from 0.6 to 4.3 ppm cyanide. At a sampling rate of about 70 samples h -  1 with 50 lal 
sample injections, precision was about 1% relative S.D. © 1997 Elsevier Science B.V. 

Ke)'words: Flow injection; Phenolphthalin; Spectrophotometry; Cyanide 

I. Introduction 

The phanolphthalin method [1-4], is based on 
the oxidation of phenolphthalin to phenolph- 
thalein by cyanide in the presence of copper. This 
method was once very widely used in cyanide 
analysis but has yielded to the generally superior 
methods based on the Konig reaction [2,5]. Rob-  
bie [4] studied the method extensively and found 
that the color intensity produced is significantly 
dependent on the amount  of  alkali, and the color 
fades if more alkali is added. He reported also 
that the color formed increases due to the slow 
spontaneous conversion of  excess phenolphthalin 

* Corresponding author. Fax: + 962 2 274725. 

reagent as the solution stands. Thus, the conven- 
tional phenolphthalin method requires an imme- 
diate measurement of  the color produced [4], or 
addition of a stabilizing reagent after color devel- 
opment [6]. Even experienced analysts very often 
fail to obtain reproducible results manually. The 
adaptation of such a method to a continuous 
system seems therefore justified. Flow injection 
analysis (FIA) [7] is now a well established tech- 
nique for carrying out automatic wet chemical 
analysis in a rapid and efficient way. In this paper  
the adaptation of the phenolphthalin method for 
the determination of cyanide to the FIA system is 
described. Since the residence time is short and 
can be kept constant, the color instability problem 
was solved and reproducible results were ob- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-9140(96)02056-5 
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tained. Also the intensity of the color produced, 
which is significantly dependent on the pH of the 
medium, was controlled by using a carbonate 
buffer continuously pumped into the FIA system. 
Furthermore, the copper required in this FIA 
method was produced in situ using an on-line 
cupric sulfide packed column. So, the inconve- 
nience of using the phenolphthalin-CuSO4 reagent 
(prepared fresh daily in the conventional method) 
was eliminated. The proposed FIA method has 
the advantages of stability of reagents, reproduci- 
bility, sensitivity and rapidity of determination, 
and is a quantitative technique. 

2. Experimental 

2. I. Reagents 

All chemicals used were of analytical reagent 
grade, unless otherwise specified; all solutions 
were prepared with deionized water. 

2.1. I. Cupric sulfide 
This was prepared by adding a solution of 0.01 

M sodium sulfide to a solution of 0.01 M cupric 
sulfate up to nearly the equivalent point, leaving a 
slight excess of the latter. The precipitate, CuS, 
was filtered, washed with water and dried. 

2.1.2. Phenolphthalin solutions 
These were phenolphthalin in 3 vol.% ethanol 

prepared by dissolving the calculated amount of 
phenolphthalin (Sigma, 95%) in 3.0 ml absolute 
ethanol, and diluting to 100 ml with water. Phen- 
olphthalin solutions of concentrations 0.5 x 10 4, 
1.0 x 10 4, 2 x 10 -4, 3.0 x 10 4 and 4.0 x 10 -4 
M, were prepared. All solutions are stable for 2 
weeks or more without precipitation occurring, 
except for the 4.0 x 1 0  _ 4  M solution which is 
stable only for a day at room temperature. 

were prepared. The phosphate buffer solutions 
were 0.20 M NazHPO4/Na3PO4 at pH 9.5, 10.0, 
10.5, 11.0, and 11.3. The ammonia buffer solu- 
tions were 0.20 M NHaC1/NH3 at pH 9.5, 10.0, 
10.3, 10.6 and 11.0. The pH of these buffers were 
adjusted to the required value with NaOH or 
HC1. All pH measurements were made using a 
Metrohm Herisau (Type E 520) pH meter 
equipped with a combined Metrohm AG 9100 
electrode. 

2.1.4. Sodium hydroxide dilution solution, 
1.0 x 10 ~ M NaOH 

This was prepared by dissolving 0.04 g NaOH 
in 1 1 of water. 

2.1.5. Standard cyanide solutions 
Stock cyanide solution was prepared by dissolv- 

ing the calculated amount of potassium cyanide 
(BDH, 96%) in sodium hydroxide dilution solu- 
tion, and the solution was standardized using the 
Liebig method [9]. A stock standard solution of 
0.03846 M (1000 ppm) was prepared. Working 
standards in the range 3.8 x 10-6-3.8 x 10 -4 M 
(0.1-10 ppm) cyanide were prepared by successive 
dilution of the stock solution with sodium hy- 
droxide dilution solution. Because cyanide solu- 
tions are very reactive and unstable, these 
solutions were stored in closed, dark bottles in a 
cool place. 

2.1.6. Interfering ions/solutions 
Solutions of diverse ions were prepared from 

the sodium or potassium salts of the anions and 
chlorides of the cations. In each case the appro- 
priate amount of foreign ion and standard 
cyanide solution was introduced into a 25 ml 
volumetric flask and made up to 25 ml with 
sodium hydroxide dilution solution. 

2.2. Apparatus 

2.1.3. Buffer solutions 
The carbonate, phosphate and ammonia buffer 

solutions were prepared as previously described 
[8]. Carbonate buffer solutions of 0.025, 0.050, 
0.10 and 0.30 M NaHCO3/NaCO3 at pH 10.3 and 
0.2 M at pH 9.5, 10.0, 10.3, 10.6, 11.0, and 11.3 

The schematic of the manifold for this study is 
shown in Fig. 1. The carrier and reagent solutions 
were delivered by a four-channel RAININ (Rab- 
bit) peristaltic pump operated with Tygon tubing. 
Sample solutions were injected manually into the 
carrier stream using a Rheodyne six-bore injector 
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Fig. [. Manifold for FIA spectrophotometric determination of 
cyanide. The internal diameter of the microline tubing was 
0.51 ram. The abbreviations represent the following: S, point 
of injection; Q, flow rate (ml rain-~); MI and M2, confluence 
points; P, packed column; F, flow-through cell: W, waste. 

(Type 50). A Varian DMS 100 UV-visible spec- 
trophotometer equipped with a l0 mm Hellma- 
type flow cell (Model QS 178,012) was used as 
detector and was connected to a linear 1200 chart 
recorder. Tubing, made of Microline (0.51 mm 
i.d.) was used throughout. The confluence points 
were KEL-F polymer tees. Press-to-fit connec- 
tions made of silicone rubber tubing were used for 
the entire manifold. 

2.3. Microcolumn construction 

The body of the on-line column (Fig. 2) was a 
6.0 cm long glass tube (1.4 mm i.d. and 4.0 mm 
o.d.). An on-line filter (polyethylene porous bed, 
4.0 mm in diameter, 2.0 mm thickness) was fixed 
by 3.0 mm i.d. Tygon tubing at both ends of the 
column. The column was packed with 80 mg of 
crushed cupric sulfide particles of appropriate 
grain size (about 0.8-1.2 mm). A thick-walled 
silicone rubber tube of 0.51 mm i.d. was inserted 
at both ends of the Tygon tubing to minimize the 
dead volume, 

Gloss column 
Filter CuS / Tygon tubing 

I " 

I, 6cm ~1 ] 
Silicon rubber tube 

Fig. 2. Design of the microcolumn for the on-line FIA/spec- 
trophotometric system. 

2.4. FIA 

The flow system illustrated in Fig. 1 was used. 
The reagent stream contains phenolphthalin and 
carbonate buffer. Since a mixture of these two 
components is not stable, because alkali tends to 
cause the phenolphthalin to convert to the phe- 
nolphthalein form [4], they are mixed in the FIA 
system at point M1. Different volumes in the 
range 25-100 pl of cyanide sample solutions were 
continuously pumped through the sample loop, 
and then injected in the carrier stream (0.001 M 
NaOH solution). The carrier stream, containing 
the sample zone, was merged with the premixed 
reagent stream of phenolphthalin and carbonate 
buffer at confluence point M2. The combined 
stream was passed through the CuS packed 
column (the distance between M2 and the packed 
column was reduced to about 3 cm to avoid 
excessive dispersion of the sample solution) in 
which the phenolphthalin is oxidized to phenolph- 
thalein, and directed to the flow-through cell of 
the spectrophotometer (the distance between the 
packed column and the flow cell was reduced as 
much as possible, to about 25 cm, in order to 
secure limited dispersion of the color produced). 
The absorbance of phenolphthalein was moni- 
tored at 552 nm. The output of the spectrophoto- 
meter was registered on the chart recorder. When 
the baseline was reached, another slug of sample 
could be injected. 

3. Results and discussion 

Determination of cyanide by this FIA/spec- 
trophotometric method is based on the measure- 
ment of the absorbance of the red color of the 
phenolphthalein produced in an alkaline solution. 
Absorbance measurements were performed using 
the manifold shown in Fig. 1. The absorption 
spectrum for phenolphthalein at pH 10.3 (carbon- 
ate buffer) obtained by injecting a standard 
cyanide solution (1.5 × 10 -4 M) is shown in Fig. 
3. The curve exhibits a band with maximum ab- 
sorption at 552 nm which was used as the opti- 
mum wavelength for studying the chemical factors 
and the FIA variables influencing the system. 
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Fig. 3. Absorption spectrum of phenolphthalein at pH 10.3 
with the manifold shown in Fig. 1. Carrier, 1.0 x 10 -3  M 
NaOH; phenolphthalin concentration, 3.0 x 10 - 4  M; carbon- 
ate buffer concentration, 0.20 M; cyanide concentration, 1.5 × 
10 - 4  M; injection volume, 50 ~tl. 

3. I. Optimization of chemical factors 

Cyanide solutions readily dissolve CuS forming 
the colorless tetracyanocuprate(I) ions [10]. Thus, 
in the presence of cyanide, copper acquires power- 
ful oxidizing characteristics owing to the forma- 
tion of extremely stable cuprocyanide complexes. 
Under these conditions phenolphthalin is oxidized 
to phenolphthalein (red in alkaline medium). Ac- 
cordingly, the heterogeneous chemical reaction in 
this FIA system can be represented by the follow- 
ing redox equation: 

2CuS+8CN-+ cH +2Cu(CN)43-+2S252H * 

=g 

Considering this redox reaction, several chemi- 
cal factors had to be optimized to achieve repro- 
ducible results. These include pH of the reaction 
medium, buffer concentration and phenolphthalin 
concentration. 

3.1.1. pH 
In this FIA system, two consecutive processes 

are affected by variation in the pH of the reaction 
medium. The first process is the oxidation of 
phenolphthalin to phenolphthalein. The second 
one is the color change of the phenolphthalein 
(indicator) formed, which is believed to be due to 

structural change, including the production of 
quinonoid and resonance forms [9]. By increasing 
the pH of the medium, the tendency to form 
phenolphthalein in the redox process is enhanced 
and subsequently the intensity of the red color is 
increased. But if the reaction is carried out in 
highly alkaline solution, the red color first pro- 
duced disappears owing to a further structural 
change [9]. Therefore, the pH of the reaction 
medium should be carefully controlled to achieve 
reproducible results. To determine the optimum 
pH value, three different alkaline buffer solutions 
were examined. The results are shown in Fig. 4. 
Ammonia buffer was not suitable because it 
formed an intense blue color of mixed amine 
complexes of copper(II), which absorbs at the 
peak of the absorption band of phenolphthalein. 
Phosphate buffer was not satisfactory owing to 
the low absorbance values obtained, which de- 
creases the sensitivity of the method. The most 
suitable buffer was carbonate, which had the ad- 
vantage in that it's maximum absorbance value at 
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Fig. 4. Effect of  buffer pH on the determination of cyanide 
with the manifold shown in Fig. 1. The buffer solutions used 
were 0.20 M ammonia  buffer (I), 0.20 M phosphate buffer (II), 
and 0.20 M carbonate buffer (III). Wavelength, 552 nm; other 
conditions as given in Fig. 3. 
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Fig. 5. Effect of carbonate buffer (pH 10.3) concentration. 
Wavelength, 552 nm; other conditions as given in Fig. 3. 

pH 10.3 decreases the opportunity for interfer- 
ences from some cations in water samples that 
may form hydroxide precipitates at higher pH 
values. Furthermore, the solubility of  CuS varies 
with the pH of the medium. In a previous work 
[11], it was found that the solubility of CuS was 
negligible at pH > 9.2. Consequently, carbonate 
buffer of  pH 10.3 was selected for use. 

3.1.2. Carbonate buffer concentration 
The effect of  carbonate concentration (pH 10.3) 

was determined using a standard cyanide solution 
(1.5× 10 -4 M) and phenolphthalin solution 
(3.0 x 10- 4 M). The absorbance values at 552 nm 
were measured in the concentration range 0.025- 
0.30 M carbonate buffer solution. Fig. 5 shows 
that the absorbance of phenolphthalein formed is 
dependent on the carbonate buffer solution, and a 
concentration of 0.20 M is necessary for the devel- 
opment of maximum absorbance. 

3.1.3. Phenolphthalin coneentration 
The effect of phenolphthalin concentration was 

determined using a concentration of 1.5 × 10 4 
M cyanide and 0.20 M carbonate buffer (pH 
10.3). The absorbance values at 552 nm were 
measured in the concentration range 0.5 × 10 4_ 
4.0 X 10 - 4  M phenophthalin solutions. Fig. 6 
shows that the absorbance of  phenolphthalein 
formed is dependent on the phenolphthalin con- 

centration. The concentration of 3.0 x 10  4 M 
was chosen because it is much more stable than a 
4.0 x 10 4 M solution, and this quantity of phe- 
nolphthalin is enough to allow a complete cyanide 
reaction. 

3.2. Optimization of FIA variables 

3.2.1. Sample volume injection 
The injection volume has a significant effect on 

peak height, sensitivity, range of linearity and 
sampling rate [7]. The peak height was found to 
increase with the injected sample volume (Fig. 7). 
The range of linearity of cyanide concentrations 
was found to decrease as the sample volume 
increased (Fig. 7), and tailing became larger, thus 
lowering the sampling rate. At a flow rate of 1.08 
ml rain-  ', it was found that the sampling rate 
decreased from 80 to 40 samples h ~ as the 
injection volume increased from 25 to 100 ~tl. A 
50 lal sample loop was selected. 

3.2.2. Flow rate 
The signal increased about 9% when the flow 

rate was changed from 1.08 to 1.6 ml rain '. The 
higher the flow rate, the higher the peak, but the 
reproducibility was poor  when the flow rate ex- 
ceeded 1,08 ml min '. Moreover the flow rate has 
a significant effect on the residence time and 
dispersion [7]. Thus, to reduce dispersion, the 

0.20 
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0.00 
0-0 
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110 2'0 3'.0 4'0 
Conc. of pheno lph tha i in ,Mx10 -4 

Fig. 6. Effect of phenolphtbalin concentration. Wavelength, 
552 nm; other conditions as given in Fig. 3. 
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Fig. 7. Effect of  injection volume on the determination of 
cyanide with the manifold shown in Fig. 1. Wavelength, 552 
nm; other conditions as given in Fig. 3. 

pumping rate should be decreased which results in 
an increase in the residence time. In this system, a 
high reproducibility of measurements with a rea- 
sonable sampling rate were achieved at a flow rate 
of 1.08 ml rain-~. At this flow rate, the average 
sampling rate with 50 ~tl sample injections was 
around 70 samples h 

foreign substances was examined. In each case, 
the solution was made to contain 0-200 ppm 
foreign ion and 4 ppm CN and the recommended 
procedure followed thereafter. A 2% relative error 
in the determination of cyanide was considered 
permissible. The following ions showed no inter- 
ferences at concentrations of 200 ppm: Ca 2+, 
Mg 2+, Cl , HCIO3-, SO42-, N O f ,  NO~, and 
F - .  This indicates that the major constituents, in 
amounts larger than those normally found in 
natural waters, have no effect on the determina- 
tion of cyanide by the proposed method. 

However, it is known that the phenolphthalin 
method is sensitive to foreign oxidizing materials. 
Childs and ball [12] reported that ferricyanides 
and aqueous solutions of halogens give similar 
color, because of direct oxidation of phenolph- 
thalin. Moreover, it is reported [13] that oxidizing 
agents, such as chlorine, decompose most 
cyanides, also oxidized products of sulfide convert 
CN to SCN--rapidly, and aldehydes convert 
cyanide to cyanohydrin. Therefore, in order to 
apply the proposed FIA method for the determi- 
nation of total cyanide in waters and waste wa- 
ters, all known interferences should be eliminated. 
Oxidizing agents and sulfides can be removed by 
special procedures, and most other interfering 
substances removed by distillation [13]. 

3.2.3. System characterization 
The flow system in Fig. 1 was used for prepar- 

ing the calibration graph. Standard cyanide solu- 
tions were injected from a sample loop of 50 ~tl. 
At a flow rate of 1.08 ml min-~, with 50 ~tl 
sample injections, the calibration graph (Fig. 7) is 
linear in the range 0.6-4.3 ppm cyanide. The 
resulting linear calibration graph has a regression 
coefficient of 0.999. The detection limit of 
cyanide, defined as the concentration that gives a 
signal three times the S.D. of the background 
signal, was 0.1 ppm. For successive injections of 
standard cyanide solution (3.9 ppm) the precision 
of the method was found to < 1% relative S.D. 

3.4. Application of method 

The method was evaluated by recovery studies 
using cyanide-free natural water samples, ob- 
tained from a drilled well (A1-Husn, Jordan) more 
than 300 m deep. The samples were only filtered 
to remove possible interference from suspended 

Table 1 
Recovery results from cyanide determination in spiked water 
samples 

Set Number Amount of  CN (ppm) Recovery (%) 

Added Found = 

3.3. Interference study 

In order to apply the proposed FIA determina- 
tion of free cyanide to natural waters, the effect of 

1 2.00 2.03 101.5 
2 3.00 2.98 99.3 
3 4.00 3.95 98.7 

a Each value represents the mean of five determinations. 
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particles. Various amounts of cyanide stock solu- 
tion were introduced into 25 ml volumetric flasks 
along with 5 ml water samples. The volume in 
each flask was made up to 25 ml with sodium 
hydroxide dilution solution, and the recom- 
mended procedure followed thereafter. Five sam- 
ples and three standards were determined at each 
cyanide concentration chosen for the study. Aver- 
age values for the absorbances of standards were 
used in constructing a calibration curve from 
which sample absorbances were converted into 
ppm cyanide found. The results are summarized 
in Table 1. The recoveries varied from 98.7 to 
101.5% (mean 99.8%). 

4. Conclusion 

A sensitive and reasonably fast FIA/phenolph- 
thalin procedure for the determination of cyanide 
is developed. The incorporation of a cupric sulfide 
packed column provides a simple means of pro- 
ducing the copper required in the FIA system. 
Also, the use of carbonate buffer (pH 10.3) offers 
the advantage of controlling the intensity of the 
color produced and decreases the interfering ef- 
fects of some cations in water samples. The cali- 
bration graph is linear in the range 0.6-4.3 ppm 
of cyanide when using a sample volume of 50 lal. 
The detection limit is found to be 0.1 ppm 
cyanide. 

Although some FIA spectrophotometric meth- 
ods [14 16] for the determination of cyanide 
based on the Konig reaction reported lower limits 
of detection, the detection limit obtained by the 
proposed method is considered to be within the 

sensitivity range of the best colorimetric methods 
known for cyanide determination [17]. Moreover, 
the proposed method is quite economical in com- 
parison. However, the most important features of 
this FIA system are its simplicity, ease of automa- 
tion, stability of reagents and high precision and 
sampling frequency. 
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Abstract 

A sequential injection analysis (SIA) assembly for the atomic absorption determination of Fe(III) in natural waters 
is proposed. Iron is preconcentrated on a microcolumn packed with a chelating resin (Chelex 100) that is inserted in 
the manifold. The sample is passed through the column and the iron retained by the resin is subsequently eluted with 
2 M HNO 3. The proposed SIA system affords automatic preconcentration, elution, detection of Fe(III), data 
acquisition and treatment. When 9 ml of iron solution containing 0.4 or 1 mg 1 ~ was passed through the resin, the 
retention efficiency was 93.1 4-0.6 and 7.4 4- 3.0% respectively, and when 27 ml of iron solution of 0.2 mg 1-~ was 
preconcentrated, the retention was 8.4 4- 2.9%. The detection limits thus achieved is 12 lag 1 ~ when 9 ml of sample 
are preconcentrated and 6 lag 1-~ for 27 ml. © 1997 Elsevier Science B.V. 

Keywords: Atomic absorption spectrophotometry; Automation; Chelex 100; Iron(III) preconcentration; Sequential 
injection analysis; Water 

1. Introduction 

Sequential injection analysis (SIA) was devel- 
oped by RtS~i6ka and co-workers in 1990 and has 
been studied by several groups with regards to its 
theoretical foundation and potential applications 
[1-6]. Whereas in flow injection analysis (FIA) 
the samples are injected into a continuous flow, in 
SIA the sample and reagent zones are first sequen- 

* Corresponding author. E-maih vcerda@p01.uib.es 

tially aspirated and stacked into a channel and 
then the flow is reversed in order to transport  
them into the detector. For  this purpose, a multi- 
position selector valve has been used as distribu- 
tor and either a sinusoidal flow pump [3,6], 
specially designed for SIA, or a peristaltic pump 
[5] as liquid drives. 

SIA methodology has important  advantages 
over conventional FIA. Thus, the instrumental 
set-up is much more flexible (a given assembly can 
be used to implement various determinations with 
little alteration); the experimental components un- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-9140(96)02059-0 
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dergo little wear; hydrodynamic variables can be 
controlled by straightforward means; the mani- 
fold does not have to be changed if flow parame- 
ters or injection volumes are modified; the 
analyte/reagent ratio can readily be optimized in 
order to ensure sensitive responses with substan- 
tially decreased reagent consumption; and reac- 
tion times can be prolonged with no detriment to 
the dispersion. 

The aim of the present work was to study the 
feasibility of combining SIA methodology and 
on-line preconcentration of metals using a column 
packed with a chelating resin (Bio-Rad Chelex 
100) and its subsequent determination by atomic 
absorption spectrophotometry. For this purpose, 
we chose the determination of Fe(III) in natural 
waters. 

In preconcentration by sorbent extraction with 
a flow injection system, a chelating agent is added 
to the sample solution. The metal chelates thus 
formed are preconcentrated in an appropriate 
column and subsequently eluted with an organic 
solvent. By making the correct selection of a 
suitable chelating agent and eluent, numerous ad- 
vantages can be achieved. On-line preconcentra- 
tion techniques in flow injection, when combined 
with atomic absorption spectrometry, have pro- 
vided a sensitive and rapid method for the analy- 
sis of trace elements [7-23]. 

Olsen et al. [7] developed an FIA system includ- 
ing a Chelex 100 column for the determination of 
Cd, Pb, Cu and Zn in sea water. They employed 
two different procedures for this purpose. One 
uses two injection valves that are serially arranged 
with the resin column. One valve is employed to 
inject 1 ml of sample, which is later preconcen- 
trated, and the other to inject 180 ~tl of 2 M 
HNO 3 to elute the metals. Such a simple assembly 
does not allow the pH of samples acidified with 
HNO3 for preservation to be adjusted. The second 
procedure involves injecting the sample into a 
water stream that is subsequently merged with 
ammonium acetate and passed through a coil and 
then through the resin column. The ensuing 
method allows Pb concentrations down to 10 ng 
ml-~ and cadmium and zinc down to l ng ml 1 
to be determined at a rate of 30 60 samples h 1. 

Hirata et al. [8] reported a procedure for the 
determination of seven heavy metals including 
Fe(III) by use of an automated on-line column 
preconcentration system for flow injection atomic 
absorption spectrometry. The resin used, Muro- 
mac A-l, is similar to Chelex 100 and contains an 
iminodiacetic group. 

Di and Davey [9] proposed a flow injection 
on-line preconcentration system, combined with 
graphite furnace atomic absorption spectrometry, 
for the determination of gold in ores samples. An 
~-aminopyridine resin was used. The reported 
detection limit was 0.065 ~tg 1-1 of gold. 

Hartenstein et al. [24] used a Chelex 100 
column in an FIA manifold for the multielement 
ICP-AES determination of barium, beryllium, 
cadmium, cobalt, copper, manganese, nickel and 
lead. The sensitivity is increased by a factor of 20 
relative to conventional aspiration of samples. 

2. Experimental 

2. I. Reagents 

All reagents used were analytical-grade chemi- 
cals. A stock standard solution containing 1000 
mg 1-~ Fe(III) was prepared by dissolving the 
required amount of metallic iron in HNO3 and 
diluting to volume with distilled water. Working- 
strength solutions containing 0.012-20 mg 1 - j  
Fe(III) were made from the stock solution by 
dilution and adding 1:1000 HNO 3 to pH 3-3.5, 
where retention on the column and solution sta- 
bility were maximal. 

The column eluent, 2 M HNO3 was of analyti- 
cal grade and purchased from Merck. 

The chelating resin (Chelex 100, 50-100 mesh) 
was obtained from Sigma. 

Finally, 0.2 M acetic-acid acetate buffers of 
pH 3, 4, 5 and 6 and 0.2 M formic-acid formate 
buffers of pH 2, 3, 4 and 5 were prepared using 
NaOH for pH adjustment. 

2.2. Apparatus 

Fig. 1 depicts the automated assembly used for 
the proposed SIA determination. It consisted of 
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Fig. 1. Instrumental set-up used for the SIA preconcentration and determination of Fe(llI). 

the following elements: (1) an automated Com- 
pact Titrator from Crison (Alella, Barcelona, 
Spain) that was controlled via a PC and equipped 
with an autosampler; the titrator includes two 10 
ml burettes that can be used simultaneously and 
an eight-way switching valve; (2) an IBM Per- 
sonal System 2 computer that was used for instru- 
mental control and data acquisition and 
processing; (3) a Crison 15 autosampler holding 
up to 15 samples of 100 ml each; (4) a Perkin- 
Elmer Model 703 atomic absorption spectropho- 
tometer equipped with a standard air-acetylene 
burner and an iron hollow-cathode lamp (Table 
1); (5) a Perkin-Elmer Plasma 2000 ICP spec- 
trophotometer; and (6) a model 939 atomic ab- 
sorption spectrometer furnished with a Model 90 
graphite furnace and an FS 90 autosampler, all 
from Unicam. 

The software package GFLOW 1, developed by 
the authors' group, was used to control the instru- 
mentation and acquire and process data. The 

software allows one to select the desired operating 
sequence, viz. aspirating or propelling a preset 
reagent volume by means of either burette, con- 

Table 1 
Instrumental parameters for AAS measurements 

Parameter Value 

Wavelength 248.3 nm 
Slit width 0.2 nm 
Lamp current 30 mA 
Air flow-rate 17.5 1 rain -~ 
Acetylene flow-rate 2.8 1 min 
Height of  light path above burner 2 cm 
Aspiration rate 6.5 ml m i n -  

t The software used can be obtained on request from SCI- 
WARE Bank of Programs, Associations of Environmental 
Sciences and Techniques (AEST), Department of Chemistry, 
Universitat de les Illes Balears, E-07071 Palma de Mallorca, 
Spain. 
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trolling the pumping rate in order to adjust the 
flow-rate, switching between the channels, using 
any of the samples on the autosampler, etc. This 
endows the process with high flexibility in the 
mixing of  reagents or samples and controlling 
their flow through different components. 

2.3. Preparation of the microcolumn 

The column consisted of a 55 mm x 2.5 mm 
i.d. x 10 mm o.d. methacrylate cylinder on the 
ends of  which two small circles of  filter-paper 
were attached. 

After one of  the microcolumn ends had been 
stoppered, the resin was loaded with the aid of a 
syringe, up to 45 mm of the column length. 
Because Chelex 100 contracts and expands with 
changes in pH, the resin should be in contracted 
form (viz. in an acidic medium such as 2 M 
HNO3) prior to filling. Also it should be kept in 
de-ionized water when not in use. 

The same column was used in all the experi- 
mental work without any significant alteration. 

2.4. Procedure 

As can be seen in Fig. l, burette 1 was con- 
nected via an in-out valve to a bottle containing 
distilled water or to the eight-way switching valve 
by which reagents or samples were aspirated or 
propelled. The burette was connected to the 
switching valve via two Teflon coils. The coil lying 
closer to the burette, with a volume of  about 10 
ml, prevented samples and reagents from reaching 
the burette. That lying closer to the switching 
valve, with a 5 ml volume, was used to intercalate 
the different reagents or samples for delivery to 
the manifold. 

Burette 2 also was loaded with distilled water 
that was then propelled to a T-piece where it 
merged with channel 2 from the switching valve, 
which was used to elute the sample retained on 
the Chelex 100 column. The simultaneous use of 
the two burettes allowed one to be employed to 
aspirate the different solutions (sample, eluent) 
and the other to propel water to the nebulizer, 
thereby achieving a virtually continuous solution 
supply, as required by an air-acetylene atomic 

absorption spectrophotometer. This would have 
been impossible with a single burette. 

The flow-rate of the stream fed to the nebulizer 
was set at 6.5 ml rain--~, which was appropriate 
for a flame atomic absorption application, taking 
into account that the sample was aspirated into 
the flame via a conventional pneumatic nebulizer. 

Channel 1 of the switching valve was used to 
aspirate samples and channel 3 to aspirate nitric 
acid, which was propelled to channel 2 in order to 
elute the retained Fe. Channel 6 led to waste and 
channels 4, 5, 7 and 8 were not used. 

Before the process was started, the two burettes 
and channels were loaded with the required 
reagents. For this purpose, an appropriate volume 
of each reagent was aspirated and then propelled 
to waste. 

The operating conditions employed are summa- 
rized in Table 2. Briefly, a clean-up step (a-c)  was 
used where the sample was aspirated and sent to 
waste in order to fill the length of tubing between 
the sampler and channel 1 with sample. In step c, 
burette 2 was filled with 2 ml of  water, which left 
a free capacity of  10 ml for the operations in- 
volved in the subsequent steps. Because burette 1 
was simultaneously used to sweep the sample to 
waste, no solution reached the nebulizer during 
this step. However, the effect on the flame was 
minimal since the step duration was considerably 
decreased by the high pumping rates used. These 
steps (a-c)  were only implemented with each sam- 
ple changeover. 

Then, 9 ml of  sample were aspirated through 
channel 1 (step d) and a volume of  9.8 ml was 
propelled to channel 2 (i.e. to the preconcentra- 
tion column, step e). This was followed by a 
burette equilibration step (f). Nitric acid (2 M) 
was aspirated through channel 3 (step g) and on 
to the detector in order to elute the sample re- 
tained on the column (step h). Note that burette 2 
was always on and that while burette 1 aspirated 
the solution, burette 2 propelled water to the 
detector in order to feed the nebulizer with a 
continuous flow. 

At the end of step h, the two burettes were in 
the same position as at the start of step d. From 
there, the operating sequence was continued in 
order to perform new injections of the same sam- 
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Burette 1 Burette 2 

Step Channel q (ml min- ~) Action a V (ml) q (ml min- 1) Action a V (ml) 

a 2 6.5 P. Ch. 2 3 
b 1 6.5 A. Ch.l 2 6.5 P.T. 2 
c 6 50 P. Ch. 6 8 50 A.E.B. 2 
d 1 6.5 A. Ch. 1 9 6.5 P.T. 9 
e 2 6.5 P. Ch. 2 9.8 6.5 A.E.B. 9 
f 3 6.5 A.E.B. 5.8 6.5 P.T. 6 
g 3 6.5 A. Ch. 3 1 6.5 P.T. I 
h 2 6,5 P. Ch. 2 6 6.5 A.E.B. 7 

P. Ch. = propulsion towards the stated channel: P.T. = propulsion towards the T-piece; A. Ch. = aspiration from the stated 
channel; A.E.B. = aspiration from the external bottle. 

pie. At  each sample changeover,  the p rogramme 
was restarted f rom step a. 

In order  to compare  the sample concentra t ion 
efficiency of  the Chelex 100 column, the column 
was removed and experiments were repeated. For  
this purpose,  the method  summarized in Table 3 
was used. Essentially, it involved cleaning and 
filling o f  the sample channel (steps a -c ) ,  followed 
by switching of  the valve to posit ion 1 and aspira- 
t ion o f  1 ml of  sample (step d), and back to 
posit ion 2 to propel 3 ml of  sample to the detector 
(step e). Finally, the burette was equilibrated (step 
f) in order to restart the cycle (injection o f  the 
sample) f rom step d. Each new sample was pro- 
cessed f rom step a. 

It should be noted that, because the solutions 
containing Fe(III)  were only t ranspor ted to the 
detector, thus undergoing little dispersion, their 

Table 3 
Procedure using no preconcentration column 

injection resulted in very slow baseline restoration 
unless the propelling flow-rate was markedly in- 
creased. This was the solution adopted for the 
system including no column. Also, because this 
experiment was carried out  for compar ison  with 
the method using the pre-column, the manifold 
was simplified by suppressing the water stream 
from the second burette. 

2,5. Sample conditioning 

When natural  waters were sampled, 10 ml o f  
concentrated hydrochlor ic  acid (Merck, Supra- 
pur) per litre o f  sample solution were immediately 
added. The samples were filtered if necessary. For  
the digestion, 25 ml o f  nitric acid (Merck, Supra- 
pur) were added to 250 ml of  sample and boiled 
until the volume was ca. 50 ml. Finally an appro-  
priate volume o f  NH3 (Merck, Suprapur)  was 
added to obtain pH 3-3 .5 ,  The final volume was 
adjusted to 100 ml with distilled water. 

Step Burette 1 

Channel q (ml min)-I Action ~ V (ml) 

a 2 6.5 P. Ch. 2 3 
b I 6.5 A. Ch. 1 2 
c 6 50 P. Ch. 6 4 
d 1 6.5 A. Ch. 1 1 
e 2 50 P. Ch. 2 3 
f 2 6.5 A.E. B, 2 

a See Table 2. 

3. Resul t s  and discuss ion 

3.1. Optimization of  experimental variables 

3.1. I. Influence o f flow-rate 
Variable flow-rates o f  sample th rough  the 

column were tried in order  to investigate their 
effect on Fe(III)  retention. N o  change was ob- 
served below a flow-rate o f  6.5 ml m i n -  ~. Experi- 
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ments were carried out by using 9 ml of a 0.2 mg 
1-~ standard solution at 6.5, 3.0, 2.0, 1.8 and 1.4 
ml min ~. The highest flow-rate tried 6.5 ml 
min-J ,  was adopted for subsequent experiments. 

3.1.2. Influence of the inner diameter of  the 
preconcentration column 

Experiments were conducted with 9 ml of a 0.2 
ppm standard and columns of 1.5, 2, 2.5, 3 and 
3.5 mm i.d. The peak absorbances varied very 
little with the column inner diameter. In any case, 
the 2.5 mm i.d. column provided better reproduci- 
bility (the RSD was 5.8, 6.0, 2.8, 5.3 and 3.2% for 
the 1.5, 2, 2.5, 3 and 3.5 mm i.d. columns respec- 
tively), which it is probably due to poorer resin 
packing in the columns of  smaller inner diameter. 

3.1.3. Influence of  nitric acid concentration 
Most reported applications of Chelex 100 use 2 

M HNO3 as the eluent for metal preconcentration 
and in all our preliminary experiments were con- 
ducted with this eluent. This section deals with the 
effect of  changing the nitric acid concentration of  
Fe(III) elution and hence on the absorbance sig- 
nal. For this purpose, we used 1 ml of 0.5, 1.0, 
1.5, 2.0, 3.0 and 4.0 M HNO 3 and 9 ml of 0.4 mg 
1-~ Fe(III) standard, each experiment being re- 
peated five times. 

The absorbance increased with increasing 
HNO3 concentration up to 2 M, above which it 
remained constant. We therefore adopted a 2 M 
HNO 3 concentration as it ensured adequate ana- 
lytical signals and complete elution of  Fe(lII). 

3.1.4. Influence of pH 
The amount of metal absorbed by the Chelex 

100 resin is a function of pH. As a rule, absorp- 
tion below pH 2 is very low but increases sharply 
between pH 2 and 4, and usually peaks at pH 4. 
The recommended pH for Fe(IlI) retention varies 
among samples; thus sea water is adjusted to 
pH < 8 [24], pH 5-5.5 [25] or even pH 1.6 [26], 
depending on the accompanying metals in the 
sample. 

We performed tests at various pH values using 
Fe(III) standards in order to check whether iron 
retention by the resin changed with pH. The 
standards were supplied with a known, constant 

amount of buffer. The pH values were adjusted 
with either a formic acid-formate buffer of pH 2, 
3, 4 or 5, or an acid-acetic acetate buffer of pH 3, 
4, 5 or 6. Tests were conducted with 9 ml of  a 0.2 
mg 1-~ standard. The results showed that higher 
signals were obtained at pH 3-3.5 and dropped at 
pH 6. Therefore, pH 3.5 was chosen for both 
standards and samples. Finally, the use of a few 
ml of  l:1000 HNO3 was found to result in no 
appreciable alteration of  the signal, so this solu- 
tion was subsequently employed for pH adjust- 
ment as it was easier to prepare and ensured 
greater stability of standards and samples. 

3.1.5. Regeneration of the column 
Quigley and Vernon [27] recommended periodic 

recycling of Chelex 100 resin to its NH4 + form. 
Kingston et al. [25] flushed the resin previously in 
order to convert it into the NH4 + form and then 
with water to remove excess ammonia. Olsen et 
al. [7] used a similar procedure, except that they 
employed ammonium acetate as carrier in an FIA 
system. 

We studied the effect of using the column in the 
NH4 + rather that the H + ion form on Fe(III) 
retention. For  this purpose, 2 ml of  0.05 M am- 
monium acetate was passed at the end of the 
cycle, followed by 2 ml of water, in order to 
remove completely excess ammonium ions, other- 
wise iron(IlI) hydroxide would have precipitated 
and the absorbance signal would have been di- 
minished as a result. The results obtained showed 
that the signal was not altered by this regenera- 
tion operation; in fact, the signal obtained at a 
given Fe(II1) concentration was the same whether 
the resin was used in the H + or the NH4 + form. 

3.2. Calibration graph and reproducibility 

The linear range and reproducibility for the 
proposed method were determined under the 
above described optimal conditions. To this end, 
Fe(III) solutions with concentrations in the range 
0.01-1.2 mg 1-~ were used in triplicate injections 
of 9 ml each. The calibration graph was linear 
between 0.05 and 1.2 mg 1 ~ Fe(lII), and con- 
formed to the equation absorbance=0.319 
[Fe(III) (rag 1 ~)]+0.007, with r=0 .999 .  The 
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Fig. 2. (a) Calibration performed with 27 ml of s tandards containing 0.02, 0.05, 0.2 and 0.4 mg 1 ~ Fe(IIl), following 
preconcentration on Chelex 100. [HNO3] = 2 M. (b) Study of the reproducibility of  the preconcentration column by use of 9 ml of  
a 1 mg 1-1 standard. [HNO~]= 2 M. 

detection limit, 0.012 mg 1 ~, was calculated as 
3~rb/S , where ~r b is the standard deviation for 10 
measurements of the blank and S is the sensitivity 
of the method, calculated as the slope of the 
calibration graph. The RSD obtained for 10 cy- 
cles using 9 ml injections of a 1 mg 1 1 concentra- 
tion was 4% (Fig. 2(b)). In this figure, the small 
secondary peaks are due to the unretained Fe(III). 

Since increasing the sample volume passed 
through the column could theoretically improve 
the detection limit, we used a volume of 27 ml 
(3 x 9 ml owing to the volume constraint of  the 
burette, 10 ml). A new calibration graph was 
constructed using standards of 0.02 0.4 mg 1- 
(Fig. 2(a)), the linear portion of which conformed 
to the equation absorbance= 1.153 [Fe(III (rag 
1-i))  +0.013 with r=0 .999 ,  The detection limit 
was 0.006 mg 1-t and the reproducibility 4.8% 
(RSD). 

In order to compare the proposed system with 
another excluding the Chelex 100 column (i.e. 
with no preconcentration) a new calibration graph 
was constructed from 1 ml injections of Fe(III) 
concentrations of 1, 5, 10, 15 and 20 mg 1 ~. The 
calibration curve conformed to the equation ab- 
sorbance = 0.0112 [Fe(III) (rag 1- ~) + 0.022, with 
r = 0.980 (Fig. 3(a)). The reproducibility, calcu- 

lated from l0 cycles replicates using 1 ml of a l0 
mg l-~ standard, was 2% (RSD) (Fig. 3(b)). The 
detection limit was calculated as in the previous 
experiments and was 0.08 mg 1 1. 

A comparison of the different calibration 
curves reveals that the methods which concentrate 
9 and 27 ml of sample give a slope 28 and 103 
times higher than that with no preconcentration, 
respectively. Such high slopes testify to the effi- 
ciency of the concentration procedure. 

3.3. EJfl'ciency of the column 

The efficiency of the microcolumn was esti- 
mated by first calculating the theoretical amount 
of Fe (in lag) that it should be able to retain based 
on its dimensions (4.5 x 2.5 mm i.d.) and reten- 
tion capacity (0.4 mequiv M 2+ m1-1 resin). 
Therefore, the theoretical amount of Fe that the 
resin should retain was 21 000 lag, so there should 
be no saturation problems. 

We then calculated the retention efficiency of 
the column packed with Chelex 100 (5.5 c m x  2.5 
mm i.d.) from the following equation: 

C s -  Cw 
E (%) - 

C, 
x 100 
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Fig. 3. (a) Calibration performed with 1 ml of  standards containing 1, 5, 10, 15 and 20 mg 1- ~ Fe(llI), with no preconcentration. 
(b) Study of  the reproducibility by use of ! ml of a 10 mg 1 - ~ Fe(III) standard, with no preconcentration. 

where Cs is the analyte concentration in the 
sample prior to passage through the column and 
Cw the concentration of unretained analyte. 
Both were referred to the same volume. 

In order to calculate the efficiency, several 
preconcentration cycles were performed as de- 
scribed above. A 9 ml volume of iron solution 
containing 0.4 or 1 mg 1 - '  of  iron was passed 
through the resin. The eluted fraction (9.8 ml) 
was acidified with HNO3 and made up to 10 
ml. Then 2 M HNO3 was passed through the 
column to collect a new fraction (5 ml) that was 
made up to 10 ml with distilled water. The iron 
concentrations in the two fractions, Cw and Cs, 
were determined by ICP-AES. As can be seen 
from the results (Table 4), the retention effi- 
ciency was 93.1 _+ 0.6% for the 0.4 mg 1-1 solu- 
tion and 7.4_+ 3.0% for the 1.0 mg l ' solution, 
i.e. the resin was more effective with low iron 
concentrations, which was an advantage in view 
of the intended application. 

We calculated the column efficiency for the 
method in concentrating 27 ml of  sample, using 
the same procedure as above. The results ob- 
tained are given in Table 4. The sample was a 
standard solution containing 0.2 mg 1 ~ of iron; 
a volume of 27 ml was passed through the 
column, so an amount of 5.4 lag was loaded, 
which led to a theoretical concentration of 0.54 
mg 1-~ after elution with 2 M H N O  3 and dilu- 
tion to a final volume of 10 ml. The retention 
efficiency thus obtained was 78.4 _+ 2.9%. 

We also calculated the retention efficiency for 
Fe(II) ion, concentrating 27 ml of  standard solu- 
tion of  0.2 mg Fe(II) 1-1. The column efficiency 
turned out to be 71.7_+ 3.7%, similar to that for 
Fe(III). 

3.4. Application to real samples 

The proposed method was applied to the deter- 
mination of iron in various water samples using 
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Table 4 
Study of the retention efficiency of the column 
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Sample Sample No. Concentration (mg 1 ~ )  Mean 

Theoretical (C~) Found (C~ Cw) 

Efficiency (%) 

9 m l o f 0 . 4 m g l  t Fe(llI) 

27 m l o f 0 . 2 m g l  i Fe(llI) 

2 7 m l o f 0 . 2 m g l  L Fe(lI) 

1 0.360 0.337 93.6 
2 0.360 0.335 93.1 
3 0.360 0.333 92.5 

0.335_+0.002 93.1 _+0.6 
4 0.900 0.659 73.2 
5 0.900 0.716 79.6 
6 0.900 0.695 77.2 
7 0.900 0.716 79.6 

0.697 + 0.027 77.4 +_ 3.0 
1 0.540 0.412 76.3 
2 0.540 0.430 79.6 
3 0.540 0.442 81.9 
4 0.540 0.408 75.6 

0.423 -+ 0.016 78.4 + 2.9 
1 0.540 0.389 72.0 
2 0.540 0.360 66.7 
3 0.540 0.392 72.6 
4 0.540 0.408 75.6 

0.387 + 0.020 71.7 -+ 3.7 

SIA with atomic absorption spectrophotometry 
after concentration of 27 ml of the sample using 
the Chelex 100 resin. The sample was treated with 
nitric acid as described above to convert all types 
of Fe into soluble Fe(III). 

Three public supply waters of different origins 
and one water from a well were studied. The 
results thus obtained were compared with those 
provided by electrothermal atomic absorption 
spectrometry (ETAAS). Table 5 indicates that the 
results obtained by SIA were satisfactory. 

Table 5 
Determination of Fe(lII) in real samples 

Sample No. Concentration (mg 1-1) 

ETAAS Proposed method 

1 ~' 0.018 0.020 
2 ~ 0.056 0.066 
3 ~ 0.032 0.025 
4 b 0.114 0.105 

~' Public supply water. 
b Well water. 

4. Conclusions 

This paper has demonstrated that SIA is useful 
for the preconcentration of metal ions by use of 
Chelex 100 resin. The proposed iron determina- 
tion features good reproducibility and sensitivity. 
The ensuring method is suitable for the fully 
automatic determination of Fe(III) in drinking 
water. 

Among other advantages, the same assembly 
can be used for other determinations with mini- 
mal reagent consumption. Also, the SIA assembly 
is highly robust; its components undergo very 
little wear, so they can be used for months with- 
out replacement. 

Finally, Table 6 summarizes the analytical 
figures of merit for the three methods tested (with- 
out a column, with a column and 9 ml of sample 
and with a column and 27 ml of sample). As can 
be seen, the detection limit obtained with the resin 
and 27 ml of sample was roughly 15 times lower 
and the slope (sensitivity) was 100 times higher 
than when no preconcentration was applied. On 
the other hand, the reproducibility was lower, 
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Table 6 
Analytical parameters of methods with and without preconcentration using a Chelex 100 column 

Parameter Without Concentration of 9 ml Concentration of 27 ml 
concentration sample sample 

Detection limit (mg 1-1) 0.088 
Reproductibility (RSD) (%) 2.0 
Sensitivity, slope of calibration graph (AU 1 mg l) 0.011 
Linear range (rag 1 -~) 1-20 

0.012 0.006 
4.0 4.8 
0.319 1.153 
0.05-1.2 0.02 0.4 

~' AU = absorbance units. 

probably owing to the increased number of steps 
or operations involved. 
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Abstract 

A rapid method was developed for the solvent extraction separation of iron(III) and aluminium(III) from other 
elements with Cyanex 302 in chloroform as the diluent, Iron(III) was quantitatively extracted at pH 2.0-2.5 with 
5 x 10 3 M Cyanex 302 in chloroform whereas the extraction of aluminium(III) was quantitative in the pH range 
3.0-4.0 with 10 x 10-3 M Cyanex 302 in chloroform. Iron(III) was stripped from the organic phase with 1.0 M and 
aluminium(III) with 2.0 M hydrochloric acid. Both metals were separated from multicomponent mixtures. The 
method was applied to the separation of iron and aluminium from real samples. © 1997 Elsevier Science B.V. 

Keywords: Cyanex 302; Aluminium(III); Iron(III); Solvent extraction 

I. Introduction 

Organophosphorus acids and their esters and 
oxides have been widely used for the purification 
and separation of various metals such as Cu(II), 
Co(II), Ni(II), Zn(II), Cd(II) and lanthanides 
[1,2]. The quantitative extraction of iron(III) from 
0.5 M nitric acid was possible with 0.1 M mono(2- 
ethylhexyl)phosphoric acid in hexane [3]. The ex- 
traction of iron(III) with 
di-n-butylthiophosphoric acid was incomplete 
from 0.2 M hydrochloric or sulphuric acid solu- 
tions [4]. However, the extraction of aluminiu- 
m(III) with di-n-butyldithiophosphoric acid and 
di(2-ethylhexyl)dithiophosphoric acid has been re- 

* Corresponding author. 

ported [5]. Numerous studies have been carried 
out on the extraction of iron(III) from hydrochlo- 
ric and sulphuric acid media with di(2-ethyl- 
hexyl)phosphoric acid (HDEHP)  with kerosene as 
a diluent [6,7]. Extraction of  aluminium from a 
weakly acidic medium with concentrated solution 
of  H D E H P  in kerosene was carried out [8]. The 
extraction of aluminium(III) was possible from 
sulphuric acid solution using H D E H P  [9]. The 
mechanism of extraction of Ti(IV) and AI(III) by 
H D E H P  in kerosene was also investigated [10]. 
The same group also studies the extraction of 
AI(III) from formic acid solution with the same 
reagent [11]. The extraction of Fe(III) from 
KSCN with tri-n-butylphosphate (TBP) and 
AI(III) from HC1 with TBP (100%) has been 
reported [12,13]. The extraction of iron(III) and 
aluminium(III) involving tri-n-butylphosphine 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)02063-2 
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sulphide was not quantitative from HC1 solutions 
[14]. 

Organothiophosphinic acids were recently in- 
troduced as extractants [15]. The most important 
among them is bis(2,4,4- 
trimethylpentyl)monothiophosphinic acid 
(Cyanex 302). It was first used for the extraction 
of zinc from sulphate solution containing calcium 
[16]. Several applications of this reagent to the 
extraction of various metals such as Cu(II), 
Cd(II), Ag(I), Ni(II), Zr(IV), Th(IV), Sc(III) and 
Pd(II) have been reported [17-20]. However, sys- 
tematic investigations on the solvent extraction of 
iron(III) and aluminium(III) with Cyanex 302 are 
lacking. This paper presents an account of such 
investigations. 

2. Experimental 

2.1. Apparatus and reagents 

A Systronics MK VI combined electrode digital 
pH meter and a GBC model 911 A UV-visible 
spectrophotometer with 10 mm Corex quartz cu- 
vettes were used. 

Cyanex 302 (Cytec Industries, USA) was used 
as received. A stock solution of iron(III) was 
prepared by dissolving 8.634 g of 
(NH4)Fe(SO4)2' 12H20 in 1 1 of distilled water 
containing 5.0 ml of sulphuric acid and a stock 
solution of aluminium(III) by dissolving 2.920 g 
of A12(SO4) 3" 16H20 in 250 ml of distilled water 
containing a few drops of sulphuric acid. The 
solutions were standardized volumetrically 
(Fe(III)) and gravimetrically (AI(III)) [21] and 
contained 1496.6 lag m l -  1 of Fe(III) and 1000 lag 
ml ~ of AI(III). Working standard solutions con- 
taining 40 lag m l -  ~ of Fe(III) and 10 lag m l -  i of 
AI(III) were prepared by appropriate dilution of 
the stock solutions. 

2.2. Procedure 

Aliquots of solutions containing iron(III) and 
aluminium(III) were taken and the pH was ad- 
justed to 2.0 for iron(III) and 4.0 for aluminiu- 
m(III) with dilute sulphuric acid and ammonia 

solution. The total volume was made up to 10 ml. 
The solutions were then transferred into separat- 
ing funnel, 10 ml of Cyanex 302 solution in 
chloroform of appropriate concentrations were 
added and the solutions were shaken for about 8 
min. The two phases were allowed to settle and 
separate. The metals were stripped from the or- 
ganic phase with 1.0 M hydrochloric acid 
(iron(lII)) and 2.0 M hydrochloric acid (aluminiu- 
m(III)). The metals in the aqueous phase were 
determined spectrophotometrically at 480 nm as 
the complex with potassium thiocyanate for 
iron(III) [21] and at 520 nm with aluminon for 
aluminium(III) [22]. The concentrations of metals 
were calculated from the calibration graphs. 

3. Results and discussion 

3.1. Effect of  p H  

The effect of pH on the percentage extraction 
of iron(III) and aluminium(III) by Cyanex 302 in 
chloroform was studied in the range 0-5.0. As 
shown in Fig. 1, the extraction of iron(III) was 
quantitative in the pH range 2.0-2.5 and that of 
aluminium(III) in the pH range 3,0-4.0. Since 
most of the time pH was adjusted with acetate 

,00 

80 

,,,~o I o l  
! ' A, Cm, l o ]  I 

/j,, I 
l'~.-.,,-.,4~r ~ l l i i ._i 

1 2 3 t, 5 
pH ,-.-.~ 

Fig. I. Effect of pH on the extraction of iron(Ill) and alumini- 
urn(Ill). Fe(III), 50 tag; AI(III), 15 gg. 
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Table 1 
Effect of Cyanex 302 concentration 
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Cyanex 302 concentration(10 -3 M) Iron(III) 

D Extraction (%) D 

Aluminium(III) 

Extraction (%) 

0.1 0.046 4.4 
0.25 0.097 8.8 
0.5 0.238 19.2 
0.75 0.42 29.6 
0.85 -- 
1.0 0.516 34.0 
1.4 0.849 45.9 
1.6 1.045 51.1 
1.8 1.871 65.1 
2.0 --  - 
2.2 2.749 73.3 
2.5 5.134 83.7 
3.0 
4.0 
5.0 399 99.7 
8.0 

10.0 399 99.7 
30.0 399 99.7 
50.0 399 99.7 

100.0 

0.138 12.1 

0.239 19.3 
0.383 27.7 
0.478 32.3 
0.724 42.0 

1.124 52.9 

1.558 60.9 
2.498 71.4 
4.40 81.5 

25.38 96.2 
999 99.9 

999 99.9 
999 99.9 

buffer, neither metal was hydrolysed. No percepti- 
ble precipitation of aluminium(III) or iron(III) 
was observed at pH > 2.5 and pH > 4.0, respec- 
tively. This was because ammonium acetate- 
acetic acid buffer was used, which prevents the 
hydrolysis of both ions. Hence all subsequent 
extractions of iron(III) were carried out at pH 2.0 
and those of aluminium(III) at pH 4.0. The mech- 
anism of extraction is as follows: 

/ Mn+ 
R2- -P  + 2 - -  (M)n + nil+ 

~OH extd. in CHCl 3 

where M =  Fe or A1, n =  3 and R=2,4,4- 
trimethylpentyl. 

3.2. Effect o f  Cyanex 302 concentration 

Iron(III) and aluminium(III) were extracted 
with various concentration of Cyanex 302 ((0.1- 
100) x 10 -3 M) (Table 1). The extraction of 
iron(III) was quantitative with 5 x  10 .3 M 

Cyanex 302 and that of aluminium(III) with 10 x 
10- 3 M Cyanex 302. A decrease in the concentra- 
tion of Cyanex 302 gave lower D values for both 
iron(Ill) and aluminium(III). 

3.3. Effect o f  diluents 

Various polar and non-polar solvents were 
tested as diluents for the extraction of iron(Ill) 
and aluminium(III) with 5 x 10 _3 and 10 x 10 3 
M Cyanex 302, respectively. The extraction of  
iron(III) was quantitative with chloroform, 
toluene, xylene, carbon tetrachloride and hexane 
as diluents but benzene and cyclohexane proved 
to be poor diluents. The extraction of aluminiu- 
m(III) was quantitative with chloroform, carbon 
tetrachloride, hexane, cyclohexane and benzene 
but xylene and toluene proved to be poor dilu- 
ents. Owing to clear phase separations, chloro- 
form was preferred as the diluent for both metal 
ions (Table 2). 
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Table 2 
Effect of various diluents 
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Diluent Dielectric constant Iron(Ill) 

D Extraction (%) 

Aluminium(lII) 

Extraction (%) 

Chloroform 4.80 
Carbon tetrachloride 2.00 
Hexane 1.90 
Cyclohexane 2.02 
Benzene 2.20 
Xylene 2.28 
Toluene 2.23 

399 99.7 
399 99.7 

39 97.5 
9.0 90.0 

19.0 95.0 
65.6 98.5 

399 99.7 

999 99.9 
999 99.9 
999 99.9 
999 99.9 
999 99.9 

9.16 90.1 
8.46 89.4 

3.4. Effect of stripping agents 

The organic phases were extracted with various 
mineral acids of different concentrations to strip 
both metals into the aqueous phase (Table 3). All 
mineral acids were effective for the quantitative 
stripping of iron(III) and aluminium(II1). For 
practical purposes we preferred 1.0 M hydrochlo- 
ric acid for iron(III) and 2.0 M hydrochloric acid 
for aluminium(III) because they facilitate the di- 
rect spectrophotometric determination of both 
metal ions. 

3.5. Effect of metal ion concentration 

Iron(III) and aluminium(III) were extracted 
with concentrations ranging from 5-60 lag ml 
for Fe(III) and from 0.5-3.5 lag ml 1 for AI(III). 
The system adhered to beer's law in the ranges 
5-50 lag ml ~ for Fe(III) and 0.5-3.0 lag ml ~ for 
AI(III). Higher concentrations of the metals can 
be extracted with high concentrations of the 
reagent. 

3.6. Effect of period of equilibration 

The solutions were shaken for periods ranging 
from 2-20 min. the extraction of iron(III) was 
quantitative with an 8 rain period of equilibration 
and that of aluminium(III) with 6 rain. Therefore, 
equilibrium periods of 8 min for iron(III) and 6 
min for aluminium(III) were adopted. 

3.7. Nature of the extracted species 

The composition of the extracted species was 
ascertained for both metals by plotting log D 
against log Cyanex 302 concentration at a fixed 
pH. For iron(III) the slope was 3.0 (Fig. 2) and 
for aluminium(III) the slope was 1.1 (Fig. 3). This 
shows that the probable compositions of the ex- 
tracted species are [Fe(Cyanex 302)3 SO4] and 
[Al(Cyanex 302)HSO4- ]. 

3.8. Separation of iron(Ill) and aluminium(III) 
from diverse ions 

The effect diverse ions on extraction of iron(III) 
and aluminium(III) was studied. The tolerance 
limit was set as an error of + 2% in absorbance 
measurements. In the extraction of iron(lII) the 
alkali and alkaline earth metals showed no inter- 
ference up to 50 lag m l - i .  Metals such as Ni(II), 
Cr(III), TI(III), Pb(II), Cd(II), As(III) and Zn(II) 
did not interfere in the range 5 100 lag ml - ~, but 
ions such as V(V), Ru(III), Os(VIII), AI(III), 
Mo(VI) and Hg(I) interfered to a large extent. 
Noble metals such as Pt(IV) and Au(III) showed 
no interference up to 25 lag m l - i .  The interfer- 
ence of Cu(II) was removed by extracting Cu(II) 
with 8 x  10 2 M Cyanex 302 at pH 1.0prior to 
the extraction of iron(III). Iron(II1) was also sepa- 
rated from Co(II) and Mn(II) by first extracting 
iron(III) followed by the extraction of both 
metals. 

During the extraction of aluminium(III), alkali 
and alkaline earth metals were tolerated up to 75 



H.S. Ajgaonkar, P.M. Dhadke ' Talanta 44 (1997) 563-570 567 

Table 3 
Effect of various stripping agents 

Stripping Recovery (%) 
agent 

0.5 M acid 1.0 M acid 1.5 M acid 2.0 M acid 3.0 M acid 

Fe(lll) AI(III) Fe(lll) AI(III) Fe(lll) AI(Ill) Fe(lll) AI(llI) Fe(lll) AI(Ill) 

HCL 91.8 58.1 99.7 74.1 99.7 86.0 99.7 99,9 99.7 99.9 
1-12804 77.7 99.9 85.0 99.8 99.8 98.4 99,9 - -  99.7 
HNO3 87.0 89.9 99.7 99.9 - -  100 99.8 99.8 99.5 99.9 
HC104 99.8 99.7 99.8 100 --  100 99.8 99.8 

lag ml ~. Transition metals such as Co(II) and 
Ni(II) did not interfere up to 37.5 lag ml-~ and 
Mn(II) and Cr(III) showed no interference up to 
35 lag ml 1. Metals such as Zn(II), V(V), Ru(III), 
Os(VIII), Fe(III), Be(II), Pd(II) and Mo(VI) 
showed strong interference even at low concentra- 
tions. The interference of Cu(II) was removed by 
extracting Cu(II) prior to the extraction of alu- 
minium(III). In both cases the cations used were 
invariably in the form of chloride or nitrate, 
which are water soluble. 

Anions such as chloride, bromide, iodide, sul- 

phate, sulphite, nitrate, nitrite, thiocyanate, phos- 
phate and thiourea were tolerated up to 20 and 30 
jag ml 1 for iron(III) and aluminium(III), respec- 
tively. At such low concentrations iron(III) and 
aluminium(III) were not precipitated as iodide or 
phosphate, respectively. Oxalate and EDTA inter- 
fere strongly in both metal extractions. In the case 
of anions generally the sodium salts were used 
whereas in the case of oxy anions such as molyb- 
date the corresponding ammonium salts were 
used. 

n 0 

o 

J 
-1 i 

-~ -3 -2 
log of Cyanex 302 concentration ---,- 

Fig. 2. Log log plot for iron(lll) for the determination of  the 
composition of the complex. 

t 
c-a 

/ 
/ 

J I 
- ~  -3 -2 

log of CyQnex 302 concentration - - ~  

Fig. 3. Log- log  plot for aluminium(lll) for the determination 
of the composition of the complex. 
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Table 4 
Separation of iron(liD from multicomponent mixtures 

Sample no. Mixture Amount taken (~tg pH Cyanex 302 extractant concentration (M) Diluent Recovery (%) 
ml i) 

1 Cu(II) 5 1.0 0.08 Xylene 99.1 
Fe(III) 5 2.0 0.005 Chloroform 98.5 
Co(II)" 2.5 7.5 0.0075 Toluene 98.6 

2 Cr(VI) 2 1.0 0.05 Toluene 99.8 
Fe(IIl) 10 2.0 0.005 Chloroform 98.9 
Mn(II) a 10 9.0 0.005 Toluene 98.7 

3 Fe(III) 5 2.0 0.05 Chloroform 99.2 
Co(If)" 2 7.5 0.0075 Toluene 98.5 
Mg(II) 2.5 7.5 Unextracted 99.9 

4 Cu(ll) 10 1.0 0.08 Xylene 98.9 
Fe(llI) 5 2.0 0.005 Chloroform 99.5 
Mn(II) a 15 9.0 0.005 Toluene 99.0 

5 Cu(II) 15 1.0 0.08 Xylene 99.1 
Fe(III) 10 2.0 0.005 Chloroform 99.8 
Ni(II) 10 2.0 Unextracted - 99.9 

a Extraction was carried out in the presence of ammonium sulphate as a salting-out agent. 

3.9. Separation of iron(Ill) and aluminium(III) 
from multicomponent mixtures 

Various metals showed different extents of ex- 
traction at different pH values and concentrations 
of Cyanex 302. Such differences were fully ex- 
ploited to devise a different separation by resort- 
ing to a technique selective for extraction at 
different pH values with varying concentration of 
Cyanex 302. Copper and chromium were sepa- 
rated from iron(IlI) and aluminium(III) by first 
extracting these elements, followed by the extrac- 
tion of iron(III) and aluminium(III), whereas 
cobalt(II) and manganese(II) were separated by 
first extracting iron(III) and aluminium(III) fol- 
lowed by the extraction of other elements. Magne- 
sium and nickel were not extracted under these 
conditions. The details of separation are presented 
in Tables 4 and 5. 

3.10. Application to analysis of real samples 

The utility of the proposed approach was tested 
by analysing ores, alloys (ilmenite, monel metal, 
steel) and pharmaceutical samples such as Im- 
pheron injection and Fecontin F tablets for 
iron(III) and Digene and Siloxogene tablets .for 

aluminium(III) (Table 6). A known weight of 
sample of ore or alloy was treated with acids and 
evaporated to dryness. The samples were again 
disintegrated with perchloric acid and evaporated 
to dryness, then the residue was dissolved in water 
and diluted to a known volume. The reaction with 
acids was invariably carried out in hood to pre- 
vent spillage and explosion. Heating was carried 
out slowly on a sand-bath with appropriate pre- 
cautions. 

Iron(II1) was extracted from the diluted sample 
solution using the proposed method. In the case 
of monel metal, Cu(II) was removed by first ex- 
tracting the sample with Cyanex 302 followed by 
extraction of iron(III), whereas with EN 36A 
(steel) and ilmenite ore iron(III) was extracted 
using the proposed method. Metals such as tita- 
nium, nickel and manganese were not extracted 
under these conditions. 

Aluminium(III) was extracted from the phar- 
maceutical samples such as Digene and Siloxo- 
gene tablets using the proposed method. The 
experimental results 99.2 mg for Digene tablets 
and 99.4 mg for Siloxogene tablets showed good 
agreement with the certified values of 100 mg for 
both samples. 
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Table 5 
Separation of aluminium(lII) from multicomponent mixtures 

569 

Sample no. Mixture Amount taken pH Cyanex 302 extractant concentration Diluent Recovery (%) 
(lag ml ~) (M) 

1 Cu(ll) 5 1.0 0.08 Xylene 99.1 
AI(III) 1.5 4.0 0.01 Chloroform 99.8 
Co(lly' 2.5 7.5 0.0075 Toluene 98.9 

2 Cu(ll) 5 1.0 0.08 Xylene 98.7 
AI(III) 2.5 4.0 0.01 Chloroform 99.9 
Mn(ll)" 10 9.0 0.0075 Toluene 99.0 

3 CrlVl) 1 1.0 0.05 Toluene 99.0 
AI(IIIy' 2 4.0 0.01 Chloroform 99.4 
Ni(II) 5 4.0 Unextracted 99.9 

4 Cr(VI) 2 1.0 0.05 Toluene 98.8 
AI(III) 2 4.0 0.01 Chloroform 99.7 
Co(lly' 2 7.5 0.0075 Toluene 98.9 

5 AI(II1) 2.5 4.0 0.01 Chloroform 99.7 
Co(Ill 2.5 7.5 0.0075 Toluene 99.1 
Mg(II) 2.5 7.5 Unextracted 99.9 

" Extraction was carried out in the presence of ammonium sulphate as a salting-out agent. 

4. Conclusion very low. 

The  p r o p o s e d  separa t ion  me thods  are simple, 
r ap id  and  selective and compare  f avourab ly  with 
exist ing methods .  The  ex t rac t ion  o f  Fe( I I I )  and  
AI( I I I )  was possible  with very low concen t ra t ions  
o f  the reagent  c o m p a r e d  with o ther  methods .  
Large  amoun t s  o f  diverse ions were to le ra ted  and  
the var ious  elements  were separa ted  at m i c r o g r a m  
concent ra t ions .  The overal l  t ime required for  ex- 
t rac t ion  and  de te rmina t ion  is less than  20 rain and 
the concen t ra t ion  o f  s t r ipping agent  required is 
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Table 6 
Application to analysis of real samples 

Sample Iron(Ill) 

Present Found 

Recovery (%) 

llmenite ore 36.8% 
Monel metal 2.0% 
EN 36A (steel) 94.85'/,, 
Impheron injection (Rallis) 50 lag ml- 
Fecontin F tablets 2 mg ml- 

36.5'¼, 99.1 
1.97% 98.5 

94.00% 99.1 
49.8 tag ml ~ 99.6 
1.98 mg ml-~ 99.0 
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Abstract 

Amberlite XAD-7 resin coated with dimethylglyoxal bis(4-phenyl-3-thiosemicarbazone) (DMBS) was prepared and 
applied to the preconcentration of platinum(II) and palladium(II) from aqueous solution. Platinum(II) and palladiu- 
m(II) were collected quantitatively on resin coated with the reagent (DMBS-XAD-7) from acidic solution in the 
presence of iodide ion by a bach method. The metal ions were then easily eluted from DMBS-XAD-7 as their DMBS 
chelates with a small volume of N,N-dimethylformamide. This collection and elution method was applied to the 
simultaneous determination of platinum(II) and palladium(II) by reversed-phase high-performance liquid chromatog- 
raphy with spectrophotometric detection using an ODS column and acetone-water as the mobile phase. The 
proposed method was applied to the determination of the metals in commercially available samples. © 1997 Elsevier 
Science B.V. 

Keywords: Dimethylglyoxal bis(4-phenyl-3-thiosemicarbazone)-coated XAD-7 resin; Palladium(lI); Platinum(II); Re- 
versed-phase high-performance liquid chromatography 

I. Introduction 

High-performance liquid chromatographic 
(HPLC) methods for the separation and determi- 
nation of metal ions as their chelate compounds 

* Corresponding author. Fax: + 81 157 247719. 

have been widely developed in recent years [1- 
12]. Dithiosemicarbazone compounds have also 
been applied to the separation of metal chelates 
by HPLC because of the formation of kinetically 
inert metal chelates [13-15]. The dithiosemicarba- 
zones, however, have the disadvantage of low 
solubility in common solvents except N,N- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)02064-4 
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dimethylformamide and dimethyl sulfoxide. 
Therefore, it is difficult to use these compounds in 
preconcentration methods such as solvent extrac- 
tion. 

In trace metals, preconcentration or separation 
of the analytes from a matrix is frequently a 
necessity. The use of supports loaded with chelat- 
ing reagents is particularly convenient because it 
is easy to prepare such resins. Therefore, precon- 
centration and separation methods for trace metal 
ions have been developed by using various sup- 
ports coated with a large number of cheating 
reagents [16-23]. We have also prepared Amber- 
lite XAD resins loaded with dithiosemicarbazone 
compounds and applied them to the collection of 
metal ions from aqueous solution [24]. In this 
process, the metal ions collected on the resin were 
readily eluted as their dithiosemicarbazone 
chelates with a small volume of N,N-dimethylfor- 
mamide. Based on the results, the determination 
of trace mercury by reversed-phase HPLC with 
spectrophotometric detection after collection on 
and elution from Amberlite XAD-7 coated with 
dimethylglyozal bis(4-phenyl-3-thiosemicarba- 
zone) (DMBS) has been developed [25]. 

In this work, we found that the collection of  
platinum(II) on Amberlite XAD-7 coated with 
DMBS (DMBS-XAD-7)  was accelerated dramat- 
ically in the presence of iodide ion. Based on this 
result, we tried to develop a method for the 
simultaneous determination of platinum(II) and 
palladium(II) by reversed phase HPLC with spec- 
trophotometric detection after collection on and 
elution from DMBS-XAD-7. 

hydrochloric acid, distilled water and methanol 
and then dried at 40°C for 24 h in a vacuum 
drying oven. 

Standard palladium(II) and platinum(II) solu- 
tions (1 mg c m  3) were prepared by dissolving 
0.1667 g of  palladium(II) chloride (Wako Pure 
Chemicals, Osaka, Japan) and 0.2128 g of potas- 
sium tetrachloroplatinate(II) (Wako Pure Chemi- 
cals) in I0 cm 3 of 5 mol dm -3 nitric acid diluting 
to volume in a 100 cm 3 volumetric flask. The 
palladium(II) solution was standardized by titra- 
tion with EDTA and the platinum(II) solution by 
spectrophotometry with tin(II) chloride, and were 
further diluted as required. Other chemicals used 
were of analytical or HPLC grade. 

All absorbance measurements were made with a 
Hitachi U-2000 spectrophotometer. A Hitachi-  
Horiba Model F-7AD pH meter was used for all 
pH measurements. HPLC was performed at room 
temperature with a Hitachi Model L-6200 system, 
L-4200 UV visible detector and D-2500 chro- 
mato-integrator. The column used was an ERC- 
ODS 1282 (250 x 6 mm i.d.) (ERC, Japan). 

2.2. Preparation o f  the resin loaded with D M B S  

Amberlite XAD-7 resin (25 g) was mixed with 
50 c m  3 of 0.01 mol dm 3 DMBS in solution 
D MF  and the mixture was stirred at room tem- 
perature for 2 h. The resin loaded with DMBS 
was filtered off, washed with water and dried at 
room temperature for 48 h at 50°C in a vacuum 
drying oven. 

2.3. Standard procedure 

2. Experimental 

2. I. Reagents and apparatus 

Dimethylglyoxal bis(4-phenyl-3-thiosemicarba- 
zone) (DMBS) was synthesized as reported in the 
literature [26] and the reagent solution was pre- 
pared by dissolving it in N,N-dimethylformamide 
(DMF). 

Amberlite XAD-7 resin (acrylic ester type, bead 
size 250-850 jam), purchased from Rohm and 
Haas, was washed successively with 5 mol dm 3 

To a solution containing up to 1 lag of palladiu- 
m(II) and 2 lag of platinum(II) in a 50 cm 3 screw- 
capped glass bottle, 0.2 cm 3 of 1 mol dm 3 
potassium iodide solution and 0.2 cm 3 of  1 mol 
d in-3  nitric acid solution were added to make a 
0.01 mol dm 3 (pH 2), then the volume was made 
up to 20 cm 3 with water. An amount of DMBS- 
XAD-7 was added and the mixture was shaken 
for 30 min. The solution was filtered through a 
polyethylene column (65 x 9 mm i.d.) fitted with a 
porous polyethylene disk of 20 lam pore size, and 
then platinum and palladium were eluted from the 
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resin as their DMBS chelates with 1 cm 3 of DMF. 
A 10 mm 3 volume of the solution was injected 
into the HPLC system. 

2.4. Analysis of  real samples 

To 0.01 g of each sample in a Teflon beaker a 
mixture of 2.5 cm 3 of hydrochloric acid and 2.5 
cm 3 of nitric acid was added and the beaker was 
heated at 150°C on a hot-plate until the solution 
evaporated to dryness. This procedure was re- 
peated several times until decomposition oc- 
curred. After cooling, the residue was dissolved in 
50 cm 3 of  0.5 mol dm 3 nitric acid. The platinum 
and palladium in each sample was determined by 
the proposed method. 

3. Results and discussion 

3.1. Complexation and spectrophotometric 
properties 

Chelate formation of platinum(II) and palladiu- 
m(II) with DMBS was examined in 80:20 (v/v) 
DMF-water  because of  the low solubilities of 
DMBS and its metal chelates in aqueous solution. 
Platinum(II) and palladium(II) formed 1:1 
chelates with DMBS. The absorbtion spectra of 
Pt(II) and Pd(II)-DMS chelates are shown in Fig. 
1. The absorption maxima and molar absorption 
coefficients (~:, d m - 3  mol ~ cm-1)  of their metal 
chelates were 442 nm for planinum (e= 25 000) 
and 430 nm for palladium (e = 24 000). Palladiu- 
m(II) reacted quantitatively with DMBS at room 
temperature, but it was necessary to heat for 
quantitative chelate formation of platinum(II) 
with DMBS for 20 min at 80°C. 

3.2. Collection and elution behavior of  
platinum(ll) and palladium(II) on the 
reagent-loaded resin 

The total amount of DMBS loaded on the 
reagent-loaded resin was 22.9 gmol g ~ and the 
capacity of copper(II) for the DMBS-loaded resin 
was 21.0 lamol g-~ [24]. These results indicated 
that DMBS formed a 1:1 chelate with copper(II) 
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Fig. 1. Absorption spectra of (a) Pt- and (b) Pd-DMBS 
chelates in 80:20 (v/v)DMF-water. [Pt 2+ =2.4 × 10 -5 mol 
dm-~; [DMBS]-2.0 x 10 4 mol dm " ~; reference, reagent 
blank. 

[26]. Platinum(II) was not collected quantitatively 
on the reagent-loaded resin within a shaking time 
of 60 min (Fig. 2, no other ligands) owing to the 
slow chelate formation with DMBS as described 
in the previous section. In order to accelerate the 
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Fig. 2. Effect of shaking time on the collection of planinum(ll) 
in the presence of some ligands. [Pt]=2 gg/20 cm-~; 
[HNO3]=0.01 mol dm 3: [ligand]=0,01 tool din- 3; 
DMBS XAD-7=0.1 g. (C)) I ;(•) SeN ;(&) Br ;(77) 
C1 ; (11) NO, ; (~) hydroxylammonium chloride; (0) 
thiourea; (O) no other ligands. 
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Fig. 3. Effect of ligand concentration on the collected of 
platinum(II) [Pt] = 2 ~tg/20 cm- 3; [HNO3] = 0.01 mol dm- 3; 
DMBS-XAD-7 = 0.1 g; shaking time= 30 rain. (©) 1-; (~) 
SCN-; (A) Br-; ([]) CI-; (B) NO2-; (~) hydroxylammo- 
nium chloride; (0) thiourea. 

reaction between the DMBS on the resin and 
platinum(II) in solution, the effects of  the shaking 
time and of  the ligand concentrations on the 
collection were examined in the presence of vari- 
ous ligands. As shown in Fig. 2, iodide ion accel- 
erates the collection of platinum(II) on the resin 
decreased with increasing ligand concentration for 
all ligand systems except iodide ion, as shown in 
Fig. 3. Quantitative collection takes place at 
higher concentrations in the presence of iodide 
ion, at lower concentrations in the presence of  
thiocyanate ion. In the case of  chloride and bro- 
mide ions, the predominant species in solution 
can be estimated to be Pt(II)L m ( L = C 1 -  or 
B r - , n = 3  o r 4 a n d m =  - 1  or - 2 )  at 1 x 10 - 2  

mol d m -  3 of the ligands from their known stabil- 
ity constants [27]. It may be suggested that higher 
order complexes of platinum(II) form with in- 
creasing ligand concentration and the percentage 
collection on the resin is low for the ligand sys- 
tems except iodide ion, although the stability con- 
stants of platinum(II) with thiocyanate, nitrite, 
hydroxlammonium chloride and thiourea are un- 
known. The accelerated process with iodide ion 
cannot be explained in detail. A further study 
using other ligands is required to clarify the accel- 
erated process. 

The collection of  palladium(II) on the resin was 
not particularly by iodine ion affected in the 
concentration range above 5 x 10-3 mol d m - 3  
The concentration of  iodide ion for the collection 
of both metal ions was adjusted to 0.01 mol 
d m -  3. The optimum pH conditions were deter- 
mined in the presence of  iodide ion. Platinum(II) 
and palladium(II) were found to be optimally 
collected from aqueous solution in the pH range 
0 - 4  (Fig. 4). Quantitative collection of  the metal 
ions was could not be achieved owing to hydroly- 
sis at higher pH values. In this study, the opti- 
mum pH of  the solution for collection was 
adjusted to 2 by adding 5 mol d m -  3 nitric acid to 
make a 0.01 x mol dm -3 solution. A 100-fold 
concentration of  platinum and palladium simulta- 
neously could be achieved under these conditions. 

3.3. Chromatographic conditions 

We have investigated on the separation behav- 
ior of  some platinum(II) and palladium(II) 
dithiosemicarbazone chelates by reversed-phase 
HPLC with an ODS column [15]. The elution 
peaks of  the metal dithiosemicarbazone chelates 
on the chromatogram were not successfully sepa- 
rated by using methanol-water  or acetonitrile- 
water mobile phases. The resolved separation of 

100 
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Fig. 4. Effect of pH on the collection. (O) [Pt] = 2 ~tg/20 
cm-3; (e) [Pd]=l pg/20 cm3; [KI]=0.01 tool din-3; 
DMBS-XAD-7 = 0.1 g; shaking time = 30 rain. 
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Fig. 5. Relationship between capacity factor (k') of (O)  P t -  
and (O) Pd-DMBS,  and acetone concentration in the mobile 
phase. Each mobile phase contained 1 × 10 -~ mol dm 3 
CH3COONa and 1 × 10 - 4  mol dm -3  EDTA. 

platinum(II) and palladium(II) chelates was 
achieved by using acetone-water  as the mobile 
phase. The effect of the acetone content in the 
mobile phase on the retention behavior of platinu- 
m(II) and pal ladium(II)-DMBS chelates was 
studied, and the results are shown in Fig. 5. The 
retention increased as the aqueous component in 
the mobile phase increased. The optimum compo- 
sition of the mobile phase was 65:35 (v/v) ace- 
tone-water ,  and sodium acetate was added at 
1 x 10 3 mol dm -3 because this addition led to 
reproducibility of the elution peaks and stability 
of the baseline on the chromatogram. To avoid 
contamination with metal ions through contact 
between the eluent and metal parts of the HPLC 
apparatus, EDTA was also added at 1 x 10 4 
mol d m -  3. A typical chromatogram is shown in 
Fig. 6. Their elution peaks were identified with 
80:20 (v/v) D M F - w a t e r  containing DMBS or the 
DMBS chelates. The most suitable detection 
wavelength was 425 nm. 

3.4. Calibration 

Calibration graphs were constructed by the 
standard procedure. The calibration graphs were 
linear over the range 0 - 2  tag for platinum and 
0-1  tag for palladium. Cpt(lag)=[H(laV)+ 

27.04]/966.60 and Ced (lag) = [H (laV) - 18.80]/ 
1640.80, where H is the peak height at 425 nm on 
the chromato-integrator. The detection limits as 
signal-to-noise ratio of 3:1 were 65 ng for plat- 
inum and 10 ng for palladium. 

3.5. Effect of diverse ions 

The effect of  Cu and Hg, which were also 
collected on the resin in acidic medium, and some 
precious metal ions was on the determination of 
both metal ions was examined. The tolerance limit 
was taken as being the amount causing an error 
of _+ 3% in the peak heights for platinum and 
palladium alone on the chromatogram. For  the 
determination of 1 lag of platinum and 0.5 lag of 
palladium, Cu and Hg were tolerated at levels up 
to 20 lag and Au, Ag, Rh, Ru and Ir up to 40 lag. 
The recovery of platinum decreased more with the 
above amounts of Cu, Hg and Ag owing to 
competitive reactions with DMBS on the resin, 
Ni, Zn, Cd and Pb, which were collected on the 
resin in alkaline medium, did not interfere at 
levels up to 500 lag. Common anions such as 
chloride and sulfate ions did not interfere at levels 
up to 1000 lag. 
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Fig, 6. Chromatogram of Pt and Pd-chelates Pt = 2 gg; 
Pd = 1 gg; mobile phase = 65:35 (v/v) acetone-water contain- 
ing l x 10 -3  mol dm 3 CH3COONa and l x  10 - 4  mol 
dm -3  EDTA; flow-rate 1 cm 3 min ~; sample size = 10 mm 3. 
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Table 1 
Determination of platimum and palladium in real samples 

Sample Experimental results Indicated value 

Pt (wt.%) Pd (wt.%) Pt (wt.%) Pd (wtY,,) 

Dental alloy (Ortop Type 4F 

Platium palladium wire b 

4.0, 3.9, 4.2, 4.1, 4.3 
Av. 4.1 __+0.16, RSD 3.9% 

87.7, 88.0, 86.0, 88.0, 90.1 
Av. 88.0 _+ 1.46, RSD 1.7% 

4.3, 4.2, 4.3, 4.4, 4.1 4.0 4.0 
Av. 4.3_+0.11, RSD 2.8% 

10.5, 10.1, 10.4, 10.1, 10.3 90 10 
Av. 10.3 __+0.18, RSD 1.7% 

~t Purchased from Sankin Kogyou, Japan (Other components: Au 69%; Ag 8%; Cu 12%; others 3%). 
b Purchased from Nilaco, Japan. 

4. Application 

The proposed method was applied to the deter- 
mination of platinum and palladium in commer- 
cially available dental alow and 
platinum-palladium wire and the results are 
given in Table 1. The results obtained with the 
proposed method were in good agreement with 
the indicated value for each sample. 

The proposed method can be applied to the 
determination of platinum and palladium in the 
samples with other components such as dental 
alloy and with different concentrations of metal 
ions such as platinum-palladium wire. 
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Abstract 

A highly sensitive method is proposed for the determination of thiosulfate based on the oxidation of aqueous 
thiosulfate (100 or 200 ml) by iodide in 4 ml of carbon tetrachloride. The excess of iodine was extracted into 8 ml 
of aqueous iodide solution as triiodide to be measured spectrophotometrically; the thiosulfate could therefore be 
indirectly highly concentrated and determined selectively. The side-reaction of thiosulfate in a large volume of 
solution with the hypoiodite formed from the iodine in carbon tetrachloride could be compensated for by adding a 
certain amount of extra thiosulfate. A linear calibration graph with a negative slope was obtained over the 
concentration ranges 1.1 x 10 7-1  × 10 - 5  M (12 ppb-l.12 ppm) for 100 ml of thiosulfate solution and 6 x 10 -8 
5 X 10 - 6  M (6.7 ppb-0.56 ppm) for 200 ml of thiosulfate solution. The proposed method was successfully applied 
to the determination of various amounts of thiosulfate in hot-spring and lake-water samples. © 1997 Elsevier Science 
B.V. 

Keywords: Iodine oxidation; Spectrophotometry; Thiosulfate; Water 

1. Introduction 

A mixed solution of standard iodate and an 
excess amount of iodide has proved to be an 
excellent primary standard solution for iodine [1], 
because the mixture is extremely stable and a 
standard iodine solution can be readily prepared 
by the addition of  acid, in which the following 
reaction proceeds to stoichiometric completion: 

IO3 + 8 I  + 6 H  + ~ 3 1 3  + 3 H 2 0  (1) 

* Corresponding author. Fax: + 81 463 589543. 

Ozawa [2] has proposed a method for the determi- 
nation of thiosulfate based on its oxidation with 
the iodine produced from the mixture of standard 
iodate and iodide: 

2S2 O2 - + 12 ~ 84026 - + 2I - (2) 

followed by spectrophotometric measurement of 
the excess amount of triiodide. This method has 
been extensively used for the determination of 
polythionates and further for the determination of 
polythionates in mixtures, where the thiosulfate 
formed from the polythionates by their cyanolysis 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)02065-6 
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[3] and sulfitolysis [4-7] was measured. However, 
iron(Ill) interfered considerably in the determina- 
tion of  thiosulfate, even when present at a concen- 
tration as low as 1 ppm, because of its oxidation 
of the iodide in the triiodide. Therefore, for the 
determination of thiosulfate in real samples, the 
iron(III) present has to be removed by separation 
of a cation-exchange column [8,9]. Further, the 
method [2] using aqueous triiodide is limited by 
its sensitivity. Recently, a new reaction of thiosul- 
fate [10] in the presence of a large amount of 
formaldehyde with iodine in an organic phase was 
studied in detail and used for the determination of 
thiosulfate, this method has advantages over the 
former method in terms of sensitivity and selectiv- 
ity, but polythionates interfere in the determina- 
tion of  thiosulfate. 

In this study, we developed a selective and 
sensitive method for the determination of thiosul- 
fate, in which aqueous thiosulfate in 100 or 200 
ml of solution reacts with iodine in 4 ml of carbon 
tetrachloride. The excess of iodine is then ex- 
tracted into an aqueous iodide solution as triio- 
dide and the triiodide formed is measured 
spectrophotometrically at 350 nm. The proposed 
method is free from interferences from iron(Ill) 
and other sulfur species, including polythionates 
and is at least 10- or 20-fold more sensitive than a 
conventional method using aqueous triiodide. 
This method was applied successfully to the deter- 
ruination of thiosulfate in the presence of  large 
amounts of iron(III), sulfide and sulfite in hot- 
spring and lake-water samples. 

2. Experimental 

2.1. Reagents and apparatus 

All of  the reagents used were of analytical- 
reagent grade and were used as received. Doubly 
distilled water was used throughout. An approxi- 
mately 0.1 M thiosulfate solution was prepared by 
dissolving sodium thiosulfate pentahydrate in 
oxygen-free water containing a small amount of 
sodium carbonate (0.01%, w/v) as a stabilizer. 
This solution was standardized by iodimetry 1 
week after preparation. Working standard thio- 

sulfate solutions (in 0.01%, w/v, Na2CO3) were 
prepared by appropriate dilution with oxygen-free 
water. An approximately 0.05 M iodine solution 
was prepared by dissolving a known amount of 
iodine in carbon tetrachloride. A 10 ml volume of  
this solution was pipetted into a 200 ml conical 
beaker containing 10 ml of water and then stan- 
dardized against a standard thiosulfate solution 
by iodimetry; the beaker was shaken during the 
titration and the disappearance of  the purple 
color due to iodine in the organic phase was taken 
as the end-point of  the titration. Working stan- 
dard solutions were prepared by suitable dilution 
with carbon tetrachloride. Standard solutions of 
5 x  10 -2 and 1.5x 10 5 M iodine in carbon 
tetrachloride were stable for up to 2 and 1 week, 
respectively, after preparation. 

A Shimadzu Model UV-160A recording spec- 
trophotometer with 10 mm quartz cells was used 
for all absorbance measurements. An Iwaki 
Model KM shaker was used to promote both the 
reaction of iodine with thiosulfate in the two 
different phases and the extraction of  the iodine in 
carbon tetrachloride into the aqueous phase as 
triiodide. 

2.2. Recommended procedure 

Place 100 ml of solution containing up to 1 × 
10 5 M thiosulfate and 2 ml of 10 M sulfuric acid 
in a 300 ml separating funnel. For  samples con- 
taining sulfide and sulfite, bubble nitrogen 
through the solution at a flow-rate of  400 ml 
rain- ~ for 20 rain [10] in order to remove com- 
pletely the sulfide and sulfite. Allow the mixture 
to stand for at least 10 rain after bubbling, then 
add 1 . 5 m l o f l  x 10 4 M t h i o s u l f a t e a n d 4 m l o f  
1.5 × 10 4 M iodine in carbon tetrachloride and 
shake the funnel for 2 rain to allow the iodine to 
react with the thiosulfate in the aqueous phase. 
Transfer an exactly given volume of  the organic 
phase into another 50 ml separating funnel and 
add 5 ml of I M potassium iodide (in 0.04%, w/v, 
Na2CO3). After introducing nitrogen into the fun- 
nel at a flow-rate of 250 ml rain ~ for 2 rain to 
displace the air, add 3 ml of  1.2 M acetic acid and 
shake the funnel for 1 rain to extract the excess 
iodine into the aqueous phase as triiodide [I0]. 



T. Koh et al. "Talanta 44 (1997) 577-583 579 

Measure the absorbance of the aqueous phase at 
350 nm using 10 m m  quartz cells. An iodine-free 
reagent blank was subtracted from all the ab- 
sorbances measured in the procedure. 

3. Results and discussion 

3,1. Calibration 

A series of  standard solutions (100 ml) of  thio- 
sulfate were treated as described in Section 2.2. 
After the reaction of thiosulfate with the iodine in 
carbon tetrachloride, the excess iodine was ex- 
tracted into an aqueous iodide solution as triio- 
dide, and the triiodide formed was measured 
spectrophotometrically. Hence the absorbance for 
the triiodide should decrease with increase in the 
concentration of thiosulfate. As can be seen in 
Fig. 1, the calibration graph obtained for thiosul- 
fate coincided exactly with that obtained for 
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Fig. 1. Calibration graphs for thiosulfate and iodine. C), 
$20 ~ in 100 ml of solution; e, 12 (expected) by using 100 ml 
of water; A, $20~ in 200 ml of solution: A, I2 (expected) by 
using 200 ml of water. 
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Fig. 2. Absorption spectra of the reagent blank and the iodine 
in carbon tetrachloride. A 4 ml volume of 1.5 x 10 4 M 
iodine solution in carbon tetrachloride was used. A, reagent 
blank measured as triiodide in 8 ml of solution; B, iodine in 4 
ml of carbon tetrachloride. 

iodine (expected graph) by using a series of  stan- 
dard solutions (4 ml of  carbon tetrachloride solu- 
tions) of  iodine and 100 ml water (in place of 100 
ml of  thiosulfate solution) in the procedure. In 
this instance, the amount  scale for iodine is drawn 
in the opposite direction to scale for the thiosul- 
fate concentration; the absorbance for 1 x 10 4 
mmol of  iodine reached zero in the procedure, 
because some iodine was consumed by the thio- 
sulfate added. Even when 200 ml of thiosulfate 
solution were used to which 4 ml of  10 M sulfuric 
acid were placed, the calibration graph obtained 
for thiosulfate agreed well with that for iodine, 
demonstrating that the reaction of thiosulfate 
with iodine in carbon tetrachloride proceeded to 
stoichiometric completion according to Eq. (2). 
The difference between the calibration graph for 
100 ml of  thiosufate solution and that for 200 ml 
of thiosulfate solution is due to the difference in 
the amount  of the iodine dissolved in water. The 
proposed method could be applied to the determi- 
nation of thiosulfate in the concentration ranges 
1.1 x 10 7-1 × 10 - s  M (12 p p b - l . 1 2  ppm) for 
100 ml of thiosulfate solution and 6 x 1 0 - s - 5  x 
10 6 M (6.7 ppb-0 .56  ppm) for 200 ml of  thio- 
sulfate solution. The precision was determined 
from 11 replicate results obtained for a 100 ml 
aliquot of  a 6.0 × l 0  ~6 M standard thiosulfate 
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solution; the mean concentration of thiosulfate 
was found to be 6.0 x 10 6 M, with a standard 
deviation of 3 .4x  10 8 M (3.9 ppb) of  $20 ~- 
and a relative standard deviation of  0.58%. 

3.2. Absorption spectra 

Fig. 2 shows the absorption spectra of  the 
reagent blank (A) obtained in the procedure and 
of  a solution of  1.5 x l 0  - 4  M iodine in carbon 
tetrachloride (B). The reagent blank was obtained 
as follows. A 4 ml volume of 1.5 x 10-4 M iodine 
solution in carbon tetrachloride was shaken with 
a solution containing 100 ml of water, 2 ml of  2 

M sulfuric acid and 1.5 ml of  1 × 10 4 M thiosul- 
fate, then the iodine in carbon tetrachloride (its 
absorption spectrum shown in Fig. 2 (B)) was 
extracted into 8 ml of  an aqueous solution of 
iodide as triiodide. The absorption spectrum (A) 
of the reagent blank has a much higher maximum 
absorption at 350 nm than that (B) of  a solution 
o f  1 . 5  X l 0  4 M iodine in carbon tetrachloride 
which has its maximum absorption at 520 nm. 
Therefore, the excess iodine for the reaction with 
thiosulfate was measured as triiodide [10] at 350 
nm in the procedure. 

3.3. Reaction o f  thiosulfate with iodine in carbon 
tetrachloride 

1.2q 
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F ig .  3. C a l i b r a t i o n  g r a p h s  o b t a i n e d  f o r  t h i o s u l f a t e  b y  u s i n g  10, 

20 and 100 ml of thiosulfate solution. A 4 ml volume of 
1 x 10 4 M iodine solution in carbon tetrachloride was used. 
©, $20~- in 10 ml of solution; L 12 (expected) by using 10 ml 
of water; A, 52 O2 - in 20 ml of solution; A, I2 (expected) by 
using 20 ml of water; D, $20~- in 100 ml of solution; I ,  12 
(expected) by using 100 ml of water. 

Before 4 ml of  iodine solution in carbon tetra- 
chloride were added to an aqueous thiosulfate 
solution in the procedure, a strong acid (sulfuric 
acid) had to be added in order to prevent the 
iodine from transferring into the aqueous phase; 
an oxonium ion concentration range 0.3-1.3 M 
proved sufficient. Hence, 1 ml of  2 M H2SO 4, 2 ml 
of  2 M H 2 S O  4 and 2 ml of  10 M H2SO4 were 
used, for 10, 20 and 100 ml volumes of  thiosulfate 
solution, respectively. Each 10 ml of  solution of a 
series of amounts of  standard thiosulfate was 
allowed to react with 4 ml of  1 x 10 4 M iodine 
in carbon tetrachloride by shaking the separating 
funnel, and the excess iodine was measured spec- 
trophotometrically as triiodide according to the 
procedure. The resulting graph is shown in Fig. 3. 

The calibration graph for thiosulfate was in 
good agreement with that obtained for iodine 
(expected graph) by using a series of  standard 
solutions (4 ml) of  iodine in carbon tetrachloride 
and 10 ml of  water. However, when the volume of 
thiosulfate solution was increased to 20 and 100 
ml, the calibration graph obtained for thiosulfate 
deviated negatively from the expected graph; the 
larger the volume of thiosulfate solution, the 
greater the calibration graph deviated, as shown 
in Fig. 3. This deviation can be attributed to 
partial oxidation of  thiosulfate to oxidation states 
higher than that of  tetrathionate ion (see Eq. (2)), 
by the hypoiodite ion formed as a result of  the 
hydrolysis of  the iodine transferred even into a 
strongly acidic medium. In order to eliminate the 
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Fig. 4. Compensation for the side-reaction of thiouslfate in 
100 ml of iodine solution in carbon tetrachloride. A 4 ml 
volume of 1 x 10- 4 M iodine solution in carbon tetrachloride 
was used. ©, $20~- in 100 ml of solution plus 0.5 ml of 
1 x 10 4 M $203 ; O, 12 (expected) by using 100 ml of water 
plus 0.5 ml of 1 x10  -4  M $202- ;  A $20 ~-  in 100 ml of 

solution plus 1 ml of 1 x 10 -4  M $20~-;  A, 12 (expected) by 
using 100 ml of water plus 1 m l o f l  x l 0  4 M $20~-.  

effect of this side-reaction from the determination 
of thiosulfate, an attempt was made to add thio- 
sulfate for reaction with the hypoiodite. When 0.5 
ml of 1 x 10 4 M thiosulfate solution was added 
to a solution containing 100 ml of up to 7.1 x 
10 -6 M thiosulfate solution and 2 ml of  10 M 
sulfuric acid, the calibration graph for thiosulfate 
approached the expected graph more closely (Fig. 
4). Fig. 4 also shows that the calibration graph 
agreed completely with the expected graph when 1 
ml of 1 x 10 4 M thiosulfate solution was used 
additionally. In the procedure, 1.5 ml of 1 x 10 -4  
M thiosulfate solution and accordingly 4 ml of a 
carbon tetrachloride solution of 1.5 x 10 -4 M 
iodine, higher than 1 x 10 -4 M, were used to 
compensate for the side-reaction between the 
iodine in carbon tetrachloride and the thiosulfate 
in samples. The iodide ion in the aqueous phase 
proved not to bring about any measurable change 
in either the reagent blank or the absorbance of 
thiosulfate in amounts up to 3000 ~tg. This means 

that the amount of iodide ion (19 gg) transferred 
into the aqueous phase as a result of  the reaction 
of iodine with the thiosulfate added to compen- 

Table 1 
Effect of foreign ions on the determination of 67.3 lag of 
thiosulfate in 100 ml of solution ~ 

Ion Amount added Thiosulfate Error (%) 

(tag) found (lag) 

None 67.3 -- 
Na + 10000 67.0 - 0.4 
K + 10000 67.1 - 0 . 3  
NH 4+ 10000 67.9 0.9 
Mg 2+ 10000 67.3 0 
Ca -,+ 100001 67.2 -0.1 
Ba 2+ 10000 66.5 - 1.2 
Zn 2 + 10000 67.2 - 0.1 
Cd 2+ 10000 66.5 - 1.2 
Pb 2 + 1000 52.0 - 22.7 

1 0 0 0 0  b 66.2 - 1.5 

Mn 2 + 10000 66.6 - 1.0 
Fe 2 + 10000 67.4 0.1 
Cu ~ 10000 66.5 - 1.2 
A[ 3 + 10000 68.0 1.0 
Fe 3+ 10000 59.8 - 11.1 

1 0 0 0  67 .1  0 .3  

1 0 0 0 0  b 6 7 . 0  - 0 . 5  

F 10000 67.1 -0 .3  
C1 10000 66.7 0.6 
Br 10000 68.8 2.2 
I 3000 67.6 0.4 
NO~ 10000 68.0 1.0 
NO£ 10000 23.2 - 63.5 

1000 67.1 -0 .3  
1 0 0 0 0  ~" 67.1 - 0.3 

HCO 3 10000 67.4 0. I 
HSO~ 100 82.6 22.7 

50000 67.8 0.7 
SO]-  10000 67.5 0.3 
$2 5000 d 67.5 0.3 

$30~ 10000 67.0 0.1 
$406- 10000 67.5 0.3 
$506- 10000 67.6 0.4 
$60~- 10000 67.4 0.1 
HPO42- 10000 67.0 - 0 . 4  
HAsO~ 100 65.4 - 2.8 
EDTA 150000 67.2 - 0.1 

a A change in the volume of the sample solutions (97 103 ml) 
did not have any effect on the determination of thiosulfate. 
b 2 ml of 0.2 M EDTA solution were added. 

2 ml of 0.5 M amidosulfuric acid solution were added. 
a Nitrogen was bubbled through the solution according to the 
procedure. 
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Table 2 
Determination of thiosulfate in hot-spring and lake-water samples 

Sample Dilution (-fold) Thiosulfate content (ppm) 

Added Found" Found in sample 

Recovery (%) 

Hot-spring A 5 0.195 ± 0.003 
5 0.224 0.4195 + 0.002 
5 0.448 0.644 ± 0.002 

10 0.097 ± 0.002 
10 0.224 0.322 ___ 0.003 
10 0.448 0.542 ± 0.003 

Hot-spring B 5 - -  0.210 ___ 0.003 
5 0.224 0.435 ± 0.001 
5 0.448 0.435 ___ 0.001 

10 - -  0.107 ± 0.002 
10 0.224 0.329 ± 0.003 
10 0.448 0.554 ± 0.002 

Hot-spring C 5 - -  0.209 ± 0.004 
5 0.224 0.434 ± 0.001 
5 0.448 0.657 ± 0.001 

10 0.104 ___ 0.004 
10 0.224 0.328 ± 0.002 
10 0.448 0.553 ± 0.002 

Lake-water 5 0.584 ± 0.003 
5 0.224 0.809 ± 0.003 
5 0.448 1.03 ± 0.001 

10 0.292 ± 0.002 
10 0.224 0.517 ± 0.003 
10 0.448 0.740 ± 0.002 

0.975 
100.0 

- -  99.7 
0.970 
-- 100.8 

99.3 

1.05 

- -  100.4 
99.9 

1.07 
- -  99.4 

99.2 

1.05 
- -  100.7 
- -  100.0 
1.04 

100,2  

100.3 

2.92 
100 ,4  

- -  99.6 
2.92 --- 
--- 100.4 

106.0 

a Corrected for four determinations. 

sate for the side-reaction is too small to form 
triiodide; the equilibrium constant [11] for the 
following reaction: 

I - (aq) + I2(org) ~ 13 (aq) (3) 

is not high, but is 100.99 at 20°C when the organic 
solvent is carbon tetrachloride. 

When sulfide and sulfite were removed from 
thiosulfate by bubbling nitrogen through the sam- 
ple solution, a considerably higher absorbance 
was unexpectedly obtained, this higher ab- 
sorbance was thought to be caused by the fact 
that the following hydrolysis reaction of iodine: 

I 2 + H 2 0  ~- H I O + H  + + I  (4) 

is substantially depressed in an oxygen-free 
medium. The oxygen dissolved in water was also 
removed together with the sulfide and sulfite when 

the sample solution was purged with nitrogen. 
However, the higher absorbance continued to de- 
crease gradually with time and eventually reached 
a normal value in 10 min. Hence the mixed solu- 
tion purged with nitrogen had to be allowed to 
stand for at least 10 min as in the procedure. 

3.4. Effects of foreign ions 

A 100 ml volume of solution containing 67.3 gg 
of thiosulfate (6 × 10 6 M) and various amounts 
of foreign ions was treated as described in the 
procedure. The results are given in Table 1. In a 
previous method based on the oxidation of thio- 
sulfate with aqueous triiodide [2], copper(II), 
iron(III), nitrite and iron(II), which oxidize iodide 
and reduce iodine, interfered in the determination 
of thiosulfate when present in amounts similar to 
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that of thiosulfate. In the proposed method, cop- 
per(II) and iron(II) were tolerated in amounts of 
up to 10000 lag and both of iron(III) and nitrite 
up to 1000 lag. Iron(III) and lead(II) were toler- 
ated in amounts of up to 10000 lag when masked 
by the addition of 2 ml of 0.2 M EDTA solution 
and nitrite up to 10 000 lag when decomposed by 
the addition of 2 ml of 0.5 M amidosulfuric acid 
solution. All polythionates of tri-, tetra-, penta- 
and hexathionate were tolerated in amounts of up 
to 10000 lag. Further, both sulfite and sulfide 
could be completely removed in amounts of up to 
5000 ~tg from thiosulfate by bubbling nitrogen 
through the solution according to the procedure. 
Iodide did not interfere with the determination of 
thiosulfate in amounts of up to 3000 ~tg and 
arsenate up to 100 ~tg. The other ions listed in 
Table 1 were tolerated in amounts as high as 
10 000 ~tg with an error of  less than 2%. 

3.5. Application to real samples 

In order to remove the sulfite and sulfide in real 
samples, nitrogen was bubbled, according to the 
procedure, through 150 ml of solution containing 
120 or 60 ml of the samples, a known amount of 
thiosulfate and 3 ml of 10 M sulfuric acid. A 25 
ml aliquot of the solution from which the sulfite 
and sulfide had been removed was transferred into 
a 300 ml separating funnel and the volume was 
adjusted to 100 ml; in this instance the original 
samples were to be diluted to 5- or 10-fold, re- 
spectively. A 100 ml of  mixed solution was treated 

according to the procedure, in which 2 ml of 0.2 
M EDTA solution were added for both hot- 
spring C and lake-water samples, containing large 
amounts of iron(III). The thiosulfate content was 
determined using the standard additions method. 
The results are summarized in Table 2. The results 
obtained for the samples diluted to 5- and 10-fold 
the original volume were in good agreement with 
each other. 

Potential matrix interferences from unknown 
species in real samples were investigated by 
adding known amounts of thiosulfate to the sam- 
ple solutions. The recoveries ranged from 99.2 to 
100.8% with an average of 100.4%, which is ade- 
quate for the analysis of environmental samples. 
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Abstract 

A flow injection analysis (FIA) system furnished with a gel-filtration chromatographic column and with photodi- 
ode-array detection was used for the generation of second-order data. The system presented is a model system in 
which the analytes are blue dextran, potassium hexacyanoferrate(III) and heparin. It is shown that the rank of the 
involved sample data matrices corresponds to the number of chemical components present in the sample. The 
PARAFAC (parallel factor analysis) algorithm combined with multiple linear regression and the tri-PLS (tri-linear 
partial least-squares regression), which allows unknown substances to be present in the sample, are implemented for 
FIA systems and it is illustrated how these three-way algorithms can handle spectral interferents. The prediction 
ability of the two methods for pure two-component samples and also the predictions ability in the presence of 
unknown interferents are satisfactory. However, the predictions obtained by tri-PLS are slightly better than those 
obtained using PARAFAC regression algorithm. © 1997 Elsevier Science B.V. 

Keywords: Multivariate calibration; PARAFAC; Spectral interferents; Tri-PLS 

I. Introduction 

Data structures produced by analytical chemi- 
cal systems in general and by flow injection analy- 
sis (FIA) systems in particular can be divided into 
classes reflecting the complexity of  the data, rang- 
ing from scalars, vectors and matrices to higher 
order data structures. More than 90% of the 
papers published in analytical chemical journals 
are based on zeroth-order data structures [1]. This 
simple data structure arises when only one mea- 
surement per sample is recorded. A set of  calibra- 

tion samples thus gives a vector. The 
measurement can be a variety of  signals, e.g. 
potential, current, absorbance or, as often used in 
FIA, the height (or area) of  the sample peak. The 
use of  zeroth-order data requires that the mea- 
sured signal is absolutely selective and addition- 
ally that the signal is a known function (e.g. 
linear) of  the concentration of the analyte. I f  the 
selectivity assumption is not fulfilled for all sam- 
ples, an improvement can be achieved by using 
first-order data structures [1], which gives the 
possibility of  detecting outlying samples. First-or- 

0039-9140/97/'$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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der data, where each sample gives rise to a vector 
and a set of calibration samples hence yields a 
matrix, can be obtained in two ways in FIA: (1) by 
recording the actual measurement (e.g. the ab- 
sorbance at a given wavelength) as a function of 
time; and (2) by recording multiple measurements 
at a given time (e.g. the UV/VIS spectrum at the 
peak maximum). The condition for employing 
first-order data is that the responses are linear and 
additive for all analytes. 

The number of FIA papers published on first-or- 
der data using two-way data analytical methods 
for instance partial least-squares (PLS) regression 
is increasing [2 5]. From a multivariate chemo- 
metric point of view, second-order data structures 
[1], where each sample gives rise to a matrix and 
a set of calibration samples to a cube, are, however, 
much more interesting because these data make it 
possible not only to detect outlying samples but 
also to determine correct analyte concentrations 
even though the analytical signal is not selective. 
This has been called the second-order advantage 
[1]. Second-order data can be achieved, for in- 
stance, by scanning multiple wavelengths at multi- 
ple times. The majority of papers published 
concerning second-order data in FIA rely on spec- 
trophotometric diode-array detection [6,7]. The 
condition for optimal use of second-order data is 
that the data structure is bilinear, which means that 
the responses are linear and additive for all ana- 
lytes and that no co-elution of analytes is allowed. 
This bilinear data structure is found in chemical 
systems obeying the Lambert-Beers law and where 
the analytes are separated in time by a column, e.g. 
in chromatographic systems combined with a 
photodiode-array detector. 

In this work, a flow injection system with an 
incorporated gel-filtration chromatographic 
column and a UV/VIS photodiode-array detector 
was used for the generation of second-order data. 
In an earlier paper [8], the application of a gel- 
filtration chromatographic column in a FIA system 
for enzymatic determination of formaldehyde in 
aqueous fish extracts was reported. In that work, 
the purpose of providing the FIA system with a 
gel-filtration chromatographic column was on-line 
removal of the protein fraction of the extract prior 
to the enzymatic analysis. The purpose of this work 

was partly to improve the possibilities of the 
application of gel-filtration chromatographic 
columns in FIA and partly to illustrate the general 
advantages of using second-order FIA data, espe- 
cially in cases where unknown spectral interferents 
are present. In that context, attention is drawn to 
an early paper [9] where the resemblance of flow 
injection analysis with chromatographic systems in 
general is discussed further. The system presented 
here is a model system where the analytes blue 
dextran, potassium hexacynoferrate(III) and hep- 
arin were chosen to illustrate the benefit of the 
methodology used. The data structure produced by 
the FIA system is a bilinear data structure, where 
each sample produces a 76 (times)x 188 (wave- 
length) matrix. Among the most common methods 
used for second-order calibration are unfolding 
methods, where the calibration cube is unfolded to 
an ordinary matrix which is then treated by stan- 
dard two-way methods (e.g. PLS). In the case of 
response matrices where each chemical component 
gives rise to a matrix of rank one, the rank 
annihilation factor analysis (RAFA) method [10] 
or the general rank annihilation method (GRAM) 
can be used [10,11] for the prediction of correct 
analyte concentration in presence of spectral inter- 
ferents. 

In this paper, the tri-linear parallel factor analy- 
sis (PARAFAC) algorithm [12-14] and the newly 
developed tri-linear partial least-squares regression 
(tri-PLS) [15] are implemented for FIA systems. 
PARAFAC is a generalization of PCA to higher 
order data arrays, but there are some important 
differences between the two methods. Tri-PLS is a 
generalization of the ordinary two-way PLS meth- 
ods. A short description of the two methods is 
given in Section 3. Compared with the unfolding 
methods, the multi-linear models are much simpler 
because they use fewer parameters. 

2. Experimental 

2.1. Apparatus 

2. I. 1. FIA system 
The FIA system used in the experiments was a 

simple one-line FIA system. All tubing employed 



I.E. Bechrnann / Talanta 44 (1997) 585 591 587 

was PTFE (0.5 mm i.d.) and the carrier stream 
was propelled by an Ismatec MS-4 Reglo 
peristaltic pump. The sample (50 btl) was aspirated 
into the valve by the same pump. The carrier 
stream was pumped through a gel-filtration 
chromatographic column (HiTrap Desalting; 
Pharmacia, Uppsala, Sweden). The detector was a 
TIDAS (Zeiss J and M Analytische Mess- und 
Regeltechnik, Germany) photodiode array 
spectrophotometer furnished with a 8 lal flow cell. 
A 12-port injection valve (made in this 
laboratory) was used for injection of the sample. 
The photodiode array starts scanning 20 s after 
injection and continues for a further 75 s at 1.0 s 
intervals. The wavelength range recorded in each 
scan is 220-594 nm (every 2 nm). Injection of one 
sample thus, generates a data matrix containing 
76 x 188 absorbances. An example of the data 
structure produced by injection of 50 lal sample is 
depicted in Fig. 1. 

2.1.2. Gel-filtration column 
The column used in this work was a HiTrap 

desalting column (Pharmacia) of dimensions 25 x 
16 mm i.d. The column is filled with Sephadex 
G-25 Superfine and has a fractionation range 
between 1000 and 5000 Da. This column shows a 
significantly better separation of low and high 
molecular weight substances than the Sephadex 
G-25 column used in the previous work [8], which 
was packed in this laboratory and consisted of a 
piece of PVC into with was machined a tubular 
cavity of 52 × 3.3 mm i.d. When not in use, the 

0 8 4  

~ o.4 

5OO 
20 

40 400 

60 " 300 

Wavelength {rim) 
Time (seconds) 

Fig. 1. Three-dimensional plot of the data matrix correspond- 
ing to injection of a mixture of blue dextran and K~Fe(CN)6. 

Table 1 
Concentrations of blue dextran and 
bration samples 

K3Fe(CN) 6 for nine call- 

Sample Blue dextran (mg ml ') K~Fe(CN)6 (mg ml --L) 

C1 0.00 0.00 
C2 2.65 0.00 
C3 5.30 0.00 
C4 0.00 0.80 
C5 2.65 0.80 
C6 5.30 0.80 
C7 0.00 1.60 
C8 2.65 1.60 
C9 5.30 1.60 

column reactor was stored filled with a 20% (v/v) 
ethanol solution in a refrigerator at 5°C to pre- 
vent microbiological growth. 

2.2. Reagents 

The samples use in the model system were made 
from stock solutions of a high molecular weight 
substance (Blue dextran, Mw ~ 106 g mol ~; 
Sigma) and a low molecular weight substance 
(potassium hexacyanoferate(III), M w =  329.2 g 
mol-1;  Merck) in degassed, distilled Millipore- 
filtered water containing 0.9% NaCI. The stock 
solutions, which contained 26.5 g 1-~ blue of 
dextran and 1.62 g 1-1 of potassium hexacyano- 
ferrate(III), were diluted with 0.9% NaC1 solution 
for the preparation of samples. A solution of 
heparin (Tinzaparine, MW ~ 4000 g tool - 1) con- 
taining 10 g 1-1 was used in some of the test 
samples as an interfering component. 

2.3. Programs 

Data collection and control of  the pump and 
valve were performed by a software package from 
J&M Analytische Mess- und Regeltechnik (Ger- 
many). All calculations were preformed in Matlab 
ver. 4.0 for Windows (Math Works), partly by use 
of PARAFAC and multi-linear PLS algorithms 
available from the lnternet at http://new- 
ton.foodsci.kvl.dk/foodtech.html (R. Bro and 
C.A. Andersson). 
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3. Theory 

3.1. Data structure 

The data structure produced by the FIA system 
is a bilinear data structure, where each sample 
produces a J (times) x K (wavelength) matrix. If 
all responses are linear and no noise is present, 
the rank of  the measured response matrix will be 
equal to the number of  chemical substances 
present in the sample. However, the true rank of  
the sample matrix is often not determinable be- 
cause of real data contain non-linearities and 
noise. For  this reason, it is necessary to determine 
a pseudo-rank instead. In the present work, prin- 
cipal component analysis (PCA) [10] is used for 
this purpose. In this context the rank equals the 
number of  principal components which is neces- 
sary to explain 99% of the variance in the re- 
sponse matrix. The dimension of the three-way 
calibration data array, X, is I x J x K, where I is 
the number of  samples in the calibration set. The 
pre-processing of  this kind of  raw data is more 
complicated than in the two-way case. In this 
work no centering and no scaling were used in the 
PARAFAC models. The data arrays used for 
tri-PLS are centered by unfolding the data array 
to a I x JK matrix and then mean center the 
unfolded matrix. No scaling was used. 

3.2. PARAFAC 

PARAFAC performs a tri-linear decomposition 
of the data array, X, and can be regarded as a 
generalization of the bilinear PCA. In PARAFAC 
the tri-linear model of X is found to minimize the 
sum of squares 

in the model 

F 

x~ik = ~ acbjjc~r+ e,jk 
f -  1 

where x~k is an element in X ( i=  1 ..... I, j =  
1 ..... J, and k = 1 ..... K), a are the scores, b and c 
are loadings in the model and F is the number of 

factors. In contrast to PCA, the number of  factors 
to be included in the PARAFAC model must be 
determined before the modelling. 

A very obvious advantage of  PARAFAC over 
PCA is the uniqueness of the solution. The load- 
ings in a spectral bilinear PCA model reflect the 
pure spectra of  the analytes measured, but it is 
not possible without external information actually 
to find the pure spectra. In the data used for the 
PARAFAC model represent a second-order data 
structure, the true analyte spectra can often be 
found directly, if only the concentrations vary 
independently pairwise and no spectra are linearly 
dependent on any of the others. In this work, 
PARAFAC is used for prediction purposes by 
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Fig. 2. (a) Normalized pure spectra of the three components. 
Dash line, blue dextan; solid line, K3Fe(CN)6; Dotted line, 
heparin. (b) Normalized concentration profiles calculated by 
alternating regression on each of the pure sample matrices. 
Lines as in (a). 
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following the strategy of principal component re- 
gression (PCR) [10]. The scores from the 
PARAFAC model are used for the predictions 
using multiple linear regression. 

3.3. T r i - P L S  

The tri-linear PLS is a natural extension of the 
ordinary bi-linear PLS method. By the tri-linear 
decomposition in tri-PLS the calibration cube X is 
decomposed into a set of rank-one cubes describ- 
ing X in some optimal sense. This does not mean, 
however, that the part of X relevant for describing 
the dependent variables (the analyte concentra- 
tions) has to be of rank one. One advantage of 
tri-PLS over PARAFAC is the incorporation of 
the dependent variables (the analyte concentra- 
tions) in the decomposition of the measured cali- 
bration cube, which might stabilize the predictive 
model. The theory of multi-linear PLS can be 
found elsewhere [15]. 

4. Results and discussion 

The samples used for calibration consisted of  
mixtures of  the two analytes, blue dextran and 
potassium hexacyanoferrate(III). The samples 
were prepared as a two-factor, three-level factorial 
design, i.e. the calibration set consisted of nine 
samples. The compositions of the calibration sam- 
ples are given in Table 1. 

An independent test set of 12 different test 
samples was prepared. To illustrate how the 
PARAFAC and the tri-PLS algorithms handle 
spectral interferents, some of the test samples in 
addition contained heparin. 

The pure spectra and the concentration profiles 
of blue dextran, potassium hexacyanoferrate(llI) 
and heparin are shown in Fig. 2(a) and (b), 
respectively. 

The spectra and time profiles are found by 
resolution of each of the three data matrices 
measured on pure standards using the alternating 
least squares (ALS) algorithm [10]. From Fig. 
2(b), it is seen that the time profiles of the dextran 
and the K3Fe(CN)6 differ owing to different reso- 
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Fig. 3. (a) Spectra found by the PARAFAC algorithm (nor- 
malized loading vectors of second mode) for the analytes used 
for calibration. Dashed line blue dextran; Solid line 
K3Fe(CN)6. (b) Time profiles found by the PARAFAC al- 
gorithm (normalized loading vectors of third mode) for the 
analytes used fbr calibration. Lines as in (a). 

lution times on the gel-filtration column. The 
resolution times of heparin and dextran are al- 
most the same owing to their molecular weights of 
close to 4000 Da and higher than 5000 Da, re- 
spectively. In the current application, the exclu- 
sion limit of the column is apparently about 4000 
Da and not 5000 Da as specified by Pharmacia. 
The spectral characteristics of the three compo- 
nents, however, are different. The data structure 
obtained by injection of a pure mixture of blue 
dextran and K3Fe(CN)6 is thus, expected to be a 
bilinear second-order data structure. 

A PARAFAC model with two components 
should give the right solution since there are two 
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Table 2 
True and predicted concentrations (in mg ml 1) obtained by the PARAFAC algorithm and tri-PLS algorithm for the 12 test 
samples 

Sample True Predicted by PARAFAC Predicted by tri-PLS Rank a 

Dextran K3Fe(CN)6 Heparin Dextran K3Fe(CN) 6 Dextran K3Fe(CN)6 

T1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - -  
T2 2.25 0.00 0.00 2.26 0.00 2.25 0.00 1 
T3 4.50 0.00 0.00 4.51 0.00 4.50 0.00 1 
T4 0.00 0.68 0.00 0,01 0.68 0.00 0.68 I 
T5 2.25 0.68 0.00 2,26 0.68 2.25 0.68 2 
T6 4.50 0.68 0.00 4.51 0.68 4.50 0.68 2 
T7 0.00 1.36 0.00 0.00 1.36 0.00 1.36 1 
T8 2.25 1.36 0.00 2.26 1.36 2.25 1,36 2 
T9 4.50 1.36 0.00 4.51 1.36 4.50 1,36 2 
T 10 3.15 0.00 2.00 3.20 0.00 3.18 0,00 2 
T11 0.00 0.80 2.00 0.00 0.80 0.00 0.80 2 
TI2 3.15 0.80 2.00 3.26 0.82 3.24 0.81 3 

The 'Rank' column indicate the pseudo-rank of the sample matrix determined by PCA. 

analytes in the calibration set. The spectral load- 
ings of a two-component PARAFAC model are 
shown in Fig. 3(a) and the corresponding time 
loadings are shown in Fig. 3(b). From comparison 
with Fig. 2(a) and (b), it is seen that the model 
estimates precisely both the pure spectra and the 
time profiles of the two analytes. 

The PARAFAC model was validated by test set 
validation with the nine samples in a calibration 
set and 12 other samples in a test set. For the 
predictions of analyte concentrations in the test 
samples, a regression model was made from the 
scores of the two-component PARAFAC model. 
For comparison, the results of using a tri-PLS 
model with two PLS components were also calcu- 
lated. The true concentrations and the concentra- 
tions predicted by PARAFAC for the 12 test 
samples are given in Table 2 together with the 
concentrations predicted by tri-PLS. The pseudo- 
rank determined by PCA of the measured data 
matrices for the 12 test samples is also given in 
Table 2. 

The rank of a sample matrix containing only 
one substance equals one and the rank of a sam- 
ple matrix containing two substances equals two, 
and analogously with three substances. This indi- 
cates that an FIA system furnished with a gel- 

filtration column acts as expected of a 
chromatographic system. 

It appears that the prediction of K3Fe(CN)6 
concentrations in the presence of heparin in gen- 
eral is better than the predictions for dextran in 
the presence of heparin. This can be explained by 
the almost identical resolution profiles of the two 
high molecular weight substances used. Compar- 
ing the predicted and actual concentrations ob- 
tained by applying the two methods on the 12 test 
samples, the root mean square error of prediction 
(RMSEP) can be calculated. The RMSEP for the 
prediction of dextran is 0.03 mg ml-J and that 
for K3Fe(CN)6 is below 0.01 mg ml ~. The pre- 
dictions obtained by tri-PLS are slightly better 
than those obtained by PARAFAC, but both the 
PARAFAC and the tri-PLS algorithms give satis- 
factory predictions in the presence of unknown 
chemical interferents. However, tri-PLS does not 
possess the uniqueness properties of PARAFAC 
and it is therefore not possible without external 
information actually to find the pure spectra of 
the analytes. If the investigated samples contain 
specific chemical components of interest, the 
PARAFAC algorithm might therefore be prefer- 
able. 
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Abstract 

The role of porphyrins in the determination of metal ions by high-performance liquid chromatography (HPLC) is 
examined. In assessing the current status of the area, recent advances and developments are discussed and future 
potential is pointed out. © 1997 Elsevier Science B.V. 
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1. Introduction 

High-performance liquid chromatography 
(HPLC) has been mainly used as a technique for 
the separation of organic solutes and its leading 
position in this role remains unchallenged. Al- 
though as early as 1972 Huber et al. [1] had 
accomplished the separation and determination of 
metal ions by HPLC, related research work in this 
field did not provoke interest until the 1980s. 
Rapid improvements in HPLC methodology and 
the application of superior metal chelate systems 
have significantly enhanced the potential useful- 
ness of HPLC for the separation and determina- 
tion of metal ions. Many reagents have been 
successfully used as ligands to form metal chelates 
pre-column, in situ or post-column, such as 
pyridylazo [2-4], thiazolylazo [5],  8-hydrox- 

* Corresponding author. 

yquinoline [6], complexones [7], diethyldithiocar- 
bamate [8] and fl-diketones [9]. 

Several reviews have been published on the 
determination of metal ions with organic chelat- 
ing reagents by HPLC [10 14]. The present paper 
stresses applications of porphyrins as ligands to 
the separation and determination of metal ions by 
HPLC. 

It is well known that a porphyrin is a kind of 
highly sensitive chromogenic reagent. Porphyrins 
and their metal chelates generally exhibit charac- 
teristically sharp and intense absorption in the 
visible region. The band at about 400-500 nm, 
which is called the Soret band, shows the most 
intense absorption. Molar absorptivities of the 
order of 105 are often recorded. 

The Soret band is regarded as the band of 
choice for the spectrophotometric determination 
of metalloporphyrins. If a porphyrin reacts easily 
and quantitatively with a metal ion, the porphyrin 

0039-9140/97/$17.00 ¢3 1997 Elsevier Science B.V. All rights reserved. 
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must be useful as a sensitive spectrophotometric 
reagent for the determination of metal ions. Many 
porphyrins, including lipophilic and water-soluble 
types, have been synthesized and used for the 
spectrophotometric determination of metals [15- 
20]. 

However, there is a major problem in utilizing a 
porphyrin for the spectrophotometric determina- 
tion of metals: the Soret bands of porphyrins and 
their metal chelates overlap so closely that the 
determination of a certain metal ion often suffers 
serious interference from other metals. When the 
method is applied to practical samples, a compli- 
cated separation procedure is often needed. 
Therefore, the simultaneous determination of dif- 
ferent metals is rarely effective. 

To solve the above problems, HPLC is the best 
choice. Considering the remarkably high stability 
of metal porphyrin chelates and the similarity of 
the chelates' absorbance, a porphyrin is an ideal 
chelating reagent for the determination of metal 
ions by HPLC. In addition, the intense color of 
the chelates should permit selective detection in 
the visible region of the spectrum. 

The authors have attempted here to include all 
the work reported on the application of por- 
phyrins to the HPLC determination of metal ions. 
Related high-performance thin-layer chromato- 
graphic (HPTLC) studies are also covered. It is 
hoped only that this review will introduce readers 
not familiar with this area to its potential useful- 
ness. 

2. Application of porphyrins in the determination 
of metal ions by HPLC 

In general, there are two types of HPLC sepa- 
ration of metalloporphyrins: the separation of 
different porphyrin complexes of a certain metal 
ion and the separation of metalloporphyrins with 
respect to their central metal ions. The HPLC 
separations of the naturally occurring porphyrins 
and metalloporphyrins are examples of the former 
type of separation [21-23] and the determination 
of trace metals as their porphyrin chelates by 
HPLC belongs to the latter type. The latter type 
of HPLC separation is more difficult because each 

metal ion is surrounded by a bulky macrocyclic 
porphyrin structure to which various organic 
functional groups are further bonded. The 
difficulty in the separation of metalloporphyrins 
increases with increase in the chemical similarity 
of the central metal ions. 

From the literature, it seems that the por- 
phyrins which have been employed as ligands for 
the separation and determination of trace metals 
by HPLC can be classified into the following three 
groups: (i) porphyrins with no substituents; (ii) 
porphyrins with substituents at positions 5, 10, 15 
and 20 (see Fig. 2 and Table 1); and (iii) por- 
phyrins with substituents on the pyrrole rings. 

2.1. Porphyrins with no substituents 

21H,23H-porphine (H2P) is the simplest syn- 
thetic porphyrin (Fig. 1). H2P and its metal 
chelates are not soluble in water. 

Wakui et al. [24] reported the HPTLC and 
HPLC behavior of several metal complexes of 
H2P. The chromatographic mobility of H2P and 
its Ni(II), Cu(II), Zn(II) and Pd(II) complexes 
were investigated by HPTLC on an octadecyl- 
bonded silica gel plate with various polar organic 
solvents. The mobility generally decreased accord- 
ing to the central metal ion of the complex in the 
order Zn(II) > H2P > Ni(II) > Pd(II) > Cu(II). 
According to the Rf data obtained for HzP and its 
metal complexes from the HPTLC study, 
methanol is a good choice of eluent for the sepa- 
ration of these metal porphyrin complexes. The 
HPLC separation of H2P and its four metal com- 
plexes was achieved on a LiChrosorb RP-18 
column using methanol or acetonitrile as mobile 
phase and the eluates were detected at 390 nm. 
With acetonitrile, the retention time of every com- 
pound was shorter than that observed with 

Fig. 1. H2P (left) and complex with divalent metal M (right). 
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Table 1 
Porphyrins with substituents at positions 5, 10, 15 and 20 

595 

Name Abbreviation Substituents Solubility in water 

meso-Tetraphenylporphine TPP Insoluble 

meso-Tetrakis(p-tolyl)porphine 

meso-Tetrakis( 3-bromophenyl)porphine 

meso -Tetrakis(4-hydroxyphenyl)porphine 

meso -Tetrakis(N -methyl-4-pyridyl)porphine 

© 
TTP Insoluble 

- - ~ C H 3  

m-BrTPP Insoluble 

_ ~ B r  

THPP Slightly soluble 

T(4-MPy)P Slightly soluble 

meso-Tetra(4-carboxyphenyl)porphine 

meso -Tetra(p -sulfophenyl)porphine 

meso-Tetrakis( 3-bromo-4-sulfophenyl)porphine 

meso-Tetrakis(4-methoxyl-3-sulfophenyl)porphine 

TCPP Soluble 

~ H  
TPPS 4 Soluble 

m-BrTPPS 4 Soluble 

T(4-MOP)PS 4 Soluble 

--•SO• OCH3 

H 
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X 

X X 

X 

Fig. 2. The general structure of porphyrins. Substituents at the 
positions marked X are numbered 5, 10, 15 and 20. 

methanol. However, the resolution between NiP, 
PdP and CuP was insufficient. It was shown that 
the metal complexes left the column without un- 
desirable changes. It is unfortunate that the au- 
thors did not apply their work to the quantitative 
determination of metal ions. 

2.2. Porphyrins with substituents at positions 5, 
10, 15 and 20 

The general structure of these porphyrins is 
shown in Fig. 2 and substituents are listed in 
Table 1. 

In Fig. 2, substituents at the positions marked 
X are numbered 5, 10, 15 and 20. For example, 
the porphyrin where all four Xs are phenyl groups 
is 5, 10 15, 20-tetraphenylporphine; this com- 
pound also has the trivial names meso-te- 
traphenylporphine and ~,fl ,7,6-tetraphenylpor- 
phine. 

2.2.1. T P P  
TPP is one of the typical synthetic water-insolu- 

ble porphyrins. In 1975, Hui et al. [25] reported 
on the TLC behavior of the TPP chelates of  
manganese, iron, cobalt, nickel, copper, zinc, 
rhodium, cadmium, mercury and lead on silica gel 
and alumina. Good separations can be deduced 
from the published Rf data. Saitoh et al. [26] 
studied the HPTLC behavior of  TPP and its 
chelates of  Mg(II), Ni(II), Cu(II), Zn(II), Cd(II), 
Mn(III) and Fe(III). Cellulose and silica gel were 
chosen for normal-phase distribution and two 

kinds of alkylated silicas were chosen for re- 
versed-phase distribution. These HPTLC studies 
clarified that the reversed-phase separation mode 
on an octadecyl-bonded silica gel coupled with a 
non-aqueous mobile phase is a good choice for 
the separation of complexes of divalent metals 
with TPP. Since metal TPP chelates are relatively 
insoluble in water and methanol, conventional 
reversed-phase systems using an aqueous mobile 
phase would not be effective in this case. 

In a later paper, Saitoh et al. [27] described the 
HPLC behavior of  TPP and its nine metal 
chelates on a C,s-bonded stationary phase. The 
retention of the chelate depends on its central 
metal ion, increasing in the order Zn( I I )<  
V(IV) < Fe(III) < Mg(II) ~ Cd(II) ~ (HzTPP) 

< Ni(II) = Pd(II) < Cu(II) < Mn(III). 
A common mobile phase used in reversed-phase 

HPLC is methanol water, whereas from the re- 
tention data for the TPP compounds obtained by 
Saitoh et al. we can see that methanol is not 
suitable for their rapid HPLC separation because 
of the considerable retention. It can be predicted 
that much larger retention volumes will be ob- 
served with methanol-water  than with methanol 
alone. Acetonitrile is not useful for similar rea- 
sons, if it is used alone. Ethanol, acetone and 
N,N-dimethylformamide give relatively small re- 
tention volumes for the TPP compounds. Taking 
account of the solubility of the TPP compounds, 
the viscosity and the cost, acetone is considered to 
be the most convenient eluent. 

The chelates of Mg(II), V(IV), Ni(II), Cu(II), 
Zn(II) and Pd(II) were separated in about 8 min 
using a LiChrosorb RP-18 column (250 z 4 mm 
i.d. 7 ~tm), with acetone-acetonitrile (40:60, v/v) 
as mobile phase at a flow-rate of  1 ml rain '; the 
eluates were detected at 420 rim. 

In order to extend the applicability of HPLC to 
the porphyrin complexes of trivalent metals, 
Suzuki et al. [28] studied the specific retention 
behavior of metal(III) TPP chelates in non- 
aqueous reversed-phase HPLC. The authors at- 
tributed the exceptionally large retention observed 
for MnTPPC1 and CoTPPC1 to the dissociation of 
the complexes in the mobile phase and the ad- 
sorption of  the cationic metal TPP complexes on 
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the unmodified surface silanol sites on the re- 
versed-phase column packing material. Any unde- 
sirable large retention could be suppressed by the 
addition of NH4C1 to the mobile phase. It is 
interesting that the retention of MnTPPC1 and 
CoTPPCI decreases dramatically with an increase 
in the concentration of NH4C1 added to the mo- 
bile phase: a linear relationship between log k' and 
log [NH4C1], with the slope of about - 1 ,  was 
observed for these two metal (III) complexes in 
the concentration range of NH4C1 from 2.5 x 10 4 
to 1.3 x 10 - 2  mol 1 1. The retention of the triva- 
lent Mn, Fe and Co complexes of MTPPCl type 
can be controlled by regulating the NH4C1 con- 
centration in the ethanolic mobile phase. The 
successful separation of Mn(III), V(IV), Fe(IlI) 
and Ni(II) complexes of TPP has been accom- 
plished by the use of ethanol containing 2.57 x 
10 -3 mol 1-1 NH4Cl as mobile phase. 

It is known that the complexes of TPP with 
rare earths (REs) are considerably less stable than 
those of other metals, e.g. Fe(II), Fe(III), Ni(II) 
and Cu(II), owing to the large ionic radii of the 
RE(Ill) ions ( > 100 pm at coordination number 
> 6) compared with the best fit (64 pm) for the 
hole in N-4 moiety of porphyrin [29]. The sup- 
pression of undesirable decomposition of the 
complexes in the chromatographic process is the 
prime requisite for the successful HPLC separa- 
tion of RE-porphyrins. 

Suzuki et al. [30] successfully developed RE-  
TPP complexes on an octadecyl-bonded silica 
TLC plate with a developing solvent containing 
both acetylacetone and diethylamine. The com- 
plexes showed high stability during the separation 
process. 

In a later study Saitoh et al. [31] examined the 
feasibility of reversed-phase HPLC for the separa- 
tion of the complexes of TPP with 12 rare earths, 
viz. Y(III), Nd(III), Sm(III), Eu(III), Gd(III), 
Tb(III), Dy(III), Ho(llI), Er(III), Wm(III), Yb(III) 
and Lu(IIl), which have very similar chemical 
properties. All these RE-TPP complexes can be 
chromatographed with high stability in their mi- 
gration process along the column with a 
methanol-water mixture containing a small 
amount of acetylacetone and an amine as mobile 
phase. The elution sequence for the RE complexes 

depends on the amine added to the mobile phase. 
The amine functions as a base which promotes the 
dissociation of Hacac to acac- ion, and accord- 
ingly the mixed ligand complex RE(TPP)(acac) is 
stabilized. Amines, particularly the mixed ligand 
complex RE(TPP)(acac) is stabilized. Amines, 
particularly di-n-alkylamines, also function as hy- 
drophobic neutral ligands with which an RE-  
TPP can form an adduct complex, and 
accordingly the retention is enhanced, The effect 
of the latter function depends on the amine used, 
which is explained in terms of a steric effect of the 
alkyl moiety in the amine molecule. The Nd, Gd, 
Tb, Dy, Ho, Er and Lu complexes are successfully 
separated in 15 min, as shown in Fig. 3. 

It appears that Saitoh et al.'s study will be 
useful in porphyrin chemistry where the separa- 
tion or purification of RE-TPP complexes is re- 
quired. However, when the method is applied to 
the determination of RE(III) ions by HPLC in 
aqueous samples, the development of a successful 
procedure for the quantitative formation of RE 
TPP complexes is still urgently needed. 

Little work has been done on the quantitative 
determination of trace metals. The scheme for the 
determination of metals has two essential points: 
quantitative chelation of the metal-TPP com- 
plexes at the microgram level and separation and 
measurement of the metal chelates within a short 
time. Reversed-phase HPLC is known to be a 

0 

?- 

I I t I I I I I I I I ' 

5 10 15 
Retention time , min 

Fig. 3. HPLC separation of RE TPP complexes. Column, 
TSK Gel ODS-80TM (150 x 4.6 mm i.d., 5 t~m); mobile phase, 
methanol water Hacac-TEA (90:10:0.5:0.68, v/v); flow-rate, 
0.8 ml rain ~; detection at 555 nm. 
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promising technique for the separation of several 
me ta l -TPP chelates. Accordingly, the most ur- 
gent need is to establish a suitable procedure for 
the preparation of  these chelates. Several methods 
are available for the preparation of  metal por- 
phyrin chelates [32]. However, these are useful on 
a preparative rather than an analytical scale and 
the quantitative nature of the reaction has been 
little studied. Saitoh and Suzuki [33] described 
procedures for the quantitative formation of  TPP 
chelates of  Ni(II), Cu(II) and Zn(II) and the 
simultaneous determination of  these metals in 
NBS SRM bovine liver. The metal ions were 
extracted as their diethyldithiocarbamate (DDC) 
chelates from an aqueous solution into carbon 
tetrachloride. The extract, after removal of the 
solvent, was treated with TPP in benzyl alcohol at 
140°C for 60 rain. Quantitative conversion of the 
DDC chelate into the TPP chelate was obtained 
over the range 0.25-4.5 lag of each metal by use 
of 3 IJmol of  TPP. The conversion procedure may 
be demonstrated as follows: 

chelates with Cu(II), Pb(II), Zn(II) and Cd(II). 
First, the metal ions reacted with TPP in N,N- 
dimethylformamide (DMF) at 100°C for 25 rain 
with solid NaOH as catalyst. After the solution 
had cooled to room temperature, pure benzene 
was used to extract the MTPP chelates from the 
D M F  solution. 

The HPLC separation was achieved on a Mi- 
cropak MCH-5 column (150 x 4 mm i.d.). The 
mobile phase was methanol-water  chloroform 
(94:1:5, v/v) and the eluates were detected at 425 
nm. The detection limits were 0.04 ng for Cd(II), 
0.16 ng for Pb(II), 0.20 ng for Cu(II) and 0.005 ng 
for Zn(II). The method was applied to the deter- 
mination of metal ions in electroplating waste 
liquor and tin alloy. 

From the papers that have been published on 
the HPLC of  TPP chelates, we can see that most 
research work has been focused on the retention 
behavior of the chelates from theoretical view- 
points. As the TPP reagent is insoluble in water, 

M2 + DDC Et, ,S. ,,S ,Et TPP ( ~ F  ~r'-N, 
) / N C  M CN.,, ) 

aq./olrg 1 Et S / S ~ Et in org 2 

. (o o c)2 MTPP 

Saitoh and Suzuki's extraction step with DDC 
not only facilitates metal TPP chelate formation 
but also pre-separates the metal ions of interest 
from a complicated real sample. However, the 
extraction and conversion procedure is compli- 
cated and time-consuming. Accordingly, a high 
level of operator skill is required to minimize the 
loss of  metal ions during the sample preparation 
procedure. It appears that an easier procedure for 
the formation of metal TPP chelates is needed. 

After the extraction and conversion step, TPP 
and its Ni(II), Cu(II) and Zn(II) chelates were 
separated on a LiChrosorb RP-18 column (250 x 
4 mm i.d. 7 I~m) with acetone-acetonitrile (40:60, 
v/v) as the mobile phase. The flow-rate was 1.3 ml 
min ~ and the eluates were detected at 412 nm. 

Liu and Huang [34] reported another feasible 
procedure for the quantitative formation of TPP 

the quantitative formation of  the TPP chelates is 
difficult to achieve. Thus the application of the 
HPLC determination of  metal ions with TPP as 
chelating reagent is limited. 

2.2.2. TTP 
Kobayashi et al. [35,36] investigated the migra- 

tion behavior of m e t a l -TTP  complexes in 
HPTLC systems with cellulose, silica gel and oc- 
tadecyl-bonded silica gel thin layers. Although the 
central metal atom is small in size relative to the 
porphyrin molecule and accordingly it is sur- 
rounded by the large cyclic organic structure of 
porphyrin, the mobility of  m e t a l - T T P  complexes 
depends considerably on the central metal ion. It 
is considered that the central metal of  a TTP 
complex influences the u-electron system of the 
metalloporphyrin with which the polar adsorbent 
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Fig. 4. Chromatogram of metal -m-BrTPP complexes. 
Column, YQG-C]8 (150 × 5 mm i.d., 5 p.m); mobile phase, 
methanol acetonitrile (65:35, v/v); flow-rate, 1.0 ml ra in-  
and 3,0 ml m i n -  ~ after Pb has eluted; detection at 420 nm; 
sensitivity, 0.05 a.u.f.s; injection volume, 20 ~tl containing 10 
ng Mg and Zn, 55 ng Cd and Fe, 65 ng Sn, 80 ng Ni, 85 ng 
Pb, 130 ng Cu and 145 ng Ag. 

interacts. From the work of Kobayashi et al., we 
can conclude that a Cl~-silica plate with a non- 
aqueous eluent is more convenient and effective 
for the separation of metal-TTP complexes. 

On the basis of the HPTLC studies, Kobayashi 
et al. [37] successfully separated the TTP com- 
plexes of Mg, VO, Ni, Cu, Zn and Pd in about 10 
min on a LiChrosorb RP-18 column (250 x 4 mm 
i.d., 7 ~tm) with acetone-acetonitrile (70:30, v/v) 
as mobile phase at a flow-rate of 1 ml rain '; 
detection was achieved at 420 nm. 

The above work has further confirmed the fea- 
sibility of the reversed-phase separation mode us- 
ing a non-aqueous solution as mobile phase for 
the separation of metal chelates with water-insolu- 
ble porphyrins. 

2.2.3. m-BrTPP 
Cheng et al. [38] synthesized m-BrTPP and for 

the first time used it as chelating reagent for the 
reversed-phase HPLC separation and determina- 
tion of  Sn, Mg, Cd, Zn, Fe, Pb, Ni, Cu and Ag 
with a non-aqueous mobile phase. The chro- 
matogram is shown in Fig. 4. This method can 

determine more metal ions than any other HPLC 
method using porphyrins as chelating reagents. It 
is unfortunate that these authors did not apply 
their method to the determination of metal ions in 
practical samples. 

2.2.4. THPP 
Igarashi et al. [39] described the simultaneous 

determination of small amounts of Cu(II) and 
Zn(II) with THPP by HPLC. The chelation proce- 
dure is as follows: place a sample solution con- 
taining up to 2.0 ~tg of Cu(II) and Zn(II) in a 100 
ml round-bottomed flask and add 5 ml of ethanol, 
1 ml of pH 8.0 8.5 buffer solution and 5 ml of 
5 x 10 5 tool 1 ~ THPP ethanol solution. Heat 
and reflux the mixture for 10 min and allow to 
cool to room temperature, then dilute to 25 ml 
with water. 

The metal chelates were separated on a Radial 
Pak C,s column (100 x 8 mm i.d.) with ethanol-- 
water (75:25, v/v) as mobile phase; the eluates 
were detected at 420 nm. The method was success- 
fully applied to the determination of  Cu and Zn 
in tap water; 0.70 ppb of Cu(II) and 91. 5 ppb of 
Zn(lI) were detected. 

As THPP is slightly soluble in water, the quan- 
titative formation of the MTH P P  complexes can 
be easily performed in aqueous solution. The 
HPLC determination can be achieved using the 
conventional reversed-phase mode. 

2.2.5. TMPyP 
Igarashi et al. [40] reported on the simultaneous 

determination of Cu(II), Zn(II) and Pd(II) by 
HPLC with TMPyP as chelating reagent. The 
recommended procedure is as follows: place a 
sample solution containing up to 2.0 ~tg of metal 
ions in a 50 ml beaker and add 1 ml of 1 x 10 4 
mol 1 ' TMPyP solution and 2 ml of buffer 
solution (pH 5.0--7.0). Boil the mixture for 30 
min, allow to cool to room temperature and then 
dilute to 25 ml with water. 

Separation was performed on a Radial Pak 
column (silica, 100 x 8 mm i.d.). The mobile 
phase was H20-CH3COOH (1:1, v/v) containing 
0.35 mol 1 ~ of sodium dodecy sulfate (SDS) at a 
flow-rate of 1.0 ml min ~; the eluates were de- 
tected at 430 nm. The peak height calibration 
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curves for these metal ions were linear in the 
range 0-0.08 lag m l -  

2.2.6. TCPP 
Igarashi et al. [41] described the simultaneous 

determination of small amounts of Cu(II), Zn(II), 
Co(II) and Mn(II) with water-soluble TCPP by 
reversed-phase HPLC. The procedure is as fol- 
lows: prepare a sample solution containing up to 
1.6 lag of Cu(II), Zn(II), Mn(II) and Co(II) in a 25 
ml amber-colored volumetric flask, then add 2 ml 
of 1 × 10 - 4  mol 1 -~ TCPP, 0.25 ml of 1 mol 1 
pyridine solution, 0.5 ml of 0.1 mol 1 -~ sodium 
tetraborate buffer solution (pH 9.3) and 1 ml of 
1 × 10 -4 tool 1-~ mercury(II) solution. Leave to 
stand at room temperature for 30 min and dilute 
to 25 ml with water. 

For HPLC, the mobile phase was a 1:1 (w/w) 
mixture of acetonitrile and acetic acid-sodium 
acetate buffer solution (pH 3.5) at a flow-rate of 
0.5 ml min 1. The column was a Merck CGC 
glass cartridge of LiChrosorb RP-18 (150 × 3.2 
mm i.d., 5 lam). The absorbance was measured at 
420 nm. The peak height calibration curves for 
these metal ions were linear over the range of 
4 x 10- 8_ 1 x 10- 6 mol 1- ~. The method was 
applied to the determination of Cu(II), Zn(II) 
Co(II) and Mn(II) in water. 

2.2. 7. TPPS4 
Xu et al. [42] used TPPS4 as a chelating reagent 

and proposed a new method for the rapid separa- 
tion and determination of trace amounts of 
Cu(II), Zn(II), Fe(II) and Mn(II) by reversed- 
phase ion-pair HPLC. The chelation procedures 
are as follows: place 0-0.6 ml of standard solu- 
tion containing Cu(II), Zn(II), Fe(II) and Mn(II) 
at concentrations of 10 lag ml -~ in a 25 ml 
anaber-colored volumetric flask, add 3.0 ml of 
1.4 × 10 - 4  mol 1 - t  TPPS4, 5.0 ml of acetate 
buffer (pH 4.1), 1.0 ml of 0.01% beryllium II and 
2.0 lag of Hg(II) and dilute the solution to 15 ml 
with water. Heat the solution for 45 rain in boil- 
ing water, allow it to cool to room temperature 
and dilute to 25 ml with water. 

The chelates were separated on a LiChrosorb 
RP-18 column (200 × 4.6 mm i.d., 5 lain). The 

mobile phase was acetonitrile-water (40:60, v/v) 
containing 8 mmol l - t  tetrabutylammonium bro- 
mide (ion-pair reagent) and 10 mmol 1-~ acetic 
acid-sodium acetate buffer (pH 4.1). The eluates 
were detected at 420 nm. The chromatogram is 
shown in Fig. 5. 

The authors claimed that the detection limits 
for Mn, Zn, Cu and Fe were 3.6, 0.93, 0.70 and 
1.8 ppb, respectively. This method was success- 
fully applied to the determination of Cu, Zn, Fe 
and Mn in a standard sample of peach leaves and 
the analytical results were in agreement with stan- 
dard reference values. 

Similar work was done by Leiet al. [43]. The 
chelation reaction of TPPS 4 with Cu(II), Co(II), 
Mn(II) and Zn(II) was optimized by catalyzing it 
with Hg(II) and in the presence of pyridine. For 
the HPLC separation of the metal ions, the au- 
thors employed benzyltriethylammonium chloride 
as counter ion. They proposed a rapid method for 
the determination of Cu(II), Co(II), Mn(II) and 
Zn(II) within 12 min. The detection limits were 
0.42, 0.28, 0.23 and 0.09 ppb for Cu, Co, Mn and 
Zn, respectively. 

These authors found that the peak of CoTPPS4 
was not good and overlapped that of MnTPPS4 
when pyridine was not added to the mobile phase. 

F* 

Mn 

TPPS 

Cu 

I 

I I . ! 3~0 I 
0 IO 20 40 
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Fig. 5. Chromatogram of TPPS 4 and its metal chelates. 
Column, LiChrosorb RP-18 (200 × 4.6 mm i.d., 5 I.tm); mobile 
phase, acetonitrile-water (40:60, v/v), containing 8 mmol I -  
TBABr and 10 mmol 1-1 H O A c - N a O A c  buffer (PH 4.1); 
flow-rate, 1.0 ml min - J; detection at 420 nm; sensitivity, 0.002 
a.u.f.s; injection volume, 10 lal. 
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It was deduced that pyridine participates in the 
pre-column chelation process. Adding pyridine to 
the mobile phase can suppress the breakaway of 
pyridine from CoTPPS 4 and make the peak of 
CoTPPS4 sharp and separated from that of 
MnTPPS4. 

In subsequent papers, Lei and co-workers ap- 
plied the method to the determination of Cu(II) 
and Zn(II) in peanuts [44] and Mn(II), Zn(II) and 
Cu(II) in tea [45]. 

2.2.8. rn-BrTPPS4 
Xu et al. [46] synthesized a new water-soluble 

porphyrin reagent, m-BrTPPS4, and successfully 
used it as a pre-column chelating reagent for the 
determination of Mn(II), Fe(III), Zn(II), Pd(II) 
and Cu(II) by reversed-phase ion-pair HPLC. 

The complexes were quantitatively formed ac- 
cording to the following procedure: add 3 ml of 
1.5 x 10 4 mol 1 ~ m-BrTPPS4, 5.0 ml of 1.0 mol 
1-~ acetate buffer (pH 4.1), 1.0 ml of 0.01% (w/w) 
beryllon II and 2.0 pg of Hg(II) to a sample 
containing Cu(II), Zn(II), Pd(II), Mn(II) and 
Fe(II), dilute the mixture to about 15 ml and heat 
the solution in boiling water for 45 rain. 

For HPLC analysis, a LiChrosorb RP-18 
column (200 x 4.6 mm i.d. 5 ~tm) was employed. 
The mobile phase was CH3CN-HzO (45:55, v/v) 
containing 2.0 mmol 1 1 tetrabutylammonium 
bromide and 10 mmol 1 1 acetate buffer (pH 5.0), 
at a flow-rate of 1.0 ml min-~. The detection 
wavelength was 420 nm. The authors claimed that 
the limits of detection (20 pl injected) were 160 pg 
for Mn, 79 pg for Fe, 70 pg for Pd, 36 pg for Cu 
and 31 pg for Zn. 

Xu and co-workers also used m-BrTPPS4 as a 
chelating reagent. For the quantitative determina- 
tion of metal ions by reversed-phase HPLC, they 
used tetraethylammonium iodide (TEAI) as coun- 
ter ion. This method was applied to the determi- 
nation of trace amounts of Co(II), Zn(II) and 
Cu(II) in river water [47], tangerine skin and 
purple rice [48]. 

2.2.9. T ( 4 - M O P ) P S 4  
Xu et al. [49] published a reversed-phase ion- 

pair HPLC method for the determination of 
Co(II), Zn(II) and Cu(II) in tangerine skin and 

\ . . /e .~ 

m 

.J 

Fig. 6. Structural formula of RE(OEP)(acac) (R = ethyl). 

purple rice with T(4-MOP)PS4 as pre-column 
chelating reagent. The chelation procedure was 
performed as follows: add 0-3.0 pg of Co(II), 
Zn(II) and Cu(II), 3.0 ml of T(4-MOP)PS4, 2.0 ml 
of pH 4.0 buffer, 1.0 ml of 0.2% hydroxylamine 
and 1.0 ml of 0.03% 8-hydroxyquinoline-5-sul- 
fonic acid to a 10 ml colorimetric tube and heat 
the tube in boiling water for 12 min. A Zorbax 
ODS column (150 x 4.6 mm i.d., 5 ~tm) was used 
with acetonitrile-water (31:69, v/v) containing 
0.040 mol 1 ~ TEAI and 0.020 mol 1 ~ HOAc- 
NaOAc buffer (pH 6.0) as mobile phase at a 
flow-rate of 1.0 ml min 1. The column tempera- 
ture was 40°C and the eluates were detected at 
418 nm. The complexes and porphyrin were sepa- 
rated within 12 min. The authors claimed that the 
detection limits for Co, Zn, and Cu were 0.12, 
10.12 and 0.35 ng, respectively. 

2.3. Porphyrins with substituents on the pyrrole 
rings' 

2.3. I. Octaethylporphyrin 
Octaethylporphyrin (OEP) is a kind of water- 

insoluble porphyrin which has been frequently 
used as a model porphyrin similarly to TPP in 
studies relating to porphyrins. In OEP, eight ethyl 
groups are bonded to eight fl-pyrrole positions. 

Shibata et al. [50] studied the reversed-phase 
HPLC behavior of the complexes of OEP with 11 
trivalent REs viz., Y, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tin, Yb and Lu, on an octadecyl-bonded silica 
gel column. The complexes were prepared in the 
form of RE(OEP)(acac) as shown in Fig. 6. 



602 Z. Shi, C. Fu / Talanta 44 (1997) 593-604 

All these complexes can be eluted without de- 
composition with a methanol-water mixture that 
contains a small amount (about 1%) of acetylace- 
tone (Hacac) and an amine. A amine added to the 
mobile phase with a small amount of Hacac func- 
tions as a base which enhances the stability of the 
RE(OEP)(acac) complexes and accordingly sup- 
presses their undesirable adsorption on the sta- 
tionary phase material. The second useful 
function of the amine is with regard to the selec- 
tivity and the elution sequence for the RE-OEP 
complexes. The retention selectivity depends on 
the amine used. The effect of dialkylamines in 
particular on the retention sequence of RE-OEP 
complexes is different from that for RE-TPP 
complexes [30]. 

OEP has not been used for the quantitative 
determination of rare earth elements owing to the 
difficulty of chelate formation. More research 
work should be focused on the quantitative for- 
mation and determination of RE-OEP com- 
plexes. 

in a reversed-phase system. These four com- 
pounds were successfully separated within about 8 
rain on a Lichrosorb RP-18 column (250 x 4 mm 
i.d.) with methanol-phosphate buffer (pH 3) 
(85:15, v/v) as the mobile phase, at a flow-rate of 
1 ml min-~. The elution of the compound was 
monitored spectrophotometrically at 398 nm. The 
retention order was ZnP < (Hp) < NiP < CuP. 
This metal order with respect to the increase in 
retention is comparable with those observed for 
metal complexes of porphyrins more hydrophobic 
than Hp, such as TPP, TTP and porphine, on 
LiChrosorb RP-18 column with a non-aqueous 
polar mobile phase. 

It was suggested that the retention order of the 
central metals of the metal porphyrin complexes 
shown above would be valid for various metal- 
loporphyrins irrespective of whether the por- 
phyrin ligand contains hydrophobic functional 
groups. It is unfortunate that the authors did not 
apply their method to the quantitative determina- 
tion of metal ions. 

2.3.2. Hematoporphyrin IX (Hp) 
Hp is well known as the first porphyrin to be 

isolated from natural materials. Hp and its metal 
complexes have been of increasing interest from 
the medical point of view because of their useful- 
ness in the diagnosis and chemotherapy of malig- 
nant tumors [51-53]. The general structure of a 
metal (II)-Hp complex (MHp) is illustrated in 
Fig. 7. 

Suzuki et al. [54] described the behavior of Hp 
and its complexes with Ni(II), Cu(II) and Zn(II) 

H 3 C ~ ( Q I I ) C H  3 

Fig. 7. Structural formula of a metal(II) hematoporphyrin IX 
complex. 

3. Conclusions 

Because of the widespread occurrence and bio- 
logical importance of metalloporphyrins in plants 
and animals, the chemistry of these compounds 
are of interest to workers in a variety of fields. 
Porphyrins are attractive from the analytical point 
of view because of their very high molar ab- 
sorbance. The main problem in utilizing a por- 
phyrin as a chelating reagent for the HPLC 
determination of metal ions is that the formation 
of the metal chelates is often difficult. To enhance 
the rate of metalloporphyrin formation, the fol- 
lowing procedures have been employed: (i) heat- 
ing; (ii) the use of reducing agents such as 
hydroxylamine and ascorbic acid; (iii) addition of 
an aromatic heterocyclic base such as pyridine 
and imidazole; (iv) the use of a substitution reac- 
tion with cadmium or mercury porphyrins; (v) the 
use of porphyrins with substituents at the pyrrole 
nitrogens; and (vi) the introduction of functional 
groups binding metal ions in the vicinity of the 
porphyrin nucleus. 
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Among the porphyrin compounds, the water- 
insoluble type are relatively easy to synthesize in 
reasonable yields. As they are not soluble in wa- 
ter, the preparation of metal chelates cannot be 
accomplished in aqueous solution and compli- 
cated extraction procedures are often needed. 
Moreover, the porphyrins and their metal chelates 
are not easy to separate using the conventional 
reversed-phase HPLC mode. From papers that 
have been published on the separation of water- 
insoluble metalloporphyrins, we can see that non- 
aqueous reversed-phase HPLC has been employed 
by most workers. 

Water-soluble porphryins are relatively difficult 
to synthesize and the yields are much lower, but 
their solubility in water makes it easy to prepare 
metal chelates in aqueous solution and the metal 
chelates can be separated by ion-pair reversed- 
phase HPLC. However, water-soluble porphyrins 
are usually synthesized by binding hydrophilic 
groups with water-insoluble porphyrins, thus 
making the molecule large and difficult to sepa- 
rate on a normal column. 

To solve the above problems, more research 
work should be conducted. The following are the 
aspects that should be addressed in the future: 

(i) study of easier procedures for the prepara- 
tion and purification of porphyrins; 

(ii) synthesis of new porphyrins which have 
superior chromatographic properties and high 
sensitivities; 

(iii) study of new methods for the quantitative 
formation of metal porphyrin chelates, with spe- 
cial attention to the quantitative reaction of wa- 
ter-insoluble porphyrins with metal ions in 
aqueous solution; 

(iv) extension of HPLC to the determination 
of more metals as their porphyrin chelates; 

(v) application of porphyrins to speciation 
studies; 

(vi) application of published methods to the 
determination of metal ions in practical samples; 
and 

(vii) enhancement of the application of HPLC 
to the separation and determination of naturally 
occurring complexes. 
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Abstract 

Electrochemical sensors for hydroperoxides based on thin flowing films were investigated. The sensor is composed 
of two segments of Nation tubing put on a silver wire. A small portion of the silver wire is exposed and is chloridized 
to function as the reference electrode. One Nation segment has a Pt-wire coil wrapped on it to function as the counter 
electrode and the other has a similar Pt-Rh wire coil that functions as the working electrode. A collection solution 
flows as a thin film on the sensor surface and also functions as the collection medium. Hydrogen peroxide and cumene 
hydroperoxide were examined as test compounds. The former can be oxidatively determined with a Pt-Rh electrode 
over a large range (ppb-ppm) without any significant influence of relative humidity. By using a technique to stop the 
liquid flow, the sensitivity can be further improved. Cumene hydroperoxide, an industrially important hydroperoxide, 
can be determined easily with a relative precision of better than 5% in the vapor phase over simulated process reaction 
mixtures containing percentage levels of the analyte by reduction on a Pd electrode. The sensor is simple and 
inexpensive to fabricate and requires only a suitably equipped personal computer for operation. © 1997 Elsevier 
Science B.V. 

Keywords: Electrochemical sensor; Hydroperoxides; Renewable liquid film 

I. Introduction 

In recent years, we have been fascinated by 
utility o f  small liquid drops and thin films for 
sample collection in biphasic systems, such as the 
collection o f  a gaseous analyte or  solvent extrac- 
tion, with analysis either in situ or on-line [1-7]. 
While much of  this work has focused on the use 
o f  optical detectors, is was realized f rom the in- 
ception [1] that  electrochemical detection should 
provide a very powerful means o f  in situ detection 

* Corresponding author. 

in these systems. Liquid drops and films have had 
a long history in electrochemistry in particular, 
the recognition that  falling drops cont inuously 
provide a highly reproducible and renewable sur- 
face led to the dropping mercury electrode (DME)  
[8]. The invention o f  the D M E  ushered in the 
modern  era o f  instrumental  analytical methods 
and resulted in the 1959 Nobel  Prize in Chem- 
istry, the first related to instrumental analysis [9]. 

The D M E  itself operates best in the analytical 
concentra t ion range 10 3 - 1 0 - 5  M. Below an 
analyte concentra t ion o f  10-5 M, the background  
current becomes comparable  with the diffusion 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9t40(96)02069-3 
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current due to the analyte, thus restricting any 
further improvement in the limits of detection 
(LODs) in classical polarography. On the other 
hand, if a renewable liquid film is made to cover 
conventional metallic electrodes, it may be possi- 
ble to determine much smaller analyte concentra- 
tions in the liquid. Mercury film electrodes, for 
example, have been extensively used to improve 
sensitivities and detection limits over those attain- 
able with conventional solid electrodes [10-14], 
although the stability of such electrodes may be a 
problem [15]. Looking at more conventional liq- 
uids for forming a film for electrochemical sens- 
ing, if the liquid film is of suitable composition, 
such a film can be used for the collection of 
gaseous analytes, with the film serving as a minia- 
ture sampler/preconcentrator. If the analytes col- 
lected into the film are electroactive, 
electrochemical sensing would be simple and at- 
tractive. 

Hydrogen peroxide is an important atmo- 
spheric oxidant [16] and we have been interested 
in the atmospheric measurement of H20 2 for 
some time [17,18]. Hydrogen peroxide is also used 
as a sterilizing agent in bioreactors and for safety 
reasons it is desirable to have a means for moni- 
toring residual concentrations after sterilization 
has been completed. Hydroperoxides (of which 
H202 is the simplest member) are reactive oxi- 
dants that are electroactive. Some organic perox- 
ides are also industrially important as 
polymerization initiators and cross-linking agents, 
dicumenyl peroxide (DCP) being particularly im- 
portant [19]. DCP is typically produced from 
cumene hydroperoxide (CumHO2). A typical reac- 
tor mixture may contain an aromatic alcohol 
(such as phenylpropan-2-ol) or phenol, a ketone 
such as acetone or acetophenone and cumene. 
CumHO2 itself may also be used for the radical 
polymerization of methacrylates [20] and the acid 
hydrolysis of CumHO2 to yield acetone and phe- 
nol is a major means of production of the latter 
two compounds, necessitating the use of CumHO2 
in quantities of many thousands of kilograms [21]. 
In a typical industrial application, it may be desir- 
able to control the concentration of CumHO2 at 
the levels below 10%. Rather than sampling the 
complex liquid mixture, monitoring the vapor 

phase in the reactor is an attractive alternative for 
monitoring the CumHO2 content. Electrochemical 
sensors for H~O2 are well known [22]. In the 
present work, we explored the utility of a renew- 
able film-based electrochemical sensor for measur- 
ing hydroperoxides from low ppb levels of 
gaseous H202 to vapor phase CumHO2 present in 
percentage levels over the liquid. 

2. Experimental 

2.1. Reagents and materials 

A stock solution of 1 M H~O2 was prepared 
from 30% H202 (Fisher) and standardized by 
iodimetry [23]. Lower concentrations of H202 
were prepared fresh daily from this stock solution. 
Nation tubing (dry dimensions 1 mm o.d., 0.8 mm 
i.d.) was obtained from Perma-Pure Products 
(Toms River, N J, USA). Non-conductive epoxy 
adhesive was obtained from Decon (Danvers, 
MA, USA). Platinum, palladium, platinum/ 
rhodium (30%) and silver wires were obtained 
from Aesar (Ward Hill, MA, USA). 

2.2. Instrumentation 

Fig. 1 shows a computerized electrochemical 
analyzer consisting of a potentiostat and a current 
to voltage converter. An LF353N (National Semi- 
conductor) dual BiFET operational amplifier (A1 
and A2) integrated circuit forms the basis of a 
potentiostat to provide a constant potential for 
conventional amperometry or a pulsed potential 
for pulsed amperometry. The A3 amplifier func- 
tions as a current to voltage converter to monitor 
the sensor current. The reference electrode R, the 
counter electrode C and the working electrode W 
in the electrochemical sensor S are connected to 
the non-inverting input of A2, the output of A1 
and the inverting input of A3, respectively. The 
rotary switch P selects the feed back gain resistor 
(10 Kf~ 10 Mf~). An 80486 class PC operating at 
33 MHz is interfaced with the electronic circuit 
via a 12-bit A/D-D/A board (Flash-12 high 
speed analog and digital I/O card, Strawberry 
Tree, Sunnyvale, CA, USA) for controlling instru- 
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Fig. 1. PC-based electrochemical detection system. AI-A3 = FET-input operational amplifier; S = sensor (C, R, W = counter, 
refernece and working electrodes); F I2DB = Flash-12 and daughter board housing D/A and A/D units and digital output-controlled 
relays (D-O-l, D-O-2) that govern valves V1 and V2. 

ment operation and data acquisition. The digital 
to analog converter (D/A) can generate a constant 
voltage for amperometric measurements or any 
desired pulsed waveform for pulsed amperometric 
measurements. The analog to digital converter 
(A/D) acquires data from the A3 output. The 
digital outputs D-O-1 and the D-O-2 provide 
independent means for controlling valves V1 (see 
Fig. 2) and V2 (valve for stopping liquid flow, see 
below). Instrument control and operation are con- 
ducted by software written in-house in C and 
available from the authors on request. The opera- 
tional details are given below. 

2.3. Test  arrangement 

The sampling manifold and test gas generation 
device (reactor-simulator) are shown in Fig. 2. 
All gas flows are metered by mass flow controllers 
(Model FC-280, Tylan General, Torrance, CA, 
USA). Compressed house air is fed through a 
pressure regulator and purified by column C, 
containing sequential beds of  silica gel and acti- 
vated carbon. The pure air flow is then divided 

into three streams. One stream, metered through 
M4 (maximum 500 cm 3 rain - l), flows into the gas 
generator. For H202, the gas generator is a length 
of porous hydrophobic membrane immersed in 
H202 solution of known concentration; the exit 
gas is in Henry's law equilibrium with the solu- 
tion. Details of such an H202 source are given 
elsewhere [24]. The exit H202 concentration is 
readily computed from published Henry's law 
data for H202. 

To test the feasibility of  monitoring CumHO2 
in a reactor that may typically contain 49% phe- 
nol, 23% acetone, 15% cumene and 3% CumHO2 
by weight, we mimicked this composition in the 
generating liquid except that acetontirile was sub- 
stituted for cumene. The amount of CumHO2 was 
varied by varying the CumHO2 and acetonitrile 
content, maintaining a constant amount of phenol 
and acetone. Approximately 150 ml of this liquid 
was put in a 500 ml capacity Erlenmeyer flask, 
with the air inlet tube located 1 cm above the 
liquid surface and the exit tube 1 cm below the 
silicone-rubber stopper. The gaseous CumHO2 
output from this source was stable, but the exact 
gas phase concentration was not determined. 
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Fig. 2. C = silica gel/activated carbon column for air pruification; M I-M4 = mass flow controllers (M 1 controls sampling rate, M2 
controls zero (pure) air flow, M3 controls dilution air (may be partially humidified, see text) and M4 controls flow through the test 
gas generator (depicted as a bottle)); VI = three-way PFA Teflon solenoid valve. 

The exit gas from the generator is diluted by 
pure dry air metered by M3. The gas concentra- 
tion generated in the merged stream is thus con- 
trolled by choosing an appropriate flow-rate ratio 
of M4 and M3. The humidity of the test gas was 
varied by dividing the stream after M3 into two 
parts and putting a controlled amount through a 
water bubbler, then recombining the wet and dry 
streams before addition to the gas generator out- 
put. The humidity of the final mixture was mea- 
sured by a capacitance-type relative humidity 
probe. 

Either the test gas stream or the purified air 
metered by M2 is selected by three-way pe- 
rfluoroalkoxy (PF) Teflon valve V (Flouroware, 
Chaska, MN, USA) to be sampled by the sensor. 
The gas is aspirated by the air pump P at a 
flow-rate determined by M1 (1 1 min-~, unless 
stated otherwise). All remaining flow streams are 
vented. 

2.4. Sensor fabrication 

Fig. 3 shows the sensor construction. Two 15 
mm long segments of Nation tubing are slipped 
over a 1 mm diameter silver wire, leaving a 1.5 
mm segment of bare silver surface exposed be- 
tween the two tube segments. The exposed silver 
is anodically chloridized for 10 min in a solution 

of 0.01 M HC1. This functions as the reference 
electrode (RE). A 0.2 mm diameter platinum wire 
is coiled on to one segment of the Nation tubing 
to function as the counter electrode (CE) and a 
0.25 mm diameter Pt/Rh (30% Rh) or a Pd wire 
(127 lain) is coiled on to the other, downstream, 
segment of the Nation tubing to function as a 
working electrode (WE). The assembly is then put 
into a polypropylene T-fitting T1 (3/32 in 1.8 mm 
i.d.), leaving the working electrode exposed out- 
side the bottom end of the fitting. Epoxy adhesive 
is then liberally applied to cover up the top end of 
the fitting with the electrode connections protrud- 
ing. Liquid (see below) is pumped by a syringe 
pump (Model 341, Sage Instruments) through the 
tee arm and flows as a thin film on the surfaces of 
the CE, the RE and the WE, forming eventually a 
drop at the tip of the sensor that periodically falls. 
The sensing arm of T1 is inserted through a hole 
drilled into another, larger, tee T2 (6.5 mm i.d.), 
directly on the top of the vertical arm of the 
latter. The sample gas enters through both the 
horizontal arms of T2, connected to a common 
inlet. The sample is aspirated concurrent to the 
liquid flow, first coming directly in contact with 
the film covering the WE. (Because the incoming 
sample gas directly contracts the bottom Nation 
segment, it is advantageous to have the working 
electrode located on this segment. If the sensor 
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Fig. 3. Sensor arrangement. TI = sensor tee; RE = reference electrode; CE = counter electrode; WE = working electrode: T2 = gas 
inlet tee (connected to VI, Fig. 2); T3 = gas outlet tee (connected to MI, Fig. 2); B = waste bottle. 
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Fig. 4. Cyclic voltammograms of gas phase (a) H202 and (b) CumHO2. Sensor construction and film composition are indicated in 
the text. Liquid and gas flow-rates are 15.3 ~l min-~ and 1 1 rain-t ,  respectively. 

assembly were to be placed further down T1 such 
that the entering sample gas first contacts the top 
Nation segment, the working electrode would be 
best placed on the top segment). Following a 
short length of connecting PFA tubing, the gas 
exits at the bottom through another tee T3 while 
waste liquid is collected in a bottle B. 

3. Results and discussion 

3. I. Sensor parameters 

H202 can  be determined either by oxidation to 
02 or reduction to water, while other hydropeox- 
ides are determined by reduction. In atmospheric 
samples, to avoid interference from other concur- 
rently present oxidants, H202  is preferably deter- 
mined by oxidation. Sensor parameters that are 
readily selected include the choice of the electrode 
material, the film-forming solution and the nature 
of the reference electrode. In the present work, 
many combinations of the sensing and counter 
electrode materials were investigated. For the oxi- 

dation of hydrogen peroxide, the best working 
electrode was found to be Pt/Rh (30% Rh), while 
Pd was found to be the best electrode material for 
the reductive determination of CumHO2. Regard- 
ing the choice of a reference electrode, a silver/sil- 
ver chloride electrode is convenient, inexpensive 
and easily miniaturized. A minimum concentra- 
tion of chloride is necessary for the electrode to 
maintain a constant reference potential; this can 
be accomplished by incorporating some constant 
concentration of chloride in the film-forming solu- 
tion. 

As a suitable sink for H202, water itself is 
sufficient. To promote the formation of a 
smoothly flowing film, a surfactant such as Triton 
X-100 (TX-100), 0.3% in concentration, is effec- 
tive. Thus, for H202, we use a solution of 0.3% 
Triton X-100 and 1 mM HC1, the latter providing 
for a stable reference potential. 

Unlike H202, CumHO2 is very poorly soluble 
in water. Several water-miscible organic solvents 
such as acetonitrile, dimethylformamide, dimethyl 
sulfoxide, ethylene glycol and glycerol, in mix- 
tures with water and salt solutions, were investi- 
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Fig. 5. (a) Sensor output during the sampling cycle, ca. 20 ppbv H202, flow-rates as in Fig. 4: (b) dependence of  the signal on the 
gas flow-rate, liquid flow-rate 15.3 ~tl min ' . The solid line is the best fit to Eq. (3). 

gated. The best results were obtained with a 30% 
glycerol-70% saturated CaC12 solution for moni- 
toring CumHO> The CaC12 serves as a humec- 
rant. 

Fig. 4(a) shows the cyclic voltammogram ob- 
tained when 1 ppmv H 2 0  2 is sampled in a flowing 
film of TX-100-HC1. A current plateau is reached 
above 0.86 V. An applied potential of 0.95 V was 
therefore chosen for the oxidative determination 
of H202. We did not notice any significant inter- 
ference from common atmospheric gases under 
these conditions; NO2 and HCHO produce a re- 
sponse but only when present at very high (ppm) 
levels, not relevant to ambient air studies. 

Fig. 4(b) shows the cyclic voltammogram ob- 
tained when CumHO 2 is sampled. In this case, the 
cathodic current continues to increase with in- 
creasing cathodic potential within the range tested 
and never reaches a plateau. Since increasing the 
cathodic potential much further increases the 
background current significantly, a potential of 
- 0.80 V was chosen for the reductive determina- 
tion of  CumHO2. All potentials reported are rela- 
tive to the Ag/AgC1 reference electrode in the 
sensor. Since the two film-forming solutions have 

different chloride activities, the reference potential 
is not the same in the two cases. 

3.2. Hydrogen peroxide 

3.2.1. Sampling cycle and data acqu&ition 
For H 2 0 2 ,  valve V1 (Fig. 1) was programmed 

to switch continuously between zero air and the 
sample gas for periods of 2.5 and 1.5 rain, respec- 
tively, thus resulting in a sampling cycle of  4 min. 
No data were acquired for the first minute, allow- 
ing the system to attain a stable zero air response. 
The background current was then acquired for 
the next 1.5 min (Fig. 5(a)), at the end of which 
the valve was switched to the sample gas. The 
current rose to a stable plateau value over the 
next 30-60 s and the value for the 210-240 s 
period was taken to be the sample current. The 
valve was then switched back to zero air and the 
cycle repeated. During each sampling cycle, the 
temporal electrochemical protocol involves pre- 
treating the electrode for 5 s at - 0 . 1  V and then 
maintaining it at the sensing potential of + 0.95 V 
for the remaining 235 s. The results were inter- 
preted either in terms of  current (averaged current 
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Fig. 6. Decrease in drop period and analytical signal with increasing liquid flow-rate. The collected sample is diluted. 

during 210-240 s, less the averaged background 
current over 120-150 s) or charge (integrated 
charge in ~tC, less the background, over the same 
periods as above). There was no significant differ- 
ence in the quality of the results using either 
approach. 

3.2.2. Signal dependence on gas flow-rate 
With 200 ppbv H202, the gas flow-rate was 

varied from 200 to 1000 ml m i n - i ,  at a constant 
liquid flow-rate of 15.3 lal min-1.  The analytical 
signals increased with increasing the gas flow-rate, 
as shown in Fig. 5(b). When a gas is collected by 
diffusion to the walls of a tube, the collected 
fraction f is related to the flow-rate Q by an 
exponential relationship of the type [25] 

l - f = a e  h,o (1) 

Although the present geometry is not exactly the 
same, an equation of the same general form 
should be applicable to the present case. Consider 
that the total amount of the analyte collected is 
the product of the flow-rate Q and the collection 

efficiency f and the analytical signal S should be 
linearly related to this product, hence 

f =  kS /O  (2) 

where k is a proportionality constant. Eqs. (1) and 
(2) can be transposed to the form 

S = Q(1 - a e -h/e)/k (3) 

The solid line in Fig. 5(b) is the best fit of the 
experimental data to Eq. (3). The numerical val- 
ues also suggest that at the lowest sampling rate 
tested of 200 ml min - 1, the collection efficiency is 
nearly 95%. In other experiments, a gas flow-rate 
of 11 min 1 was used, except where stated other- 
wise. 

3.2.3. Dependence on liquid flow-rate 
With 200 ppbv H202 sampled at 1 1 min -  ', the 

liquid flow-rate was varied from 5.3 to 33.3 ~tl 
min - 1. The analytical signals and the drop period 
decrease with increasing liquid flow-rate, as 
shown in Fig. 6. Both the analytical signal and the 
drop period are approximately linearly related to 
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Fig. 7. Effect of relative humidity: (a) signal for 167 ppbv H202 at three different liquid flow-rates at four different RH levels; (b) 
calibration plots at 20 and 80% RH showing insignificant difference in slope. 

the reciprocal of the liquid flow-rate. At high 
liquid flow-rates, the linear relationship holds 
well, but at low liquid flow rates, the signal or the 
drop period begins to increase more than linearly 
with decreasing flow-rate, as evaporative losses 
become important. Unless stated otherwise, a liq- 
uid flow-rate of 15.3 lal m i n - '  was used in the 
experiments. 

3.2.4. Effects of relative humidity (RH) 
The effects of RH on aqueous drop- or film- 

based sensors can be very important [1,4]. The 
present sensor showed no major dependence on 
RH. Fig. 7(a) shows signals obtained at four 
different relative humidities for a 167 ppbv H202 
sample at three different liquid flow-rates. At the 
highest liquid flow-rate (lowest signal levels), the 
effect of evaporation is the least prominent and 
the signal is essentially constant over the RH 
range tested. Even at the other liquid flow-rates, 
the scatter in the data is larger but there is no 
consistent RH effect. A calibration plot was con- 
ducted at 20 and 80% RH over the range 24-167 
ppb H202. These data (Fig. 4(b)) show virtually 

identical calibration plots, with no significant dif- 

ference between the calibration slopes. 

3.2.5. Analytical range 
The sensor was calibrated for its response in the 

range 12-200 ppbv H202. The response was lin- 
ear with concentration and followed the equation 

signal(p.C) - 0.42[H202, ppbv] + 13.66 

(r 2 = 0.9988) (4) 

Based on experiments conducted at 12 ppbv 
H202, the estimated LOD at a signal-to-noise 
ratio of 3 is < 2 ppbv. Although atmospheric 
H202 levels frequently exceed this value, it would 
be desirable to improve upon this LOD for rou- 
tine use. In the same manner that a hanging 
mercury drop electrode or an electrode bearing a 
thin mercury film provides better analytical sensi- 
tivity than that attainable with a DME, by stop- 
ping the liquid flow during sampling to form a 
stationary film (and thereby to increase the ana- 
lyte concentration), one can dramatically improve 
the sensitivity. Stopped-flow experiments were 
conducted using gravity-induced liquid flow (at 
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ca. 50 lal min-~) during the zero air sampling 
period and stopping the liquid flow altogether 
by means of a solenoid valve (V2 in Fig. 1) 
when the test gas was sampled. Fig. 8 shows 
calibration plots (at 50% RH) for: (i) normal 
conditions, liquid flow and gas flow 15.3 ~tl 
rain -1 and 1 1 rain 1, respectively, sensitivity 
6.9 nA (ppbv)- ~; H202; (ii) stopped liquid flow, 
gas flow 1 1 rain 1, sensitivity 31.2 nA (ppbv)-]; 
and (iii) stopped liquid flow, gas flow 2 1 
min -1, sensitivity 61.8 nA (ppbv) -] .  There is 
nearly an order of magnitude increase in sensi- 
tivity on going from operating mode (i) to (iii). 
The long-term stability of the sensor was studied 
with 167 ppbv H202. Over a ca. 8 h period (108 
measurements), the relative standard deviation 
(RSD) was 2.7% under experimental mode (i) 
above, obviously, this includes not only the im- 
precision of  the sensor but also that of the 
source output and all the other associated flow/ 
temperature control systems. The measurement 
precision was slightly worse for experimental pro- 

tocol (iii): over a period of ca. 10 h (n = 137), the 
RSD was 4.7%. 

3.3. Cumene hydroperoxide 

In this case, the output of the gas generator 
was continuously monitored using an electro- 
chemical protocol in which the sensor was alter- 
nately cleaned at a potential of + 0.1 V for 0-5  
s and then maintained at the sensing potential 
of - 0 . 8  V for 5 - - 9 5  s. The current was 
recorded for the period 65-95 s during each 
cycle. The response of the sensor to the 
CumHO 2 content of the simulated reaction mix- 
ture was highly linear: 

signal(~tC) 

-- 10.54 + 0.18[CumHO2, %] + 33.79 + 1.46 

(r 2 = 0.9984) (5) 

The precision of the data also indicated that 
such would readily provide a means for process 
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mon i to r ing  o f  C u m H O  2 in a reac tor  at  the 2.5% 
level with a relat ive precis ion o f  bet ter  than  5%. 

4. Conclusion 

W e  have demons t r a t ed  tha t  in situ e lec t rochem- 
ical sensing is a s imple and sensitive complemen t  
to the d rop -  or  f i lm-based col lect ion o f  analyte  
gases and  vapors .  The technique is obvious ly  not  
l imited to any given e lect rochemical  sensing tech- 
nology,  or  to any pa r t i cu la r  col lect ion liquid. It 
should  be possible  to extend the a p p r o a c h  to any 
biphasic  system, e.g. in a l i q u i d - l i q u i d  system 
where the f i lm-forming l iquid is different  f rom 
and  is immiscible  with the l iquid const i tu t ing  the 
analy te  matr ix .  In  general ,  we believe tha t  this 
general  concept  has great  po ten t ia l  uti l i ty for  the 
sensing o f  gases. 
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Abstract 

The ionic product of water, pK w = - log[H + ][OH-] has been determined in aqueous solutions of tetramethylam- 
monium chloride over the concentration range of 0.1-5.5 M at 25°C using high-precision glass electrode potentiomet- 
ric titrations, pKw data relating to aqueous potassium and sodium chlorides at ionic strengths up to 5 M are markedly 
lower than the tetramethylammonium chloride results. These differences are almost certainly due to weak associations 
between potassium and (especially) sodium and hydroxide ions. © 1997 Elsevier Science B.V. 

Keywords: Ionic product; Tetramethylammonium chloride solutions; Water 

I. Introduction 

Tetraalkylammonium salts, such as tetramethy- 
lammonium chloride (TMAC1) are widely utilised 
as background electrolytes for solution speciation 
studies, mostly in bioinorganic chemistry and in 
the study of ion-selective electrodes [1]. This is 
because the te traalkylammonium cations are ex- 
pected to have little complexing ability. This 'in- 
ertness' makes them suitable as background 
electrolytes for studying interactions such as ion- 
pairing which despite being weak, can be of con- 

* Corresponding author. Fax: + 61 9 3606237. On second- 
ment from CSIRO Division of Minerals. 

L On leave from Department of Inorganic and Analytical 
Chemistry, Attila J6zsef University, Szeged, H 6701, PO Box 
440, Hungary. 

siderable importance in concentrated electrolyte 
solutions. 

Thermodynamic characterisation of highly con- 
centrated aqueous electrolytes is of  interest in 
understanding and simulating the behaviour of  
seawater, geological brines and many industrial 
process streams [2,3]. Of  all the reactions in 
aqueous solution the ionization of water 

H20 = Hc~+q) + OH(aq) 

is undoubtedly the most important.  Accurate val- 
ues of the ionic product of  water, p K w =  - 
log[H+][OH ], are essential for determining 
formation constants of  most other reactions espe- 
cially those occurring at relatively high pH. As 
noted in a recent paper  from our laboratories [4] 
the value o fpKw tends to be rather poorly charac- 
terized at very high ionic strengths in most elec- 
trolyte solutions. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02074-7 
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Osmotic coefficients for aqueous solutions of 
different alkylammonium salts at 25°C have been 
systematically measured over a wide range of 
concentrations [5-7], whereas the corresponding 
pKw data are scarce. As a minor part of a theoret- 
ical study [8], Lucas compared measured and 
calculated pKw data in aqueous TMAC1 but pro- 
vided almost no details about the experimental 
technique employed. Anderegg [9] has reported 
pKw 14.11 at 20°C corresponding to 13.96 at 25°C 
in 1 M (TMAC1) which is significantly different 
from that of Lucas (13.88). These observations 
clearly indicate a need for the systematic measure- 
ment of pKw in TMAC1 over a range of ionic 
strength. Accordingly this paper describes the de- 
termination of the ionic product of water by glass 
electrode potentiometry in aqueous TMAC1 solu- 
tions over the concentration range 0.10 5.50 M at 
25°C. 

2. Experimental 

2.1. Materials  

TMACl (Sigma-Aldrich, 97% pure) was used as 
received for some experiments (see below) or was 
recrystallised from dry analytical grade ethanol 
and dried in vacuo at room temperature. The 
titrant was either NaOH (made from pellets, ana- 
lytical grade, Ajax, Australia) or TMAOH (nomi- 
nally 25 w/w% aqueous solution, analytical grade, 
Sigma-Aldrich). The carbonate content of the 
base solutions was minimised by adding solid 
CaO (0.5 g, analytical grade, Ajax) to the titrant 
solution (250 ml) which contained the necessary 
amount of NaOH or TMAOH (~0.1 M) and 
TMAC1. The solution was agitated for at least 48 
h in an airtight Pyrex glass container and then 
filtered on a supported membrane filter (0.45 gm). 
The calcium content of the solutions was mea- 
sured and checked by ICP AES and was found to 
be less than 1 ppm. Gran-analyses of the glass 
electrode potentiometric titrations indicated that 
the resulting base solutions were practically car- 
bonate free (accounting for less than 0.2% of the 
total alkalinity). The acid solutions were prepared 
from commercial volumetric ampoules (BDH 
Convol). 

2.2. Apparatus and procedure 

The ionic product of water in TMAC1 was 
determined by potentiometric titration of HC1 
(0.0400 M) dissolved in TMAC1 ( c -  0.04)M with 
both TMAOH and NaOH (0.1 M) in TMAC1 (c). 
Measurements were performed at ionic strengths 
of 0.10 M_<c_<5.50 M. At c<0.50 M the mea- 
surements were of poor reproducibility (probably 
due to unsteady liquid junction potentials between 
the salt bridge and the test solutions) so these 
results should be regarded as less reliable than the 
values at c _> 0.50 M. Nevertheless, even at these 
low ionic strengths the trend of the curve is 
reasonably consistent with both our other data 
and the values for NaCI and KC1 media. The 
titrations were performed using glass (Metrohm, 
model 6.0101.000) and Ag/AgCI electrodes (of in 
house construction [10]) in a standard jacketed 
glass cell using the high precision automated titra- 
tion system previously developed in our laborato- 
ries [10-12]. The solutions were blanketed by high 
purity nitrogen delivered through a carbon diox- 
ide trap and a presaturator containing the 
TMAC1 concentration of interest. The burettes 
(calibrated precision 0.1%) were Metrohm 665 
Model Dosimat units driven by an IBM micro- 
computer. All volumetric glassware was grade 'A' 
and calibrated. The cell emf was measured to 
_+ 0.1 mV by high impedance digital voltmeters of 
in-house construction, connected to the computer. 
The temperature in the cells was maintained at 
25.0 + 0.02°C by use of a circulator thermostat 
(Heto Model 04 PT 623). Temperatures were peri- 
odically checked with a calibrated ITS 90 plat- 
inum resistance thermometer. 

The titrations involved measuring the potential 
of a cell that may be represented schematically as 
(at the beginning of the titration) 

AglAgCl(s)[NaCl(aq)(5 M)~!, NaCl(aq)(5 M)~!2 

HCI(0.04 M), TMACI(c - 0.04)MIGE 

where GE represents a hydrogen ion responsive 
glass electrode and Ej~ and Ej2 are liquid junction 
potentials. Following considerations previously 
presented [4], the relationship between the cell 
potential and the hydrogen ion concentration at 
25°C is 
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Table 1 
The ionic product of water in aqueous tetramethylammonium chloride solutions as a function of the salt concentration 

I (M) pKw (S.D.) OBJTa(x 10 -s)  No. of titrations/no, of points Real S.D. b Data from ref. [8] 

0.10 ¢ 13.7265 (11) 2.6 9/415 0.0027 
0.25 e 13.6944 (12) 2.3 8/329 I).0031 
0.50 13.7324 (09) 1.3 7/336 0.0032 
1.00 ¢ 13.9111 (10) 0.4 4/140 0.0043 
1.00 13.9259 (08) 0.2 4/153 0.0041 
1.00 d 13.9295 (12) 2.0 9/415 0.0028 
1.50 14.0849 (06) 0.3 6/267 0.0036 
2.00 14.2592 (07) 0.3 7/272 0.0031 
2.50 14.4715 (08) 0.3 7/268 0.0032 
3.00 14.6903 (10) 0.5 8/312 0,0030 
3.50 ~ 14.8721 (12) 1.3 9/359 0,0030 
3.50 14.9034 115) 2.0 9/391 0,0030 
3.500 14.0328 116) 3.3 8/354 0,0031 
4.00 15.0845 (22) 5.7 8/357 0.0031 
4.50 15.5984 (10) 1.6 8/418 0.0037 
5.00 ¢ 15.7254 (24) 10.0 8/386 0.0037 
5.00 15.9433 (17) 4.9 9/521 0.0032 
5.00 d 15.9965 118) 5.6 10/480 0.0033 
5.50 16.2332 (33) 10.2 9/367 0.0033 

13.88 

14.28 

14.72 

15.38 
15.80 f 

(S.D., standard deviation, OBT, objective function with respect to the total concentrations). 
~'Overall values of sum of least squares residuals in total analytical concentration of hydrogen 
bCalculated by ESTA3B from a Monte Carlo error analysis [15]. 
~Measurements using non-recrystallised tetramethylammonium chloride. 
dMeasurements using tetramethylammonium hydroxide as base. 
eThese data are less reliable (see comment in text). 
t'l = 4.6 M. 

ion. 

Eceu/mV --- E°'/mV + 59.16 log([H + ]/M) 

where E °' is the formal cell potential. 

(1) 

3. Results and discussion 

The titrations were carried out over the pH 
range of 1.5-12.0. At least 4 and usually 8, titra- 
tions were performed at each individual ionic 
strength. The titration curves were evaluated by 
means of the ESTA library of computer pro- 
grammes [13-15]. Computer simulation of the 
titration data routinely consisted of the following 
steps. 

(1) Calculation of Gran-plots for a given group 
of titrations gave the base concentration (which 
was then used without further optimisation), the 
estimated level of carbonate (or other weak acid 
or base) contamination and the general condition 

of the electrochemical cell (in terms of linearity of 
the plots), in this way the best sets of data were 
selected. 

(2) Least-squares analyses of the emf data 
given by Eq. (1) were then carried out with re- 
spect to either the values of the potential (to 
obtain an estimate of the formal potential) or of 
the concentration of the H + ions (to obtain an 
estimate of pKw), the results of these optimisa- 
tions are summarised in Table 1 and Fig. 1. 

(3) Simulations were carried out to calculate 
the likely magnitude of the real errors in the 
equilibrium constants using our standard Monte 
Carlo error analysis (Table 1). 

Initial titrations using TMAC1 and TMAOH as 
supplied, revealed two artifactual protonation 
steps in the pH-range of 6-10 associated with 
ill-defined equivalence points. These effects be- 
came larger as the ionic strength increased and 
presumably correspond to minor amounts of sec- 
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Fig. 1. The ionic product of water, pKw, as a function of the 
ionic strength: tetramethylammonium chloride ( i :  present 
data; D, Ref. [8]). NaCI (A, Ref. [4]) and KCI (O, Ref. [4]). 

ondary and/or tertiary amine impurities that are 
expected to be the main contaminants in quater- 
nary ammonium compounds. Recrystallization of 
the TMAC1 eliminated the main discrepancy (the 
'extra' inflexions virtually disappeared). Subse- 
quent Gran-analyses showed that minor proton 
active substances (accounting for up to 0.5% of 
the total alkalinity) were still present. These most 
probably stem from the TMAOH stock solution 
and resulted in p Kw values with relatively high 
standard deviations and objective functions 
(Table 1). As purification of TMAOH stock solu- 
tion is experimentally difficult, we decided to use 
NaOH instead. Although this means that a small 
fraction ( <  5%) of the tetramethylammonium 
cations is exchanged for sodium ions, this has no 
practical effect on p Kw particularly at higher ionic 
strengths. With NaOH as the titrant, the least 
squares analyses yielded pKw values with accept- 
able standard deviations and objective functions 
(Table 1). It is noteworthy that at c > 3 M these 
characteristics become progressively worse, al- 
though still acceptable. This is almost certainly 
because even repeated recrystallization is unable 
to sufficiently lower trace impurities and also be- 
cause of increasing experimental difficulties asso- 
ciated with the manipulation of the highly viscous 
TMAC1 solutions. In spite of these complications, 
there are grounds for confidence that the results 
are not adversely affected by any significant sys- 

tematic error since the calculated equilibrium con- 
stants (pKw) and their internal standard 
deviations are practically the same regardless of 
the objective function used (ESTA2B tasks OBJT 
or OBJE) [14]. 

It is noteworthy that pKw data relating to 
aqueous potassium and sodium chlorides at ionic 
strengths up to 5 M 4 are  markedly lower than 
either of these TMACI results (Fig. 1). These 
differences are almost certainly due, at least in 
part, to the weak association between K + and 
(especially) Na + and OH-  [2,4,16]. 
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Abstract 

This paper presents a new method for determination of dipyridamole by anodic stripping voltammetry using a 
Nation modified glassy carbon electrode. The stripping peak current was proportional to the concentration of 
dipyridamole over the range of 1.0 x 10-9-8.0 × 10 - 8  M in (pH 1.7) Britton-Robinson buffer with 1 min 
accumulation. The detection limit has been estimated as 8.0 x 10- ~ M with 4 min accumulation. The method has 
been successfully applied to the determination of dipyridamole in human serum. © 1997 Elsevier Science B.V. 

Keywords: Anodic stripping voltammetry; Dipyridamole; Nation modified electrode 

1. Introduction 

Dipyridamole[2,6 - Bis(diethanolamino) - 4,8 - di - 
piperidinopyrimido-(5,4-d)pyrimidine] is a dilata- 
tion agent of coronary artery used for the treat- 
ment of angina pectoris and myocardial 
infarction. 

Various methods have been employed for the 
determination of dipyridamole, including spectro- 
trophotometry [1,2] high-performance liquid chro- 
matography [3,4] and polarography [5]. Zeng et 
al. have studied the determination of dipyri- 
damole by adsorptive cathodic stripping voltam- 
metry with a hanging mercury drop electrode [6]. 

* Corresponding author. 

The detection limit is 1.0 x 10  - 9  M with a 5 min 
preconcentration. However, the electroanalytical 
method for this drug with a non-mercury elec- 
trode has not yet been reported up to now. 

This paper describes the determination of trace 
amounts of dipyridamole in human serum by 
anodic stripping voltammetry with a Nation 
modified glassy carbon electrode. The Nation film 
shows an excellent natural barrier to interferences 
from negatively charged compounds. So, this 
method exhibits its high sensitivity and selectivity 
in comparison with the pioneer work [6]. The 
detection limit of 8.0 x 10-t~ M has been esti- 
mated with 4 rain preconcentration. In addition, 
the regeneration of the electrode surface is quite 
easy, and the environmental pollution caused by 
mercury is also avoided. 

0039-9140/97/$17.00 ~, 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02078-4 
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2. Experimental 2.4. Procedure 

2.1. Apparatus 

A Model 79-1 voltammeter (Jinan No. 4 Radio 
Fctory) equipped with a X-Y recorder (LZ3-104) 
was used for electroanalytical measurements at a 
scan rate of 100 mv s -  i. A three-electrode system 
comprises a Nation glassy carbon working elec- 
trode, platinum counter-electrode and Ag-AgC1 
(saturated KCI) reference electrode. Stirring was 
performed using a Model Gsp-76-02 magnetic 
stirrer. Voltammetric studies were performed with 
a PAR 174A polarography. 

A 10 ml volume of (pH = 1.7) B.R. buffer 
solution containing a suitable amounts of  dipyri- 
damole was added to the sample cell. The Nation 
modified electrode was kept at the desired accu- 
mulation potential for a given time period, while 
the solution was stirred at about 400 rpm 
throughout the entire period. The stirring was 
then stopped and the solution was allowed to rest 
for 30 s, after which a positive-going scan was 
initiated at 0.0 V (scan rate 100 mv s 1). The scan 
was terminated at + 1.0 V, and the second deriva- 
tive voltammogram was recorded. 

2.2. Reagents 2.5. Renewal of electrode surface 

A stock standard solution of dipyridamole in 
ethanol (1.0 x 10 2 M) was prepared and keep in 
brown volumetric flask. Dipyridamole working 
standard solutions were prepared daily by serial 
dilution of the stock standard solution. 

Nation were purchased from Aldrich. The 
Nation stock solution was 0.05% absolute ethanol 
solution. 

Trichloroacetic acid: 20% aqueous solution. 
All reagents were of  analytical-reagent grade 

quality. Deionized distilled water was used 
throughout to prepare solutions. 

2.3. Preparation of modified electrode 

The glassy carbon electrodes (GCE) having a 
geometric area of  0.126 cm 2 were used to prepare 
the Nation modified electrode. The modified pro- 
cedure was in the following. 

The glassy carbon working electrode was pol- 
ished with 0.05 gm c~-alumina particles, ultrasoni- 
cated in absolute ethanol and de-ionized distilled 
water, respectively, and allowed to dry in air. The 
electrode was then coated with 4 gl of 0.05% 
(V/V) Nation solution to cover the electrode sur- 
face, dried by infrared lamp. A uniform film was 
formed over the entire surface. The modified elec- 
trode was rinsed with de-ionized distilled water, 
and then cyclic scanned between 0.0 and + 1.0 V 
in Bri t ton-Robinson (B.R. pH = 1.7) buffer solu- 
tion for a few times before use. 

After each electrochemical measurement, the 
electrode was cycled two times between 0.0 and 
+ 1.0 V in B.R. buffer to renew the electrode 
surface. There should be no peaks in the potential 
scan range, otherwise the regeneration must be 
repeated. 

2.6. Serum treatment 

Pipette 0.50 ml of human serum containing 
dipyridamole into a 5 ml centrifugal tube, add 
0.50 ml of water and 1.00 ml of  20% 
trichloroacetic acid, mix thoroughly and stand for 
2 rain centrifuge at 4000 rpm in a high speed 
centrifuge, transfer 0.10 ml of centrifugal solution 
on superior layer, then follows the procedure de- 
scribed above. 

3. Results and discussion 

3.1. Second derivative voltammograms 

The derivative technique is a significant ad- 
vance in linear-sweep voltammetry. The higher 
the derivative order, the larger the peak current. 
Therefore, the sensitivity of  using second-deriva- 
tive stripping voltammetry is higher than that of 
conventional stripping methods [7]. 

Fig. 1 shows the second-derivative voltam- 
mograms for dipyridamole at 4.0 x 10 -8 M level 
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Fig. 1. Second derivative voltammograms for 4.0 x 10 8 M of 
dipyridamole in B.R. (pH = 1.7) buffer. Accumulation poten- 
tial: 0.0 V. Accumulation time: 80 s; (a) Nation modified GCE; 
(b) GCE. 

after 60 s preconcentration at 0.0 V from a stirred 
B.R. buffer. A larger stripping peak (peak a), 
which increased linearly with increasing of dipyri- 
damole content, was found at + 0.75 V measured 
with the Nation modified electrode, and a smaller 
stripping peak (peak b) was appeared at the simi- 
lar potential with a bare glassy carbon electrode 
under the same conditions. The results indicate 
that the Nation film enhance the preconcentration 
of dipyridamole on the electrode surface. 

Table 1 shows the results for determination of 
three concentration levels of  dipyridamole with 
Nation modified electrode (MGCE) and bare 
glassy carbon electrode (GCE), respectively. 

It can be seen from Table 1 that the lower the 

determined concentration, the greater the differ- 
ence of the peak currents. Contrasted the peak 
currents determined on Nation modified electrode 
with the unmodified one, the former greatly im- 
proves the sensitivity for determination of trace 
amounts of  dipyridamole. 

The effect of  the volume of Nation which added 
to GCE surface on the peak height was studied. 
The results showed that the presence of 4 gl 
0.05% of Nation was sufficient for obtaining the 
maximum current. However, the stripping current 
is too small to be useful as using a bare glassy 
carbon electrode for determination of this drug 
(Fig. 1, curve b). The reproducibility and stability 
of  the electrode were examined in ten parallel 
determinations. For  4.0 x 10 -8  M of  dipyri- 
damole with a preconcentration time of 60 s, the 
relative standard deviation was 3.72%. The result 
indicates that the Nation modified glassy carbon 
electrode has a good reproducibility and stability. 
The electrode lasted for 1 week at least before it 
needed remodifying. 

3.2. Cyclic vol tammetrv  

In order to understand the electrochemical pro- 
cess occurring on modified electrode, cyclic 
voltammetry of the system was carried out. Fig. 2 
shows the repetitive cyclic vol tammograms for 
dipyridamole stirring accumulation the analyte 
for 60 s gave a large anodic peak. No peak was 
observed on the cathodic branch, indicating irre- 

Table t 
Comparison results 

No. Concentration (M) Time (s) Current (MGCE) ( g A )  Current (GCE) (gA) Rate (MGCE/GCE) 

1. 4x 10 ~' 60 0.92 0.48 1.9 
120 0.99 0.57 1.7 
240 1.06 0.65 1.6 

2. 4xt0 7 

3. 4 × 1 0  - s  

60 0.48 0.062 7.7 
120 0.50 0.090 5.6 
240 0.51 0.116 4.4 

60 0.20 0.008 25.0 
120 0.24 0.010 24.0 
240 0.27 0.012 22.5 
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Fig. 2. Cyclic voltammograms for 4.0 × 10 -8 M of dipyri- 
damole recorded continuously at the Nation modified elec- 
trode in B.R. (pH 1.7) buffer scan rate 100 mv s - I :  
accumulation time: 60 s. 

versibility of the oxidation. A rapid decrease in 
the anodic peak was observed in subsequent 
scans, such behaviour indicated the analyte which 
accumulated on the Nation modified electrode 
surface rapid stripping. 

3.3. Selection of experimental conditions 

Various supporting electrolytes, such as HC1, 
H 2 S O  4, HNO3, H3PO4, HC1-NaAc, tartaric acid 
tartarate, citric acid-citrate, NaOH and B.R. 
buffer solution were tested in order to optimize 
the response for dipyridamole at a Nation 
modified electrode. The anodic stripping peak of 
dipyridamole was not found in alkaline and neu- 
tral medium. A well-defined and sensitive anodic 
stripping peak was appeared at + 0.75 V when 
B.R. buffer was used as electrolyte. No reduction 
peak was obtained in the similar experimental 
conditions. 

The solution pH has a strong effect on the 
stripping response (Fig. 3). For example, increas- 
ing the pH from 1.4 to 1.7 results in a sharp 
increase in the peak current. Further increasing 
the pH beyond 1.8, a rapid decrease in the re- 
sponse was observed. Therefore, a B.R. buffer 
solution (pH = 1.7) was selected for maximum 
sensitivity. 

The stripping peak current of dipyridamole is 
affected by the preconcentration potential. Exper- 
iments showed that the peak current was in- 
creased with negative shifting of the start 
potential in the range + 0.4-0.0 V. The stripping 
currents appeared stable values as the accumula- 
tion potential varied between 0.0 and - 0.4 V. As 
the accumulation potential was beyond - 0 . 4  V, 
the current signal was depressed, immediately. 
The selected accumulation potential was 0.0 V. 

The stripping peak current increased linearly 
with increasing accumulation time up to 80 s for 
2.0 x 10 s M of dipyridamole. As the time longer 
than 90 s, the increment of peak current showed a 
deviation from linearity, indicating that complete 
coverage of the Nation modified electrode was 
gradually being achieved. The choice of optimum 
accumulation time depends on the range of con- 
centration studied, and requires a compromise 
between sensitivity and speed. The chosen accu- 
mulation time was 60 s for all further studies. The 
stripping signal was also affected by surfactants. 
Experiments proven that cation and neutral sur- 
factants strongly depressed the peak current. The 
effect of cation surfactant, such as cetyltrimethyl- 
ammonium bromide (CTMAB) was greater. 
However, the presence of a suitable amounts of 
anion surfactant did not affect the stripping sig- 
nal. It can be deduced that protonated dipyri- 
damole exists as cation form in solution. 

o.14- 

~ o.to ~ 

o'*4[ 
I-0 ~ ,i~ £~'r~ ~;~ 7'.0 ~'.~ 3'.s 

Fig. 3. Reltionship between stripping signal and pH values for 
2.0 × 10 - s  M of dipyridamole. Other conditions as in Fig. 1. 
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Table 2 
Analytical results a 

Determined values in human serum (p.g/ml) R.S.D. (%) Added (lag) Found (lag) Recovery (%) 

3.78 4.76 0.80 0.81 101 
0.80 0.82 103 
1.60 1.58 98.8 
1.60 1.67 104 
2.40 2.32 96.7 

The data were checked identical with the results determined by HPLC (n = 5). 

3.4. Calibration graph 

The serum sample pretreatment step is required 
owing to high protein content in human serum. In 
addition, the loss of  determined dipyridamole is 
unavoidable in the process of serum treatment. So 
it is necessary to prepare the calibration graph in 
human serum, and the following procedure was 
described elsewhere [8]. 

Under the optimum conditions described 
above, the linear range of peak current versus the 
concentration of dipyridamole is 1.0 x 10 9~  
8.0 x 10 s M (accumulation 1 min) with a corre- 
lation coefficient of 0.9998 and a slope of 6.9 nA 
pe r  10 -..9 M. the detection limit has been esti- 
mated as 8.0 x 10 - ~ M with 4 min accumulation. 

3.5. Effect of  foreign ions 

Foreign ions were added together with 4.0 x 
1 0 - 8  M of dipyridamole as in the recommended 
procedure. Measurement of the stripping signal 
for each solution was repeated three times and the 
average values of  the three stripping currents were 
obtained. The relative error was less than _+ 5%. 
The results showed that 20000-fold excess of 
Na +; 1000-fold excess of K+ ;  2500-fold excess of 
Zn 2 + ; 1200-fold excess of  Mg 2 ÷ ; 1000-fold excess 
of Pb 2 + ; 500-fold excess of Ca 2 +, AP + ; 200-fold 
excess of Fe 3 +, Se (IV); 100-fold excess of Cu 2 + ; 
3000-fold excess of C1-;  2000-fold excess of 
POe .... 75-fold excess of I ; 120-fold excess of 
gelatin; 1700-fold excess of ascorbic acid; 17-fold 
excess of albumin; 4-fold excess of dopamine; 
16-fold excess of dopamine hydrochloride; 3-fold 
excess of nor-adrenaline; 9-fold excess of per- 

phenazine; 12-fold excess of  DL-tyrosine and DL- 
serine did not have a substantial effect on the 
determination of dipyridamole. 

3.6. Application 

The proposed method was applied to the deter- 
mination of trace amounts of dipyridamole in 
human serum. The determination was performed 
by the standard-addition method. The determina- 
tion results and recoveries of known amounts of 
dipyridamole added to serum sample were given 
in Table 2. 

4. Conclusion 

The anodic stripping voltammetry at a Nation 
modified glassy carbon electrode has been shown 
to be suitable for the determination of trace 
amounts of dipyridamole in human serum. The 
sensitivity is significantly enhanced by accumula- 
tion of the drug on the modified electrode surface. 
Compared with the pioneer work [6], this method 
not only increases the sensitivity of  assay the 
drug, but also reduces the pollution caused by 
mercury. 

The preconcentration mechanism of dipyri- 
damole at a Nation modified glassy carbon elec- 
trode is probable a cation exchange process 
between the protonated dipyridamole and the ac- 
tive group of Nation. The electro-oxidation mech- 
anism is not fully understood. Studies are 
continuing on the mechanism of the oxidation 
reaction. 
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Abstract 

Differential pulse polarographic (DPP) method of determination of cephalosporins has been developed based on 
the electrochemistry of the azomethine group in the drugs in universal buffers of pH 2.0-12.0. Quantitative 
measurements were successful in the concentration range of 1.0 × 10 -5 M-2.5 x 10 -8 M, the lower concentration 
representing the detection limit by DPP. The described procedure has been applied for the determination of these 
drugs individually in pharmaceutical formulations and urine samples as well as for simultaneous determination in a 
single run. © 1997 Elsevier Science B.V. 

Keywords: Azomethine; Cephalosporin; Polarographic 

1. Introduction 

Cephalosporins are widely used in clinical ther- 
apy for the treatment of severe infections, because 
of their convenient antibacterial activity, fl-lacta- 
mases resistance and pharmacokinetic properties 
[1-5]. Ceftazidime is known to be not 
metabolised in body and excreted 80-90% un- 
changed in active form in urine. Chromatographic 
[6,7] and spectrophotometric [8] method of deter- 
mination of cephalosporins has been reported. 
Electrochemical techniques [9-11] have been 
widely used for the determination of azomethine 
containing compounds. In view of the known 
electroactivity of cephalosporins, application of 

* Corresponding author. Fax: + 91 8574 228009. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 

PI1 S 0 0 3 9 - 9 1 4 0 ( 9 6 ) 0 2 0 8 1 - 4  

electroanalytical methods also acquires impor- 
tance due to their simplicity, selectivity and accu- 
racy in this type of compounds. DPP has been 
widely used over the years to determine the drugs 
in pharmaceutical preparations and body fluids 
[12-19]. 

Cephalosporins such as Ceftazidime (I), Cefti- 
zoxime (II) and Ceftriaxone (III) having the same 
> C=N-  group with the different environment 
which have extensive use as antibiotics have not 
been determined electrochemically. 

H2N/~ S / ~  C-- ¢ - - N H  
~s . .~  

N --0 -- C - C ~  ~--- N ~-...~"-. CH._~. /'~ 

COOH 
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This communication describes a simple and 
rapid technique for the determination of the com- 
pounds I - I I I  using DPP. 

2. Experimental 

The compounds ( I - I I I )  were obtained from 
Glaxo India Limited, Bombay. All chemicals used 
were AnalaR grade reagents. Stock solutions were 
prepared by dissolving the required quantity of  
the compound/pharmaceutical formulations in 
100 ml pure methanol for getting a concentration 
of 1 mM (10 3 M). The desired concentrations of 
solutions were prepared by diluting the stock 
solution with the supporting electrolyte. The sup- 
porting electrolytes were prepared by from 0.05 M 
citric acid, 0.2 M boric acid and 0.1 M tri sodium 
orthophosphate over the pH range of  2.0-12.0. 
Aliquots of  solutions diluted with supporting elec- 
trolyte and deoxygenated with oxygen free nitro- 
gen for 15 min prior to measurements. Urine 
samples were analysed for drugs without any 
prior digestion or extraction. 

Metrohm E506 polarecord connected to E612 
VA-Scanner was used for differential pulse Polar- 
ographic experiments. The three electrode assem- 
bly consisted of  a dropping mercury electrode of  
an area 0.0324 cm 2 as working electrode and a 
platinum foil as the auxiliary electrode, pH mea- 
surements were made using Elico L1 digital pH 
meter. All measurements were carried out at 25 _+ 
I°C. 

3. Results and discussion 

From the experimental results obtained by 
DPP, the reduction of  the azomethine functional 
group in all the cephalosporins under investiga- 
tion is found to proceed in a single step with a 
four electron addition in pH 2.0-12.0 of  universal 
buffer system. The total number of  electrons in- 
volved in the reduction process was calculated 
from the results obtained with millicoulometry 
[20] and found to be four [21]. The probable 
general half-reaction is given in: (Scheme 1). 

As the pH of the buffer system increased, the 
peak potentials are found to be shifted towards 
more negative values within the range of - 
0.564- - 1.34 V. In basic buffers of pH > 8.0, the 
reduction of  azomethine is difficult due to non- 
availability of protons and it is not useful for 
analytical purpose. The investigated compounds 
were found to exhibit well resolved peaks which 
are suitable for the analysis in pH 4.0 and 6.0. 

The electrode process for all the three electroac- 
tive species are found to be free from adsorption 
and diffusion controlled in nature which is confi- 
rmed through the linear plots of i m vs. concentra- 
tion, i m versus t 2/3 passing through origin. 

3.1. Analysis 

Standard addition and calibration methods 
were employed for quantitative estimation of the 
compounds in pharmaceutical formulations and 
in urine samples. The peak currents vary linearly 
with the concentration of the drug over the range 
1.25 x 10 -5 M to 2.5 x 10 -8 M with the slope of 
0.03 and lower detection limit of  2.4 x 10 8 M. 
The correlation coefficient and standard deviation 
were 0.996 and 1.04, respectively. The lower de- 
tection limit was calculated using the expression 

dl = 3 S.D. m 1 

where S.D. =s tandard  deviation, m - s l o p e  of  
calibration plot. 

3.2. Recommended analytical procedure 

Standard solutions of  the investigated com- 
pounds (1.0 × 10 -5 M) were prepared in pure 
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methanol. In polarographic cell, 1 ml of standard 
solution was transferred and made up with 9 ml 
of the supporting electrolyte (pH 4.0) and then 
deoxygenated with nitrogen gas for 10 rain. After 
recording the polarogram small increments (0.2 
ml) of standard solutions were added and polaro- 
grams were recorded after each addition under the 
similar conditions. The optimum conditions for 
the determination of cephalosporins in pH 4.0 
was found to be a drop time of 2 s, a pulse 
amplitude of 60 mV and applied potential of 
-0 .608 V, - 0 . 6 5  V, and - 0 . 7 2  V with the 
relative S.D. and correlation coefficient for 10 
replicants 1.44, 1.58 and 1.34%, and 0.989, 0.996, 
0.954 for I, II, III, respectively. The described 
analytical procedure was used for the determina- 
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tion of the Ceftazidime, Ceftizoxime and Ceftriax- 
one in its pharmaceutical formulations. 

Tablet and injection formulations containing a 
nominal 100 mg of any compounds under investi- 
gation in a total mass approximately 300 mg were 
analysed in order to examine the applicability of 
the method. Not less than 10 tablets/injections 
were thoroughly ground and mixed. Portions 
equivalent to 5, 10, 15, 20 and 25 mg of com- 
pound were accurately weighed, dissolved in pure 
methanol and transferred in to 10 ml calibrated 
flasks. A 0.5 ml aliquot of the clear supernant 
liquid was diluted to 10 ml with the supporting 
electrolyte and subjected to polarography. The 
amount of the compound in portion of the sample 
taken was calculated by reference to the calibra- 
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Table 1 
Polarogrpahic assay of selected cephalosporins by differential pulse polarography in pH 4.0 

Pulse amplitude: 60 mV 

Sample Labelled amount (mg) 

Drop time: 2 s 

Amount found (mg) Recovery percentage S.D. 

Ceftazidime (powder) 25.0 24.96 99.82 0.021 
Ceftazidime (powder) 15.0 14.97 99.89 0.019 
Ceftizoxime (powder) 10.0 09.95 99.60 0.021 
Ceftriaxone (powder) 25.0 24.89 98.89 0.022 
Fortum (injection) 15.0 14.98 99.92 0.016 

10.0 09.97 99.89 0.016 
Cefizox (injection) 10.0 09.98 99.60 0.021 

05.0 04.98 98.20 0.015 
Monocef (injection) 25.0 24.85 98.74 0,025 

10.0 09.98 99.92 0,016 
Oframax (injection) 25.0 24.97 99.89 0.019 

10.0 09.98 99.92 0.016 

tion plot. The assay results for the formulations in 
pH 4.0 are given in Table 1. 

In order to determine, the amount of a particu- 
lar drug in urine sample, calibration plots con- 
structed in accordance with the limits at which the 
unchanged drugs are excreted are employed. Dif- 
ferent amounts of I were added to a fixed volume 
of urine. Aliquots of these spiked urine samples 
were diluted with the supporting electrolyte and 
the polarograms recorded. The calibration plots 
ranging from 2.4 to 60 ng ml-  ~ was linear passing 
through the origin. Using the same procedure 
calibration plots were constructed for II and III. 
Using the calibration plot ranging from 2.4 to 60 
ng ml ~ compound I was determined in urine. 
The analysis of numerous samples indicates a 
relative S.D. of 2.0% at the lowest concentration 
and 1.5% at concentration 8 ng ml-  ~ and higher. 
II and III were determined in urine with the same 
concentration range and the relative S.D. at the 
lowest concentration were 1.48 and 1.46%, respec- 
tively. Typical differential pulse polarogram of 
Ceftriaxone in urine sample is given in Fig. 1. 

Further the method is selective for simulta- 
neous determination of cephalosporins because of 
wide separation in their Em values (Fig. 2). The 
wide range of concentrations over which the drugs 
can be determined indicates great utility of the 
method. The determinations of higher concentra- 
tions in pharmaceutical formulations are possible. 

The proposed supporting electrolyte permits high 
sensitivity in polarographic quantitative determi- 
nation of these compounds. The method is sensi- 
tive enough to measure concentrations as low as 
those encountered after therapeutic dosage. 

4 pA 
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Fig. 1. Typical differential pulse polarogram of ceftriaxone in 
urine sample in pH 4.0. Concentration = 20 ng ml-1; drop 
time = 2 s; and pulse amplitude = 60 mV. a = Urine blank + 
buffer, b = ceftriaxone in urine + buffer. 
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Fig. 2. Typical differential pulse polarogram of 0.01 mM 
I +0.01 mM II +0.01 mM IlI (I =Ceftazidime, II = Cefti- 
zoxime and I I I=  Ceftriaxone) in pH 4.0. Drop time = 2 s; and 
pulse amplitude = 60 mV. a = Blank solution, b = [I + II + 
l I I ]+ buffer. 
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Abstract 

Rapid and accurate binary mixture resolution of chlorpheniramine maleate-noscapine hydrochloride and chlor- 
pheniramine maleate-guaiphenesin, was performed. Derivative spectrophotometry, by the zero-crossing measure- 
ments, was used due to the drugs closely overlapping absorption spectra. Neither sample pretreatment nor separation 
were required. Linear calibration graphs of first derivative values at 268.0 and 261.0 nm for chlorpheniramine- 
maleate-noscapine hydrochloride and at 273.2 and 261.0 nm for chlorpheniramine-guaiphenesin were obtained vs. 
concentration with negligible intercept on the y-axis. Thus, the derivative spectrophotometry method was applied to 
the determination of these drugs in binary mixtures obtaining selectivity, accuracy and precision, © 1997 Published 
by Elsevier Science B.V, 

Keywords: Binary mixture; Chlorpheniramine maleate; Noscapine hydrochloride; Guaiphenesin 

1. Introduction 

Chlorpheniramine maleate (1) is an alkylamine 
derivative with the actions and uses of the antihis- 
tamines [1]. It is one of the most potent antihis- 
tamines and causes a moderate degree of sedation. 
It is used alone or with noscapine hydrochloride 
(2) [2] and guaiphenesin (3) [3] for the symp- 
tomatic treatment of coughs due to acute or 
chronic bronchitis and bronchial allergic condi- 

* Corresponding author, Fax: + 54 652 30224. 

0039-9140/97/$17.00 © 1997 Published by Elsevier Science B.V. All 
PI! S0039-9140(96)02083-8 

tions, Fig. 1. Bronchodilation has been produced 
by nebulized chlorpheniramine in children with 
asthma. Adverse effects have been reported: smell 
and taste alterations; thrombocytopenic purpura; 
and progressive left-sided facial dyskinesia [4]. 
Chlorpheniramine maleate in compound prepara- 
tions cannot be directly determined by conven- 
tional spectrophotometric methods because of the 
significant overlapping in the spectra. The deriva- 
tive technique in UV-vis spectrophotometry offers 
a powerful approach for the enhancement of sen- 
sitivity and specificity. It has frequently been era- 

rights reserved. 
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ployed to overcome the problem of interference 
due to irrelevant spectral overlapping, which may 
be caused either by substances other than analytes 
or by excipient matrices commonly present in 
pharmaceutical formulations. In derivative spec- 
troscopy, the conventional spectrum is rapidly 
and simply transformed to a function of its first 
derivative (dA/d2), by an analogue or digital 
device as the spectrum is scanned. Consequently, 
fine structural features are sharpened to give im- 
proved resolution of overlapping peaks and po- 
tentially greater sensitivity. The main advantages 
and limitations of this technique have been de- 
scribed by O'Haver et al. [5]. 

Derivative spectrophotometry on the basis of 
zero-crossing measurements has been employed 
for the simultaneous determination of substances 
of clinical interest [6-8] and rapidly gained appli- 
cations in the fields of pharmaceutical analysis, 
biochemistry, analytical chemistry and clinical 
chemistry [9,10]. 

The described first derivative UV spectrophoto- 
metric method is simple, direct and accurate and 
has been applied to determine chlorpheniramine 
maleate, noscapine hydrochloride and guaiphen- 
esin, in the synthetic chlorpheniramine-noscapine 
and chlorpheniramine-guaiphenesin mixtures. 

2. Experimental 

2. I. Reagents 

Stock chlorpheniramine maleate solution, 
558.86 gg ml - j ,  prepared by dissolving chlor- 
pheniramine maleate (Sigma Chemical Products) 
in water. 

Stock noscapine hydrochloride solution, 1954.5 
gg ml-  i prepared by dissolving 2 (Sigma Chemi- 
cal Products) in water. 

Stock guaphenesin solution, 1070.0 gg ml-1, 
prepared by dissolving 3 (Sigma Chemical Prod- 
ucts) in water. The stock solutions were kept 
refrigerated at about 4°C, in the dark. Solutions 
of the desired concentration were obtained by 
diluting the stock solutions to volume with water. 
All experiments were performed with solvent 
grade Milli-Q-water (Millipore Corporation). 

2.2. Apparatus 

Ordinary and derivative spectrophotometric 
analyses were performed on a Shimadzu UV-vis 
Spectrophotometer UV-160 A with standard 1.0 
cm quartz cuvettes. The UV-160 A is a micro- 
computer-controlled double-beam recording spec- 
trophotometer which has the following features: 
this very compact instrument combines a 
monochromator, keyboard, CRT and graphic 
printer; it permits various spectral processing such 
as the expansion/compression of spectra, peak- 
pick, derivative, smoothing, data storage and 
arithmetic calculation between spectra. 

CI 

v ~ C H ( C H 2 ) 2 N (  cH3)2.C4H404 

CHa CH30 I-I 

O • HCl  

OCH3 

O ON2 CH CH2ON ~ OCH3 

Fig. |. Structural formulae of chlorpheniramine maleate (1), 
noscapine hydrochloride (2) and guaiphenesin (3). 
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Fig. 2. Absorption spectra of chlorpheniramine maleate (1) 
45.2 lag ml i noscapine hydrochloride (2) 91.6 lag m l -  ~ and 
their 1:1 mixture (M), in distilled water. 

Absorption spectra of  samples were recorded at 
a scan speed of  about 480 nm min 1 between 
230-300  nm for 1 -2  mixtures and 220-320  nm 
for 1 -3  mixtures. 

T h e  first derivative spectra were recorded with a 
A 2  = 7 .2  n m .  

2.3. Sample preparation and procedure 

Samples (5 ml) were prepared in 8 ml test tubes 
containing 20.0 160.0 gg m l - '  o f  1, 20.0-140.0 
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Fig. 4. First derivative spectra of chlorpheniramine maleate 
(1), noscapine hydrochloride (2) and their 1:1 mixture (M). 

~tg ml ~ of  2, and 20.0-140.0 #g ml -~  of  3 or 
their binary mixtures. 

The absorption spectra of  the samples were 
recorded against a reagent-blank (water). The cal- 
ibration graphs were constructed on the chart 
paper against the corresponding concentrations. 
The absolute values of  the derivative were ob- 
tained by a zero-crossing technique with measure- 
ments at 268.0 nm for 1 and 261.0 nm for 2 in the 
1 -2  mixtures and 273.2 nm for 1 and 261.0 nm 
for 3 in the 1 -3  mixtures, respectively. 
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Fig. 3. Absorption spectra of chlorpheniramine maleate (1) 
50.1 lag ml 1, gua iphenes in  (3) 43.9 lag m 1 - 1  and their h l  
mixture (M), in distilled water. 
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Fig. 5. First derivative spectra of chlorpheniramine maleate 
(1), gua iphenes in  (3) and their 1:1 mixture (M). 
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Table 1 

Analysis of calibration graphs in the determination of chlorpheniramine maleate (20.0-160.0 lag ml ~) in the presence of noscapine 
hydrochloride (h26s) by first derivative spectrophotometry 

C 2 (lag ml ~) Slope Intercept Correlation coefficient 

0.0 Po 1.85 x 10 -3 2.28 × 10 -3 0.999 
83.3 Pt 1.87 x 10 -3 -6.51 x 10 -3 0.999 

106.0 P2 1.68 x 10 -3 1.02 x 10 3 0.999 
129.0 P3 1.78× 10 -3 - 3 . 1 4 ×  10 3 0.999 
164.0 P4 1.87z10 -~ - 7 . 0 1 x 1 0  3 0.999 

LOD (the lower limits of detection) = 0.033 lag ml i. 
C 2: noscapine hydrochloride concentration. 

2.4. Sample analysis 

The proposed method was applied to the deter- 
mination of 1 2 or 1 3 in synthetic mixtures of 
different proportions, using the calibration 
graphs. 

3. Results and discussion 

Fig. 2 shows the closely overlapping absorption 
spectra of 1 (45.2 ~tg ml-1) and 2 (91.6 tag ml-1)  
together with M, a mixture of both compounds, 
in the region of 240-300 nm. 

Similar behavior was observed for compounds 
1 and 3 (Fig. 3). 

This fact makes it extremely difficult to deter- 
mine 1 in the presence of noscapine hydrochloride 
or guaiphenesin by conventional UV spectropho- 
tomet'ry. This problem has been solved satisfacto- 
rily by derivative spectrophotometry. When 
derivative UV spectra were recorded, sharp bands 

of large amplitudes of chlorpheniramine maleate 
were produced which may offer more selective 
identification and specific determination of this 
drug. 

Fig. 4 shows the first derivative spectra of 1, 2 
and their mixture, M. Fig. 5 shows the first 
derivative spectra of 1, 3 and their mixture, M. 
The zero-crossing value for 1 appears at 261.0 
nm; for 2 at 268.0 nm and for 3 at 273.2 nm, 
respectively. From among these wavelengths, 
these values were selected as optima to determine 
1 and 2 and 1 and 3 in their mixtures. 

In order to test the mutual independence of the 
analytical signals of 1 and 2 or 1 and 3 com- 
pounds, the following experiments were per- 
formed. 

Five calibration graphs were constructed from 
the first derivative signals by measuring at 268.0 
nm for standard samples containing between 20.0 
and 160.0 ~tg ml 1 of 1, in the absence of noscap- 
ine hydrochloride (P0) and in the presence of 83.3 
~g ml ~ (pl), 105.8 ~tg ml i (P2), 128.7 ~tg ml-1 

Table 2 
Analysis of calibration graphs in the determination of noscapine hydrochloride (20.0-160.0 lag ml ~) in the presence of 
chlorpheniramine maleate (h26 0 by first derivative spectrophotometry 

C 1 (lag ml - t )  Slope Intercept Correlation coefficient 

0.0 qo 8.65× 10 4 2.60x 10 3 0.999 
23.4 ql 9.29x lO 4 - 0 . 5 8 x  10 3 0.999 
46.5 q2 9.09 x 10 4 5.27 x 10 -3 0.999 
67.6 q3 9.65x10 -4 - 0 . 7 2 x 1 0  3 0.999 
90.1 q4 10.0x10 -4 - 0 . 2 4 x 1 0  3 0.999 

LOD (the lower limits of detection)= 0.031 lag ml-~. 
C 1: chlorpheniramine maleate concentration. 
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Fig. 6. A series of first derivative spectra with concentration of 
chlorpheniramine maleate varied from 23.8 to 140.5 pg ml 
at a constant concentration of noscapine hydrochloride (129.0 
ggml 1). 

(P3) and 164.1 lag ml - '  (P4) of noscapine hy- 
drochloride. The 'p' terms (Po, P~, P2, P3 and P4) 
represent the calibration graphs corresponding to 
five sample series of chlorpheniramine maleate. 
The lower limits of detection (LOD) were calcu- 
lated (Table 1). 

Fig. 6 exhibits a series of first derivative spectra 
where the concentration of 1 is increased from 
23.8 to 140.5 lag ml - i at a constant concentration 
of noscapine hydrochloride (129.0 lag ml-~). The 
experiments showed that the height at 268.0 nm 
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Fig. 7. A series of first derivative spectra with concentration of 
chlorpheniramine maleate varied from 24.9 to 146.0 p.g rnl-  

at a constant concentration of guaiphenesin (44.0 gg ml - '). 

(h268.o) was  proportional to the chlorpheniramine 
rnaleate concentration. 

It can be verified (Fig. 6) that all curves which 
contain the same concentration of noscapine hy- 
drochloride converge to an abcissa value corre- 
sponding to the zero-crossing wavelength of the 
chlorpheniramine maleate (261.0 nm). 

Similarly, five calibration graphs were prepared 
from the first derivative signals by measuring at 
261.0 nm for standard samples containing be- 
tween 20.0 and 300.0 lag ml ' of 2, in the absence 
of 1 (%) and in the presence of 23.4 (q0, 46.5 (qj ,  
~7.6 (q3) and 90.1 lag ml ' (q4) of chlorpheni- 
ramine maleate. The 'q' terms (qo, q~, q2, q3 and 
q4) represent the calibration graphs corresponding 
to five sample series of noscapine hydrochloride 
(Table 2). 

Since, experiments with compounds 1 and 3 
were performed at 273.2 and 261.0 nm for the 
determination of these compounds in their mix- 
tures. Fig. 7 exhibits a series of first derivative 
spectra where the concentration of 1 is increased 
from 24.9 to 146.0 lag m l -  1 at a constant concen- 
tration of guaiphenesin (44.0 lag ml-1). The ex- 
periments showed that the height at 273.2 nm 
(h273.2) was proportional to the chlorpheniramine 
maleate concentration. 

It can be verified (Fig. 7) that all curves which 
contain the same concentration of guaiphenesin 
converge to an abcissa value corresponding to the 
zero-crossing wavelength of the chlorpheniramine 
maleate (261.0 nm). 

The calibration graphs were constructed from 
the first derivative signals by measuring at 273.2 
nm for standard samples containing between 20.0 
and 120.0 lag ml -I  of 1, in the absence of 
guaiphenesin (Po) and in the presence of 24.2 lag 
ml ~ (P0, 65.3 lag m l -  L (P2), 85.7 lag. 

ml-~ (P3) and 106.0 lag ml 1 (P4) of guaphen- 
esin. The 'p' terms (P0, P,, P2, P3 and P4) represent 
the calibration graphs corresponding to five sam- 
ple series of chlorpheniramine maleate (Table 3). 

Similarly, five calibration graphs were prepared 
from the first derivative signals by measuring at 
261.0 nm for standard samples containing be- 
tween 20.0 and 120.0 lag ml - i of 3, in the absence 
of l (%) and in the presence of 36.1 (q0, 65.4 (q2), 
80.2 (q3) and 115.3 lag ml -~ (q4) of chlorpheni- 
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Table 3 
Analysis of calibration graphs in the determination of chlorpheniramine 
guaiphenesin (h273.2) by first derivative spectrophotometry 

maleate (20.0-120.0 lag ml t) in the presence of 

C 3 (lag ml - t )  Slope Intercept Correlation coefficient 

0.0 Po 3.81 x l0 -3 7.60× l0 -5 0.999 
24.2 Pl 3.76x 10 3 7.51 x 10 -5 0.999 
65.3 P2 3.77 x 10 3 7.58 x 10 -5 0.999 
85.7 P3 3.80x10 -5 7.82x10 5 0.999 

106.0 P4 3.75 x 10 -3 7.53 × 10 5 0.999 

LOD (the lower limits of detection)= 0.048 lag ml L 
C 3: guaiphenesin concentration. 

ramine maleate. The 'q' terms (qo, q~, q2, q3 and 
q4) represent the calibration graphs corresponding 
to five sample series of guaiphenesin (Table 
4).Tables 1-4 show the results of the statistical 
analysis of the experimental data for chlorpheni- 
ramine maleate, noscapine hydrochloride and 
guaphenesin, respectively. The linearity of the cal- 
ibration graphs and the conformity of the systems 
to Beer's law are proven by the high value of 
correlation coefficients of regression equations. 
The lower limits of detection (LOD) were calcu- 
lated by the expression LOD = 3 Sb/b [11]. 

The traditional Vierodt's method [12] was also 
applied, which involves the use of two simulta- 
neous equations, for the determination of chlor- 
pheniramine and guaiphenesin in unknown 
mixtures, with previous construction of four cali- 
bration graphs (absorbance vs. concentration). 
The results obtained were of poor accuracy and 
reproducibility with errors higher than 2%, if the 
ratio of guaiphenesin to chlorpheniramine 
maleate and noscapine hydrochloride to chlor- 
pheniramine maleate is greater than one. This is 

Table 4 

due to close overlapping of the absorption spectra 
of the compounds. 

Thus, the use of the first derivative spectropho- 
tometry permits to eliminate the problem of 
closely overlapping spectra [13]. This method was 
applied for resolving the determination of clor- 
pheniramine maleate-noscapine hydrochloride 
and clorpheniramine maleate-guaiphenesin in syn- 
thetic mixtures of different proportions. The re- 
sults obtained are summarized in Table 5. In 
addition, the relative standard deviations (RSD) 
for five determinations at each concentration level 
are satisfactorily low (0.25-0.81%) and indicate 
the good reproducibility of the proposed method. 

A rigorous analysis of the results indicated that 
the presence of one of the components does not 
interfere with the determination of the other. 

Prior sample preparation, such as solvent ex- 
traction or column chromatography, is not neces- 
sary for the analysis of formulations containing 
mixtures of these compounds. Elimination of 
these steps saves considerable analysis time. It is 
worthy of mention that no expensive or toxic 
solvents or reagents are used. 

Analysis of calibration graphs in the determination of guaiphenesin (20.0-120.0 lag ml -~) in the presence of chlorpheniramine 
maleate (h260 by first derivative spectrophotometry 

C 1 (lag ml -  ~) Slope Intercept Correlation Coefficient 

0.0 qo 1.86x l0 -3 1.94x 10 4 0.999 
36.1 ql 1.84x10 -3 1.87x10 4 0.999 
65.4 q2 1.88x 10 3 1.96x 10 -4 0.999 
80.2 q3 1.87 x 10 -5 -- 1.90 x l0 -4 0.999 

115.3 q4 1.84 × 10 -5 1.85 x 10 -4 0.999 

LOD (the lower limits of detection) = 1.28 pg m l -  t. 
C 1: chlorpheniramine maleate concentration. 
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Table 5 
Determination of chlorpheniramine maleate-noscapine hydrochloride and chlorpheniramine maleate-guaiphenesin in synthetic 
mixtures by using the first derivative spectrophotometry 

C 1 (~tg ml - I )  C 2 (~tg ml - I )  

M t M 2 M~ M I M 2 M3 
A268 o 0.268 0.192 0.154 A261 o 0.128 0.127 0.084 
Known 61.97 107.4 86.31 Known 133.6 132.7 87.24 
Found 61.65 108.1 87.06 Found 133.4 132.4 87.35 
Recovery (%) 99.48 100.6 100.9 Recovery (%) 99.85 99.77 100.1 
RSD (%) 0.571 0.742 0.635 RSD (%) 0.750 0.811 0.571 

C 2/C l (w/w) ratio in the mixtures: M~: 2.16; M2:1.24 and M3: 1.01, respectively. 

C 1 (p.gml -~) C 3 (~tg ml -~) 

MI M2 M3 Mi M2 M3 
A2v32 0.122 0.078 0.283 A261. o 0.059 0.154 0.139 
Known 31.97 20.72 75.48 Known 31.44 83.63 74.15 
Found 32.34 20.68 75.02 Found 31.75 82.88 74.81 
Recovery (%) 101.1 99.81 99.39 Recovery (%) 101.00 99.10 100.9 
RSD (%) 0.411 0.253 0.292 RSD (%) 0.350 0.305 0.341 

C 3/C 1 (w/w) ratio in the mixtures: MI: 0.98: M2:4.04 and M3: 0.98, respectively. 

Thus, this method has a significant advantage 
over other techniques and is extremely suitable for 
routine pharmaceutical analysis. 
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Abstract 

A new method using a surface acoustic wave (SAW)/conductance sensor has been described in this paper for rapid 
determination of ribonuclease (RNase) and microanalysis of heparin. The assay of RNase is based on the change in 
conductance of the solution caused by enzymatic reaction between ribonucleic acid (RNA) and RNase and the 
analysis of heparin is based on its inhibitory action on RNase. A linear relationship between frequency response and 
enzyme concentration is obtained and the detection limit of RNase is evaluated to be 0.17 lag ml l. The recovery of 
the sensor system ranges from 95.8 to 105.0%. The inhibition of heparin is a competitive one and the possible 
inhibition mechanism is discussed. The kinetic parameters and inhibition parameters are estimated. The calibration 
graph is rectilinear for < 8 tag ml -  1 of heparin and the detection limit is 0.1 lag ml - 1. The influence of pH value on 
the inhibition of RNase by heparin has been investigated and the effects of Ca ~ +, Mg 2+ are also discussed. © 1997 
Elsevier Science B.V. 

Keywords: Heparin; Microanalysis; Ribonuclease; Surface acoustic wave 

I. Introduction 

The ribonuclease (RNase) is impor tant  in the 
anabolism and catabolism o f  ribonucleic acid 
(RNA)  of  the cytoplasm and nucleus. Various 
qualitative [1,2] and quantitative [3,4] assays for 
RNase  activity have been described. Most  utilize 
the differential solubility in acid or  ethanol o f  the 
substrate and product  o f  enzyme digestion. Hep- 
arin, a polymer  o f  glucosamine and uronic acids, 

* Corresponding author. 

possess wide biological activities. It is impor tant  
as a b lood ant icoagulant  and is o f  clinical signifi- 
cance [5]. It has been widely used in medicine and 
pharmacology.  The normal  physiological concen- 
tration o f  heparin in human  plasma is 9 lag d l -  ] 
[6]. Several reports have covered the structure, 
function and quant i ta t ion o f  heparin [7,8]; up 
until now the main method  to determine heparin 
is using its chromogenic  substrates [9]. Heparin 
can greatly inhibit the enzymatic reaction o f  
R N A / R N a s e  and the inhibitory action is used to 
determine heparin in this paper. Al though  cur- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02088-7 
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rently available methods are fairly sensitive, many 
are time-consuming and require harsh analytical 
conditions [10]. The present investigation was 
prompted by the need to develop more reliable, 
simple and less time-consuming methods for 
quantitative analysis of heparin. In this paper, a 
new liquid-purpose SAW/conductance sensor sys- 
tem has been described to rapid determination of 
RNase and microanalysis of heparin. 

This new type of SAW/conductance sensor sys- 
tem proposed in our laboratory recently [11,12] is 
composed of a 61 MHz SAW resonator and a 
pair of parallel platinum electrodes. The fre- 
quency of the SAW/conductance sensor can be 
measured within _+ 1 Hz. The device is based on 
the principle that oscillation is only generated and 
supported when the sum of the phase angles of a 
loop circuit containing resistive, capactive and 
inductive elements in series with an amplifier and 
a SAW device is a multiple of 2zr rad and the loop 
gain is greater than 1. If any element in the circuit 
imparts a phase delay change, the oscillation fre- 
quency will change. Therefore, it can response to 
any changes in the physical/chemical properties of 
the medium between two electrodes as they cause 
variations in the loop parameters. By analysing 
the frequency shift response much information 
about the liquid system can be obtained. 

For such a SAW/conductance sensor system, 
frequency shifts (AF) are related to the change of 
the electrolyte conductance (AK): A F =  a A K +  b. 
Here, a and b are constants depending on the 
SAW device, amplifier circuit and experimental 
conditions. So, the frequency of the SAW/conduc- 
tance sensor shifts according to the conductance 
change of the substrate solution caused by enzy- 
matic reaction between RNA and RNase, and it is 
possible to correlate the enzymatic reaction rate 
with the frequency change. This is the fundamen- 
tal principle for the RNase determination in this 
study. 

The proposed SAW/conductance sensor has 
some advantages. One advantage over more con- 
ventional oscillator circuit is the high frequency, 
stability and narrow band-width obtainable with 
SAW oscillators versus other crystal-controlled 
and RC/RLC/LC circuits. Another advantage is 
that the interferences caused by mass, viscoelastic 

or electroacoustic properties can be avoided. Only 
the alternation of conductance in test solution can 
produce the frequency shift of the sensor. We also 
found that in a medium conductivity region, the 
higher the conductivity, the higher the sensitivity 
of the SAW/conductance sensor system. So, the 
SAW system seems more attractive than the nor- 
mal a.c. conductometry and a.c. impedance mea- 
surement. In addition, the SAW/conductance 
sensor is advantageous in its rapid determination, 
simplicity in construction and low noise levels. 
Since there is no report on SAW devices applied 
to RNA/RNase reaction and the analysis of hep- 
arin, in this paper, the SAW/conductance sensor 
has been successfully applied in enzymatic analy- 
sis of RNase and microanalysis of heparin. 

2. Experimental 

2.1. Apparatus 

The experimental set-up was same as described 
in the previous paper [11,12]. The 61 MHz SAW 
resonator used in this study was manufactured on 
an Y,Z-cut lithium niobate piezoelectric crystal 
and the whole SAW device was sealed for protec- 
tion against atmosphere with an epoxide lid. 
Without touching the solution directly, the device 
was electrically connected to a pair of parallel 
platinum electrodes, which were set in the 5 ml 
detection cell. During the experiments, the detec- 
tion cell was placed in an air-bath thermostating 
equipment in which the temperature was moni- 
tored and controlled by a WMZK-01 temperature 
controller (Medical Instrument Co., Shanghai). 
The temperature was thermostated at 25 + 0.2°C 
throughout the experiments. The solution in the 
cell was stirred with a magnetic stirrer at a con- 
stant stirring rate 6.5 V d.c. power was delivered 
to the circuit board (self-made) by an adjustable 
dual-track d.c. power supply. A universal fre- 
quency counter (Model SC-7021, Iwatsu) was 
used to measure the oscillation frequency of the 
SAW resonator at a resolution of 1 Hz and data 
were collected at 6 points min-~. 
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2.2. Materials and reagents 

All reagents were of analytical grade or better. 
Doubly distilled water was used throughout. 
Working buffer was 2.0 mM Tr i s -HCl  at pH 7.0. 
RNase [EC 3.1.27.5] and heparin sodium (140 
units mg-~)  were obtained from Shanghai Bio- 
chemical Products Institute and Hunan Chemical 
Products Institute, respectively. RNA extracted 
from E. coli was supplied by Hunan Agriculture 
University. The method of extracting RNA was a 
convenient one according to the literature [13]. 
The RNA extract was measured spectrophotomet- 
rically in absorbancy at 230, 260 and 280 nm, and 
the concentration of RNA was evaluated to be 8.2 
mg ml 

2.3. Procedures 

The detection cell was filled with 5 ml of the 
RNA, or RNA and heparin (in 2.0 mM Tr i s -HCl  
buffer, pH 7.0) under magnetic stirring and the 
stable frequency of the SAW/conductance sensor 
was measured (Fo). Then, a small volume of the 
enzyme solution was transferred into the cell and 
the enzyme catalyzed reaction was started. Chang- 
ing with the time, the resulted frequency shift was 
recorded as A F =  F - F 0 ,  where F was the fre- 
quency after adding the enzyme solution. A fre- 
quency shift versus time graph was obtained and 
the initial response rate was calculated from its 
initial linear section. Then, an initial response rate 
versus RNase concentration calibration curve was 

1000 ~ ~ o 6  

"1- 800  .... 1~ ~ 4  - o  3 
v 

ca 6 0 0  0 " l i ~ : ~ :  .... 2 ),, Q 

0" , " '  _-0"- . , 0 "  

0 1 2 3 4 5 6 

Time(rain.) 

Fig. I. Frequency response curves (frequency shift vs. time) 
corresponding to 15 lag ml ~ RNase and different concentra- 
tion of  RNA (gg m l -  ~): (1) 16.5; (2) 32.9; (3) 65.9; (4) 98.8; (5) 
131.7: and (6) 164,6. 

constructed and a linear relationship between ini- 
tial response rate and RNA concentration was 
also obtained. All experiments were repeated 
more than three times and the average value was 
used for calculation. The experiments were per- 
formed at 25 + 0.2°C. 

3. Results and discussion 

3.1. Estimation of kinetic parameters 

Keeping the concentration of RNase constant 
at 15 gg m l - ] ,  the RNA concentration was 

Table 1 
Recovery determined with the SAW/conductance sensor system 

Enzyme (lag ml ]) 

Added Found 

V o (Hz rain i) Recovery (%) Mean (%) R.S.D. (%) 

1.3 t.29 69 
2.6 2.49 119 
5.2 5.36 198 
7.8 8.19 280 

10.4 10.29 388 
11.7 11.53 435 
13.0 12.97 475 

99.4 
95.8 

103.0 
105.0 
98.8 
98.6 
99.7 

100.1 2.4 

Experimental conditions: 165 lag ml -~ RNA, pH 7.0, 25°C. 
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ranged from 16.5 to 165 jag ml -~ to obtain a 
typical Michaelian curve. The experimental data 
is given in Fig. 1. The initial rate can be calculated 
from its initial linear section and the results show 
a linear relationship between the R N A  concentra- 
tion and the initial rate. A corresponding regres- 
sion equation was described as follows: 
V o = 3.3[RNA] + 9.2 (r = 0.993, n = 6), where the 
RNA concentration was expressed in ~tg m l -  
and Vo in Hz min J. According to the 
Lineweaver-Burk equation, the Km value was 
estimated to be 2.6 mg m l - I  for R N A  and a 
corresponding maximum initial rate (Vm~0 was 
9973 Hz m i n -  1 

3.2. Assay of  the enzyme concentration 

At a fixed substrate concentration, the initial 
rate of  an enzyme-catalyzed reaction is directly 
proportional to the concentration of that enzyme 
[14]. In this experiment, the substrate R N A  was 
kept constant at 165 ~tg ml ~ and the enzyme 
concentration was in the range up to 13 ~tg m l -  
of  RNase, at 25°C and pH 7.0. A correlation of 
Vo = 34.5[E] + 24 (r = 0.998, n = 7) is obtained, 
where Vo refer to the initial rate (in Hz m i n - J )  
and [E] to the concentration of the RNase  solu- 
tion (in ~tg ml - ~). Under our experimental condi- 
tion, the detection limit of  RNase is evaluated to 
be 0.17 ~g ml -~  based on three times the signal- 
to-noise ratio (S/N = 3). 

The average recoveries for RNase shown in 
Table 1 ranged from 95.8 to 105.0%. The data 
were obtained with seven different experiments 
and each obtained value was the mean of three 
measurements. 
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Fig. 2. Influence of heparin on the frequency response curves: 
(1) in the presence of 4 ~tg ml ~ heparin; and (2) in the 
absence of heparin. RNA concentration: 98.8 ~ag ml ~; RNase 
concentration: 13 lag ml ~. 

lowed by the SAW/conductance sensor. As shown 
in Fig. 2, the frequency response of  the sensor 
decreases evidently when heparin is present. 

The effect of  substrate concentration on the 
inhibitory action of  heparin has been investigated 
and the results are shown in Table 2. From the 
data, we can observe that the effect of  the in- 
hibitor depends on the substrate concentration. 
The higher the substrate concentration, the lower 
the inhibition. These results have implied that the 
inhibition is a competitive one. 

Table 2 
The effect of substrate concentration on the inhibitory action 
of heparin 

3.3. Inhibition action of  heparin upon RNase 

We have observed that heparin shows an in- 
hibitory action on RNase activity. When heparin 
is introduced into a solution containing RNase  
and RNA, the enzymatic activity decreases by the 
concentration of  heparin present in the solution. 
This process provided a possibility for detecting 
or assaying extremely low concentration of a wide 
range of heparin by comparing the alternation of 
the RNase-catalysed reaction rate which is fol- 

Heparin RNA 
concentration (~tg concentration 
ml i) (~tg ml - I )  

Inhibition (%) 

98.8 97.7 
164.6 91.9 
247.0 84.3 

98.8 61.0 
164.6 54.7 
247.0 45.8 

The experimental conditions: 18 ~g ml ~ RNase, pH 7 . 0 ,  

25°C. 
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Table 3 
Kinetic parameters and inhibition parameters of  heparin 

[heparin] (~tg ml - ~ ) 
K m (mg ml i) 
V~× (kHz min i) 
K i (mg m1-1) 
Km (rag ml - I )  
Vm, ~ (kHz min i) 
lso (Pg ml - I )  

0 0.8 
2.4 3.60 
9.85 10.18 

2 
5.1 

10.06 
2.1 x 10 -3 

2.6 
9.97 
3.7 

4 5 6 
7.6 8.8 10,1 
9.99 9.92 10.03 

The experimental conditions: 13 gg ml ~ RNase, pH 7.0, 25°C. 

3.4. The possible inhibition mechanism of heparin 

Heparin is a natural polysaccharide and resem- 
bles RNA in some respects. Because of this struc- 
tural similarity the heparin can compete for the 
same binding-site on the enzyme. The enzyme- 
bound inhibitor then either lacks the appropriate 
reactive group or it is held in an unsuitable posi- 
tion with respect to the catalytic-site of  the en- 
zyme or to other potential substrate for a reaction 
to take place. In either case a dead-end complex is 
formed, and the inhibitor must dissociate from 
the enzyme and be replaced by a molecule of 
substrate before a reaction can take place at that 
particular enzyme molecule. So, the inhibition 
mechanism of heparin can be described as fol- 
lows: 

E + S  . 

EI 

k l  k s  
' E $  " E + P  (1) 

k . l  

The dissociation constant Ki, which is also 
called the inhibitor constant, is expressed as: 

[E][S] [E][/] 
Ki - -  - - -  ( 2 )  

[ES] [E/] 

By using the steady-state assumption, the follow- 
ing expression can be derived: 

Vm~dSo] 
v0  = ( 3 )  

[So]  + K~(1 + [Io]/KO 

where V o and Vm~ x are the initial rate and intrinsic 
maximum rate of the RNase-catalysed hydrolysis 
reaction of  RNA respectively, [So] and [Io] are the 

initial concentration of  substrate RNA and in- 
hibitor heparin respectively. Km is intrinsic 
Michaelis constant. 

Eq. (3) has the same form as the Michaelis- 
Menten equation. The only difference being that 
Km has been increase by a factor (1 + [Io]/Ki). So, 
the apparent Michaelis constant Km = Km(1 + [I0]/ 
Ki) and Vmax is unchanged (V~nax = Vrnax ). 

The Lineweaver-Burk equation in the presence 
of heparin will be: 

1 K ~  1 1 
- -  + - -  ( 4 )  

Vo V~nax [So] V~nax 

The calculated kinetic parameters (apparent ki- 
t ! . netic parameters, K m and Vm,x, intrinsic kinetic 

parameters, Km and Vmax) and inhibition parame- 
ters (inhibitor constant, Ki; inhibitor concentra- 
tion necessary to produce 50% inhibitor, 15o) are 
summarized in Table 3, which are measured under 
the following conditions: 13 pg ml-1  RNase, 2.0 
mM Tris-HC1 buffer, pH 7.0 and 25°C. 

3.5. Relationship between frequency response and 
heparin concentration 

Under the present experimental conditions 
(98.8 ~tg ml-1  RNA, 13~tg ml ~ RNase, 2.0 mM 
Tris-HC1, pH 7.0, 25°C), the calibration curve of 
initial rate or inhibition ratio against heparin 
concentration was linear for < 8 tag m l -  ~ (Fig. 
3). They are also described by the following re- 
gression equation: 

Vo = - 49.8[heparin] + 388.4 (5) 

P = 12.0[heparin] + 6.1 (6) 
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Fig. 3. Calibration graphs for heparin with SAW/conductance 
sensor: (1) initial rate against inhibitor heparin concentration; 
and (2) inhibition ratio against inhibitor heparin concentra- 
tion. Experimental conditions: 13 lag ml -~  RNase, 98,8 lag 
ml -1  RNA, pH 7.0 and 25°C. 

where Vo is initial rate calculated in Hz min-~,  
[heparin] in lag ml ~ and P refers to inhibition 
ratio (%). The regression coefficient is - 0 . 9 8 9  
(n=  6). The detection limit is 0.1 lag ml-~ or 
0.014 units ml-~ of  heparin. The standard devia- 
tion is 2.7% for four determinations of 2 lag ml 
heparin. 

3.6. The effect of pH on the inhibition of RNase 
by heparin and the influences of Ca 2+, Mg 2+ 

The pH value can affect the inhibition ratio of  
heparin and the results are shown in Table 4. The 

Table 4 
The effect of  pH on the inhibition of RNase by heparin 

pH value Vi (Hz min ~) V~ (Hz m i n -  Inhibition (%) 
1) 
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Fig. 4. Influences of Ca z+ and Mg 2+. (l) In the absense of  
Ca 2+ or Mg 2+. (2) 2 × 10-4M Ca z+ . (3) 2 × 10 4M Mg 2+. 
(4) 2 x 10-4M Ca 2+ plus 2 lag ml -1  heparin. (5) 2 × 10-4M 
Mg 2+ p lus2 lagml  -~ heparin. 98.8 lagml ~ R N A a n d  13lag 
ml ~ RNase were selected for this measurement. 

experimental conditions are: 98.8 lag ml-~ RNA, 
13 ~tg ml ~ RNase, 4 lag m l -  ~ heparin, at 25°C. 
The data indicate that heparin has a minimum 
inhibitory effect on RNase between pH 7.5 and 
8.5. 

The influences of Ca 2+ and Mg 2+ have also 
been investigated (98.8 lag ml -~ RNA, 13 lag 
ml ~ RNase, 2 lag ml-~ heparin, pH 7.0 and 
25°C). The results are shown in Fig. 4. Although 
Ca 2 + or Mg 2+ can inhibit RNase, the inhibitory 
effect are greatly increased when Ca 2 + plus hep- 
arin or Mg 2+ plus heparin is added. 

3, Z Comparison of  the SAW-sensingmethodwith 
other methods 

6.0 145 406 64.3 
6,5 148 403 63.3 
7.0 161 414 61.1 
7.5 248 417 40.5 
8.0 290 413 29.8 
8.5 252 405 37,8 

V~ refers to the inhibited initial rate and Vo refers to the 
uninhibited initial rate. 
Experimental conditions: 98.8 lag ml ~ RNA, 13 lag ml - I  
RNase, 4 lag ml-~ heparin at 25°C. 

Since the SAW/conductance sensor can respond 
to the conductance change of the substrate solu- 
tion caused by enzymatic reactions and this is 
really a conductance measurement, a comparative 
study was carried out of  the SAW/conductance 
sensor and the conductimetric method. The exper- 
imental conditions were the same as above. The 
detection limit of  the conductimetry was 1.1 I~g 
m l -  1 of heparin and the detection limit of  the 
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Table 5 
Comparison of methods for analysing heparin 

647 

Method Detection limit of heparin Reference 

Chemiluminescent method 
High-performance liquid-chromatographic-mass-spectrometric method 

Thrombin-clotting-time technique 
Conductimetry 
SAW method 

90 lag 1-~ [5] 
1 lag ml-~(in plasma) [15] 
0.2 btg ml-~(in urine) 
0.05 unit ml -t  (in plasma) [16] 
1.1 lag ml- ~ This paper 
0.1 lag ml ~ or 0.014 unit mI ~ This paper 

SAW-sens ing  m e t h o d  was only 0.1 ~tg m l - ~  o f  
hepar in .  So, the p r o p o s e d  SAW-sens ing  me thod  
was much  more  sensitive than  the conduc t imet r i c  
one. A compar i son  o f  the SAW-sens ing  me thod  
with previous ly  r epor ted  techniques [5,15,16] is 
given in Table  5. The  sensit ivity o f  bo th  the S A W  
me thod  and  the overal l  m e t h o d  are good.  Tak ing  
into cons ide ra t ion  the advan tages  o f  the S A W /  
conduc tance  sensor system ( rapid  de te rmina t ion ,  
s implici ty in ope ra t ion  and enough sensitivity),  it 
appears  to be an efficient techniques  for  the assay 
o f  enzyme and microana lys i s  of  hepar in .  
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Abstract 

Methods were developed to determine traces of 4,5,6,7-tetrachlorophthalide (fthalide) and 1,4,5,6,7,8,8-hep- 
tachloro-2,3-epoxy-2,3,3a,7a-tetrahydro-4,7-methanoindene (heptachlor epoxide) in environmental samples such as 
river water, sediment and fish. The samples were cleaned up by using convenient disk type solid phase extractors and 
cartridges and analyzed by GC/MS with selected ion monitoring. Fthalide and heptachlor epoxide in water samples 
could be determined in the range 0.1-0.3 ng ml-1 with relative standard deviations (RSDs) of 1.0 4.8%. The 
estimated detection limits were 0.020-0.031 ng ml I, 5.1-7.3 ng g-  ~ and 2.7-4.2 ng g-  1 in water, sediment and fish 
samples, respectively. The recoveries were 96-103, 99-101, 66-85 and 67-77% with RSDs of 4.3-10.2, 2.4-2.5, 
4.6-5.2 and 2.1-3.8% in river water, sea water, sediment and fish samples, respectively. © 1997 Elsevier Science B.V. 

Keywords: Fthalide; Gas chromatography; Heptachlor epoxide; Mass spectrometric 

1. Introduction 

A large number of chemicals have so far been 
found in the environment, increasing with pro- 
gress in industrial science and improvement in 
living. Accurate information is necessary on envi- 
ronmental pollution due to hazardous agents so 
as to take appropriate measure to avoid actual 
damage. The Japan Environmental Agency has 
surveyed to check the safety of the chemical 
agents distributed in the environment. So far, our 
laboratory has developed GC/MS-selected ion 
monitoring (SIM) methods [1-6] to determine 
some of  the chemical listed by the Japan Environ- 
mental Agency. 

4,5,6,7-Tetrachlorophthalide (fthalide) and 
1,4,5,6,7,8,8 -heptachloro-2, 3-epoxy-2,3,3 a, 7 a-te- 

trahydro-4,7-methanoindene (heptachlor epox- 
ide), used as fungicide or insecticide, are selected 
as target compounds in the priority list. GC/MS 
SIM allows the identification and the determina- 
tion of the target compounds [7 9]. GC-elec t ron  
capture detection (ECD) is also able to determine 
them because of their several chlorine atoms 
[10,11]. However, GC-ECD is problematic due to 
various kinds of interfering substances coexisting 
in actual samples. The final results of  the analysis 
might thus be subject to considerable errors with 
an insufficient clean-up procedure, even if the 
analysis is made using sensitive and sophisticated 
detection systems. Recently, solid phase extrac- 
tion systems have been developed using a car- 
tridge [12-15] or a filter disk [8,15-19] instead of 
the solvent extraction in a separatory funnel. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
P11 S0039-9140(96)02097-8 
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Extract ion ~-- H g lu t ion  ~ Enternal Standard ~ Dehydration ~ -Concentrat ion '[ ] GC/HS [ 
_ J [ _ _ . ~  [ ~ 2 1  _ .  ] L . . . .  J [ ~ -r J I I 

]000ml ,~47mm Empore C,, acetone:lml f luoranthene-dL* anhydrous N~ ~ I l l  I 
CBeCl=Zdml ha=S0. I i 1 
. . . . . . .  ,., , ,2  dord2 

r h 

10g acetone 30m1*2 3000rp| HzO 3OOm] anhydrous RD~Nz 
10min ]Omin NaC] 15g Na=504 

hexsne 5011=2 

~ Homo,eniz; ' , ~CCentr . . . . .  

log ace ton i t v i l e  30mE*2 3000rpm hexane 20, lOl l  
10min 

hexane 211 Sep-Pak F lonis i l  
gcetone/he×ane($/95) 

I0 II 

F i g .  1. F l o w  s c h e m e  f o r  t h e  d e t e r m i n a t i o n  o f  f t h a l i d e  a n d  h e p t a c h l o r  e p o x i d e  in  t h e  e n v i r o n m e n t a l  s a m p l e s .  

This paper reports a convenient method to 
determine fthalide and heptachlor epoxide in wa- 
ter, sediment and fish samples at sub ng ml ~ or 
low ng g-~ levels. The samples are enriched and 
cleaned up by using a filter disk followed by 
capillary-GC/MS-SIM analysis. 

A Branson (Shelton, CT, USA) B-220 ultra- 
sonic extractor and a Poly Toron PT10-30 ho- 
mogenizer were used to extract analytes from 
sediment and fish samples, respectively. A T o m y  
Seiko LC06-SP (Tokyo, Japan) centrifuge was 
employed for phase separation of sediment and 
fish samples. 

2. Experimental 

2. I. Reagents and apparatus 
2.2. Gas chromatography-mass spectrometry 

Fthalide (C8H2C1402) and heptachlor epoxide 
(CloHsCI70) of pesticide standards grade, and 
hexane, acetone, dichloromethane, acetonitrile, 
methanol, anhydrous sodium sulfate, sodium 
chloride of pesticides grade were obtained from 
Wako (Osaka, Japan). [2HIo ] Fluoranthene (fluo- 
ranthene-d~o) as an internal standard was from 
MSD Isotopes (Montreal, Canada). Solid phase 
extraction disk C~8 (SPED-C18) for water samples 
was a 47 mm diameter Empore disk (3 M, from 
GL Science, Tokyo, Japan). The disk was washed 
with 10 ml of acetone and 10 ml of 
dichloromethane, and then conditioned with 10 
ml of methanol and I0 ml of pure water before 
use. Glass fiber filter GF/C (47 mm d., Whatman, 
UK) and high density glass beads (3 M Filter Aid 
400) were used on the disk to achieve smooth 
filtraction in the case that water samples contain a 
lot of suspended substances. Se-Pak Florispil car- 
tridges (Waters, Milfor, MA) for clean-up of sedi- 
ment and fish samples were prewashed with 10 ml 
of hexane before use. 

Employed were a Hewlett-Packard (Avondale, 
PA, USA) HP 5790 GC and a Nihondenshi 
(Tokyo, Japan) JEOL-DX303 MS equipped with 
DA-5000 data processing system. The analytical 
column was Ultra-2 crosslinked 5% phenyl 
methylsilicone (25 m x 0.32 mm i.d., 0.52 pm film 
thickness). The GC temperature program was as 
follows: initial temperature was 70°C and in- 
creased at 20°C rain 1-270°C. The temperature 
of the injector, transfer line and ion source were 
250°C respectively. The carrier gas was helium at 
the following rate of 61 cm s-1 (column head 
pressure, 7.5 psi). The mass spectrometer was 
operated at 70 eV of ionization energy and 300 
~tA of ionization current in the electron-impact 
mode using scan or SIM. Monitor ions (m/z) for 
fthalide, heptachlor epoxide and their internal 
standard were as follows: fthalide; 242.9 (for 
quantitative determination), 244.9 (for qualitative 
determination), heptachlor epoxide; 352.8 (Quan- 
tification), 354.8 (Identification), fluoranthene-dl0 
(internal standard); 212.0. 
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Table 1 
Degradation of fthalide and heptachlor epoxide at pH 5, 7 and 9 

Compound pH a Conc. (rag 1 ~) Recovery (%) 

After 1 h After 5 days 

Dark Light 

Fthalide 5 0.096 112 113 
7 0.096 122 32 12 
9 0.096 118 1 

Heptachlor epoxide 5 0.095 84 
7 0.095 87 
9 0.095 99 

96 
100 88 
97 

~ pH 5:65 mM-KH2PO 4. pH 7:65 mM-KH2PO4/65 mM-Na2HPO 4 (4/6), pH 9:65 Mm-Na2HPO 4. 

2.3. Analytical procedure 

The clean-up and enrichment of environmental 
samples is outlined in the flow chart in Fig. 1. A 
1000 ml volume of water sample was passed 
through the SPED-C18 by using an aspirator or a 
suction pump. Glass fiber filters and/or high den- 
sity glass beads (10 g) were preferable to use on 
the disk in the case that the sample contains much 
suspended material. The pesticides adsorbed on 
the disk were eluted with 1 ml of acetone, 4 ml (in 
case of using the glass beads, 6 ml) of 
dichloromethane and 1 ml of hexane in that or- 
der. A 0.5 ml volume of internal standard solution 
(fluroanthene-d~0, l tag ml-~ in acetone) and 4 g 
(in case of using the glass fiber filter, 6 g) of 
anhydrous sodium sulfate were added to the elu- 
ate. As it is difficult to dehydrate polar solvent 
such as acetone and dichloromethane with anhy- 
drous sodium sulfate, 1 ml of hexane was added 
to acetone-dichloromethane mixed solvent in or- 
der to lower polarity. Completion of the dehydra- 
tion could be recognized by transparency of the 
eluent. The eluent was evaporated to 1 ml under a 
nitrogen stream, and 2 lal of the aliquot was 
analyzed by GC/MS. 

Sediment (10 g) was mixed with 30 ml of ace- 
tone and stirred. The muddy suspension made 
was placed in a ultrasonic extractor for 10 rain 
and then centrifuged at 3000 rpm for 10 min. The 
acetone extract was then removed. After twice 
repeating the procedure, the acetone extracts were 

combined and put into a separator funnel. A 300 
ml volume of pure water and 15 g of NaC1 were 
placed into the funnel. The solution was extracted 
twice with 50 ml of hexane. The organic phase 
was combined, dehydrated with anhydrous 
sodium sulfate, concentrated to 3 5 ml by a 
Kuderna-Danish evaporative concentrator and 
further evaporated to dryness under a nitrogen 
stream. The residue was dissolved with 2 ml of 
hexane, poured into the Sep-Pak Florisil car- 
tridge, washed with 10 ml of hexane and then 
eluted with 10 ml of acetone/hexane (5/95). The 
internal standard was added to the eluate. The 
eluate was evaporated to 1 ml and then 2 btl of 
aliquot was analyzed by GC/MS. 

Fish tissue (10 g) was homogenized, extracted 
with 30 ml of acetonitrile and centrifuged at 3000 
rpm for 10 min. The extraction was performed 
twice. The acetonitrile phase was combined and 
washed with 20 ml and then with 10 ml of hexane. 
Followed procedures were similar to those em- 
ployed for sediment sample. 

3. Results and discussion 

3.1. Degradation test 

Degradation of fthalide and heptachlor epoxide 
was investigated at pH 5, 7 and 9 for 1 h and 5 
days. Table 1 shows that fthalide degraded under 
neutral (pH 7) and alkaline (pH 9) conditions 
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Fig. 2. GC/MS spectra of fthalide and heptachlor epoxide. 

14 70 

~3.E5 

500 
M/Z 

after 5 days. Fthalide is a cyclic ester, so it 
probably undergoes alkaline-catalyzed hydrolytic 
cleavage. On the other hand, heptachlor epoxide 
was stable under the pH conditions investigated 
and even stable in sunlight at pH 7. 

3.2. Mass spectra, GC/MS-SIM chromatograms 
and calibration 

The mass spectra of fthalide and heptachlor 
epoxide are shown in Fig. 2. The ions monitored 
for quantitative determination and identification 
were selected for optimum selectivity and sensitiv- 
ity. 

Typical G C / M S - S I M  chromatograms of 
fthalide and heptachlor epoxide standards are 
shown in Fig. 3. Their retention time was 9 - 1 0  
min at this analytical conditions. 

The calibration graph for the compounds was 
obtained by plotting the concentration ratio (X) 
of the analyte to the internal standard against the 
corresponding peak area ratio (Y). An example is 
shown in Fig. 4. Excellent linearity was obtained 
in the calibration graphs by using five different 
concentrations. The equations of calibration for 
fthalide and heptachlor epoxide were Y = 0.183 X 
and Y = 0 . 1 6 5  X with correlation coefficients of 
0.998 and 0.996, respectively. 

Max 7 7 . 9 5 4 1  R , T ,  
. 10 . . . . . . . . .  11 . . . . . .  m a B .  

35~I. 8 0 0  

1 
3 5 ~ .  8 0 0  

2 4 4 .  9 8 0  
F t h a l  i d e  

2 ~ 2 .  9 0 0  

2 1 2 .  0 0 0  

}0 I I 0 0  

H e p t a e h l o r  e p o x i d e  

Fluoranthene-d lO 

* 3 . 0  

= 3 . 0  

- 3 . 0  

* 3 . 0  

Fig. 3. Typical GC/MS-SIM chromatograms for the standards. R.T. = Rentention time in min; mag = magnitude; fthalide (m/z at 
242.9 and 244.9), heptachlor epoxide (m/z at 352.8 and 354.8) fluroanthene-dl0 (internal standard, m/z at 212.0). 

1280  1300  l ~ O 0 ~ c a n  
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Fig. 4. Typical calibration graphs for fthalide and heptachlor 
epoxide. X-axis =concentration ratio (analyte/internal stan- 
dard), Y-axis = peak area ratio (analyte/internal standard). 
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Fig. 5. Typical eluation patterns of fthalide and heptachlor 
epoxide on Sep-Pak Florisil cartridge. Eluent = acetone/hex- 
ane (5/95). 

3.3. Solid phase disk extraction 

Solid phase extraction depends on the principle 
of partition or adsorption of organic compounds 
on a solid non-polar material. The solid materials 

were used in a column or a cartridge at the early 
applications. Filter disk recently developed is 
most appropriate for extraction of pollutants 
from an environmental water sample. This tech- 
nique is superior to conventional liquid liquid 
extraction because it causes no emulsification, 
uses only small volume of extraction solvents and 
produces rapid procedure with less labour. The 
use of membrane extraction disks provide excel- 
lent recoveries for pesticides analysis even when a 
water sample is passed fast and small volume of 
an eluent is employed. 

3.4. Clean-up procedure of Sep-Pak Florisil 

The clean-up of sediment and fish extracts was 
carried out by using a Sep-Pak Florisil cartridge. 
Fig. 5 shows typical elution patterns of fthalide 
and heptachlor epoxide with hexane and acetone/ 
hexane (5/95) as eluents. The chemicals were not 
eluted with 10 ml of hexane, but completely eluted 
with 10 ml of acetone/hexane (5/95). 

3.5. Analytical precision and detection limits 

Table 2 reports analytical precision and detec- 
tion limits for fthalide and heptachlor epoxide in 
water, sediment and fish samples throughout the 
analytical procedures. Fthalide and heptachlor 
epoxide in water samples were determined in the 
range 0.1-0.3 ng ml-~ levels with relative stan- 
dard deviations (RSDs) of 1.0-4.8%. Detection 
limits (DLw) of water samples were calculated 
from the sensitivity of the response estimation 

Table 3 
Recovery of fthalide and heptachlor epoxide added to the environmental samples 

Sample Sample vol. Added (ng) Recovery (%) Number of sample (n) RSD (%) 

Fthalide River water 1000 ml 500 96 4 10.2 
Sea water 1000 ml 500 99 4 2.4 
Sediment 10 g 500 66 7 4.6 
Fish 10 g 500 77 7 2.1 

Heptachlor epoxide River water 1000 ml 500 103 4 4.3 
Sea water 1000 ml 500 101 4 2.5 
Sediment 10 g 500 85 7 5.2 
Fish 10 g 500 67 7 3.8 
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Fig. 6. Determination of  fthalide and heptachlor epoxide in non-spiked and spiked river water (1000 ml, O k a w a  River), sediment 

(10 g Tokyo Bay) and fish (10 g, pearch in Osaka  Bay) samples. 

standard deviation. DLw of fthalide and hep- 
tachlor epoxide were 0.020 and 0.031 ng ml-  ~ for 
1000 ml of water samples, respectively. For the 
sediment and fish samples, detection limits (DLs 
and DL0 were calculated from the standard devi- 
ation of the seven replicated analyses. DLs and 
DLf were 2.7-5.1 and 4.2-7.3 ng g ~ for 10 g of 
samples, respectively. 

3. 6. Recovery test 

Analyte recovery was investigated for 1000 ml 

of river water, 1000 ml of sea water, 10 g of 
sediment, and l0 g of fish samples, spiked with 
500 ng of fthalide and heptachlor expodie. Table 
3 shows their recovery from these environmental 
samples. 

Fthalide and heptachlor epoxide were recovered 
in the range 96-103% with RSDs of 2.4 10.2% 
from the river and the sea waters. The recoveries 
of the chemical were 66 85% with RSDs of 2.1- 
5.2% from sediment and fish samples. The chro- 
matograms of the chemical are shown in Fig. 6, as 
to non-spiked and spiked river water, sediment 
and fish samples. 
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4. Conclusions 

The GC/MS-SIM method, involving SPED- 
C18 extraction of Sep-Pak Florisil clean-up pre- 
treatment, are useful for routinely determining 
fthalide and heptachlor epoxide in the environ- 
mental samples at sub ng ml-1 or low ng g -  
levels. 
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Abstract 

A study of the transport of Cd 2 + ions through a tri-n-octylamine(TOA)--sorbital monooleate (Span 80)--oxylene 
liquid membrane has been performed with varying concentrations of HC1, KI, TOA, Span 80 and NaOH in the feed, 
membrane and stripping solutions. Maximum transport was observed at 0.01 M KI, 0.025 M HC1, 0.015 M TOA, 
3% (w/v) Span 80 and 0.025 M NaOH. With this system, cadmium could be completely separated from Zn 2 +, Fe 2 +, 
Co 2+, Ni 2+, Cr 3 + and Mn 2+. The transport mechanism of this metal ions through the membrane has been 
discussed. © 1997 Elsevier Science B.V. 

Keywords" Cadmium; Emulsion liquid membrane; Metal ions; Stripping solution 

1. Introduction 

The emulsion liquid membranes (ELM) are the 
subject of  widespread investigation [1-4] as a 
potential method of  separation and preconcentra- 
tion for both technical and analytical purposes, 
because of their advantage of high efficiency and 
low expense. Tri-n-octylamine (TOA) has been 
studied as emulsion liquid membrane mobile car- 
rier to separate metal ions [5-8], but it has not 
applied for the separation of  cadmium from other 
metal ions, and no transport  studies has been 
made. TOA is an important  extractant and can 
complex with CdI 2-  ions [8]. 

In this paper, an emulsion liquid membrane 
with TOA as mobile carrier will be studied for the 
transport  of  cadmium. Various parameters influ- 

encing the transport  of  cadmium across the mem- 
brane have been optimized to separated cadmium 
from Zn 2+, Fe 2+, Co 2+, Ni 2+, Cr 3 + and Mn 2+, 
and the transport  mechanism of this metal ion has 
been discussed. 

2. Experimental 

2.1. Reagents 

A standard (1 mg ml -~ )  solution of cadmium 
was prepared from metal cadmium (99.99%), and 
distilled, deionized water. TOA (analytical grade) 
was obtained from Fluka. Sorbital monooleate 
(Span 80; chemical grade) was obtained from 
Tianda Experimental Factory (Tianhing, People's 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PIt S0039-9140(96)02098-X 
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Republic of  China). A 0.1 M solution of  TOA 
and a 3% (w/v) solution of  Span 80 in oxylene 
were used in this work. 

2.2. Apparatus 

The following instruments were used: a mo- 
tor-driven emulsifier (range 0-6000 rev min-~) ;  
motor-driven stirrers (range 0-600  rev min-1) ;  
and a model 722 spectrophotometer (Shanghai 
Analytical Instrument Factory, People's Repub- 
lic of  China). 

2.3. Procedures 

2.3.1. Preparation of ELM 
Solutions, 20 ml portions, of  TOA and Span 

80 in oxylene were emulsified at a stirring speed 
of 2000 rev min -~. Stripping solution was 
added at a rate of  20 ml min-~  until the vol- 
ume ratio of  organic membrane solution to 
stripping solution was 1:1. The solution was 
then stirred continuously for 15 min to obtain a 
stable while ELM. 

3. Results and discussion 

3. I. The effect of KI, KBr, KCI and KSCN in 
the feed solution 

TOA is called liquid anion-exchanger. Only in 
the form of  anions, can cadmium associate with 
TOA and transport  into stripping phase, so it is 
very important  of  the ability of  different anions 
associating with cadmium. With a suitable acid 
concentration of  the feed solution, an increase 
in the concentration of KI  increased the extrac- 
tion of  Cd 2+, 0.01 M KI  resulted in complete 
transport  of  Cd 2+, and Cd 2+ transported into 
the stripping solution in the form of  CdI42 . I f  
KI  was replaced by KBr and KSCN in turn, the 
extraction of Cd 2 + decreased. According to Ref  
[10], Cd 2+ can form a 1:4 complex with I , 
Br and S C N - ,  the logarithm of  its accumulat- 
ing stability constant (logfl4) is respectively, 
5.35, 2.93 and 2.91. This shows that the more 
stable the anion complex, the higher the extrac- 
tion of C d  2 + is (see Fig. 1). 

2.3.2. Transport of metal ions 
Then 2 ml of  ELM was added to small 

beakers containing 10 ml metal ion feed solu- 
tions and the contents stirred at 200 rev m i n -  
for a given transfer time; the phases were al- 
lowed to separate. Clear feed solution was pip- 
petted into a 25 ml volumetric flask and 
analyzed for the amount  of  cation remaining. 

2.3.3. Determination of cadmium [9] 
3 ml of  5 × 1 0  - 4  M 4-(2-Pyridylazo) resor- 

cinol (PAR) alcohol solution was added to 5 ml 
of  0.1 M Na2B407" 10H20 buffer solution in a 
25 ml volumetric flask containing cadmium ions, 
after diluting to the mark  the absorbance was 
read at 495 nm against the reagent blank. 

In separation experiment, the concentration of  
cadmium as well as other cations was deter- 
mined by inductively-coupled plasma atomic 
emission spectrometry (ICP-AES). 
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Fig. 1. The effect of KI, KBr, KSCN concentration in the feed 
on the percent extraction of Cd 2 +. Feed phase: 50 lag ml- 
Cd 2 + + 0.01 M HCI + agents:l- 0.01 M KI, 2- 0.005 M KI, 3- 
0.05 M KBr, 4- 0.01 M KBr, 5- 0.05 KSCN, 6- 0.01 M KSCN; 
stripping phase: 0.025 M NaOH; and membrane phase: 3% 
(w/v) Span 80 + 0.015 M TOA + oxylene. 
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Fig. 2. The effect of HCl concentration in the feed on the 
percent extraction of Cd 2+. Membrane phase: 0.015 M 
TOA + 3% (w/v) Span 80 + oxylene; stripping phase: 0.05 M 
NaOH; and feed phase: 100 jag ml - I  Cd 2+ + 0,010 M K I +  
HCI(M): 1- 0.01 0.025, 2- 0.05, 3- 0.1, 4- 0.005. 

3.2. The effect of hydrochloric acid concentration in 
the feed 

The relationship between the concentration of 
hydrochloric acid in the feed solution and extrac- 
tion of cadmium is shown in Fig. 2. An acid 
concentration of 0.025 M was found to be the 
best for Cd 2 + transport. The H + concentration 
in the feed solution was measured and it was 
found that with transport of cadmium into the 
stripping phase, the H + concentration in the feed 
solution decreased. This proved that H + trans- 
port into the stripping phase also occurs. In the 
presence of HCL and KI in the feed solution, the 
transport process of cadmium through an ELM is 
illustrated by the following equations 

1. TOA (shown as R3N) in the membrane 
phase reacts with hydrochloric acid in the feed 
phase. 

R3N + H  + + C1 = R 3 N H  +C1 
(membrane) (teed) (membrane) 

2. In the feed, Cdi24- exchanges with CI - of 
R3NH + C1- in the membrane phase. 

CdI ] +2R3NH+C1 =(R3N)2CdI 4 + 2 C l -  
(feed) (membrane) (membrane) (feed) 

3. NaOH in the stripping solution reacts with 
(R3NH)zCdI~4- to strip cadmium into the strip- 
ping solution 

(R3HN)2CdI 4 + 2C1 - 
(membrane} (feed) 

= R3N + C d I  2 + 2H20 
(membrane} (feed) 

The expected mechanism of  cadmium transport 
in the present case is shown in Fig. 3. Cd 2 + and 
H + were transported from the feed solution to 
the stripping solution where H + was neutralized 
by NaOH. The transport of H + along a concen- 
tration gradient supplied the energy for the trans- 
port of cadmium against a concentration gradient. 
It was discovered that the decrease of H + in the 
feed solution was more than that of cadmium. 
This was due to the formation of R3NH +C1--  
type species and transport into the stripping 
phase. At an HCI concentration in the feed of 
>0.05 M, more C1- competed with Cdl 2- to 
associate with protonated TOA, the extraction of 
cadmium decreased. When the concentration of 
HC1 was <0.005 M, transport of cadmium 
abruptly decreased with time. This is because less 
H + is available to protonate R3N, and precipita- 
tion of Cd 2 + as Cd(OH)2 blocks the transport of 
cadmium. In Fig. 4, it is also found that the 
transport of cadmium can be completed in 5 min, 
this is because extraction and back-extraction oc- 
cur simultaneously, and the degree of dispersion 
of the ELM in the feed solution is high [11]. 

3.3. The effect of concentration of NaOH in the 
stripping solution 

The NaOH in the stripping solution functioned 
as a back-extractant. When the composition of 
emulsion was fixed an increase in the hydroxyl 

I l± 
~,~oxL M em/:,ro.ae? 

ca.lV 

~4-- 

$~r;p 
O H -  
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Fig. 3. Possible scheme for Cdl 2-  transport from HCI solu- 
tion to NaOH solution through TOA-Span 80-oxylene liquid 
membranes. 
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Fig. 4. The effect of NaOH concentration in the stripping 
phase on the percent extraction of Cd 2+. Feed phase: 50 lag 
ml i Cd2+ + 0.01 M KI + 0.01 M HC1; membrane phase: 3(/,, 
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Fig. 5. The kinetic curve line of transport of Cd 2+. Feed 
phase: 50 lag ml -I  Cd 2÷ +0.01 M KI+0.01 M HCI; mem- 
brane phase: 3% (w/v) Span 80+0.015 M TOA+oxylene; 
and stripping phase: NaOH (M):I- 0.01, 2- 0.025, 3- 0.05. 

ions results in faster decomposi t ion o f  the cad- 
mium complex and removal  o f  pro tons  f rom the 
amine molecules, thus resulting in higher extrac- 
tion. However,  it has been observed that  above a 
concentra t ion o f  0.1 M NaOH,  the extraction o f  
cadmium decreased (see Fig. 4). This may  be 
because the CdI42- precipitated Cd(OH)2 at 
higher N a O H  concentra t ion and clogged the 
membrane.  This can be proved by found white 
Cd(OH)2 precipitation in the stripping solution 
after demulsification. 

The maximum extraction was obtained in dif- 
ferent stripping solution at 0.01-0.1 M N a O H  
(shown in Fig. 4). In the experiment, 0.025 M 
N a O H  was selected. When the concentra t ion o f  
N a O H  was 0.01, 0.025 and 0.05 M, by changing 
transfer time (from 1 to 5 min) measured the 
natural logari thm of  the ratio o f  initial concentra-  
tion (Co) to given time concentra t ion (C) o f  cad- 
mium the kinetic curve can be obtained (see Fig. 
5). In Co/C ~ t curve line is a good  straight line, 
they are (1) In Co~C= 1.103 × 1 0 - 2 t + 0 . 4 2 6 0 ,  
R = 0.9940; (2) In Co~C= 1.008 x 10-2 t  +0 .1222,  
R = 0.9909; (3) lnCo/C = 1.012 x 10-2 t  - 0.3550, 
R = 0.9949 respectively, this shows that  t ranspor t  
of  cadmium is near kinetic pesudo-first-order re- 
action. The t ransport  rate constant  o f  C d  2 + was 
0.01103 s - l ,  0.01008 s - l  and 0.01012 s -~ ,  they 

are similar. This shows that  the t ransport  rate o f  
Cd 2+ was controlled only by (R3NH)zCdI  4 con- 
centrat ion on the feed-side interface, the concen- 
tration o f  hydroxyl  ions in the stripping solution 
did not  interfere. Its kinetic equat ion are illus- 
trated by the following equat ion 

- d[Cd(II)] = k[(R3NH)2CdI4] dt  

I O0 

~o 

( o O  

/-4-~ 

q,-- 

~ , O  t I ,. , I I 

Fig. 6. The effect of TOA concentration in the membrane 
phase on the percent extraction of Cd 2+. Feed phase: 50 gg 
ml ] Cd 2-- +0.01 M KI+0.01 M HCI; stripping phase: 
0.025 M NaOH; and membrane phase: 3% (w/v) Span 80 + 
TOA (M): 1- 0.015, 2- 0.01, 3- 0.0075, 4- 0.005. 
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Table 1 
Separation of Cd 2+ from mixed solution of co-ions 

661 

Initial amount of each ion (lag ml-~) Percent extraction 

Fe Mn Cr Zn Co Ni Cd 

10.0 0 0 2 2 0 0 96.4 
50.0 0 0 1 0 0 2 96.0 

100 1 0 1 0 2 2 95.0 

Feed phase: 50 lag ml ~ Cd ~+ +0.01 M KI+0.01 M HCl; membrane phase: 3% (w/v)+Span 80+0.015 M TOA+oxylene; stripping 
phase: 0.025 M NaOH; and transfer time: 10 min. 

3.4. The effect of  the concentration of TOA 

The effect of  the concentration of TOA (mobile 
carrier) in the organic phase on the extraction of 
cadmium is shown in Fig. 6. The opt imum con- 
centration range of TOA was 0.015-0.02 M. A 
decrease of  the concentration of TOA decreased 
the extraction of cadmium, this proved that the 
extraction of cadmium was controlled only by the 
concentration of (R3NH)2CdI4 in the membrane 
phase. When the concentration of TOA was < 
0.005 M, the transport  of  cadmium would de- 
crease with transfer time, the reason was that less 
H + was transported into the stripping solution by 
TOA, cadmium precipitated Cd(OH)2 (like curve 
line 4 in Fig. 2). In experiment 0.015 M TOA was 
selected for a rapid and complete transport  of  
cadmium. 

3.5. The effect of the concentration of surfactant 

Both the stability of  the emulsion and the vis- 
cosity of  the liquid membrane were altered by the 
proport ion of surfactant in the organic phase. An 
increase in the concentration of Span 80 (surfac- 
tant) increased the stability of  the emulsion; how- 
ever, the extraction of cadmium decreased. When 
the concentration of Span 80 was less than 2% 
(w/v) in the organic phase, the ELM was easy to 
break as transfer time increased. A concentration 

of 3% (w/v) in the organic phase resulted in good 
extraction and stability. 

3.6. The effect of other reagents in the Jeed 

When 0.05 M KNO3, K2SO4, KCIO4 and 
KCIO 4 were added to above system in turn, the 
results shown that N O 3 ,  SO24 and CI did not 
interfere the transport  of  cadmium, but ClOg- was 
larger anion, associated with TOA more easily, it 
would form R3NHCIO 4 and repress the transport  
of  cadmium. 0.05 M KCIO4 made the extraction 
of cadmium decrease 15%. 

3.7. Separation of cadmium from other ions 

Under suitably conditions, transports of  Z n  2 + ,  

Fe 2 +, Co 2 +, Ni 2 +, Mn 2 + and Cr 3 + were studied 
in the mixed solution. Results for the competitive 
transport  of  cadmium and other common cations 
are shown in Table 1. (Note that the data of 
Table 1 comes from ICP, all other data are from 
colorimetric measurements.) Selective transport  of  
cadmium was excellent and the transports of  
Zn 2 +, Fe 2 +, Co 2 +, Ni 2 +, Mn 2 + and Cr 3 + were 
found to be negligible. 

The TOA-Span 80-0xylene liquid membrane is 
feasible to separate cadmium from Zn 2+, Fe 2+, 
Co 2+, Ni 2+4 Mn 2 + and Cr 3+, specifically from 
Zn 2+. Because character of  Zn 2 + is similar to 
that of  C d  2+ , quantitative separation of Cd 2+ 
from Zn 2 + is significant. 
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4. Conclusion References 

In this paper, transport of cadmium through 
TOA-Span 80-ocylene ELM was studied. The 
mechanism of transport of cadmium was dis- 
cussed and presented in Fig. 3, it is based on the 
association of metal anions (CdI 2-)  with proto- 
nated TOA molecules at the feed-side interface, 
diffusion through the membrane, decomposition 
of the comples at the strip-solution-side mem- 
brane interface under alkaline condition, and 
back-diffusion of TOA molecules. The optimum 
condition of transport has been found and are 
0.01 M K1 and 0.025 M HC1 in the feed solution, 
0.015 M TOA and 3% (w/v) Span 80 in the liquid 
membrane, and 0.025 M NaOH in the stripping 
solution. It is concluded that this method can be 
applied for the separation of cadmium from Zn 2 + 
, Fe  2+,  Co 2+,  Ni 2+ ,  M n  2+ and Cr  3 + or as a 

preconcentrating step for measuring cadmium. 
Small amounts of carriers are involved and the 
extraction efficiency is high. 
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Abstract 

Two new anion-exchange techniques have been developed for the separanon of the platinum group elements Ru, 
Pd, Ir, Pt and the siderophile metals Re, Ag, Zn and Cd from geological samples following a NiS fire assay digestion 
procedure. Both methods are simple and permit the isolation of these elements in sufficient purity for quantitative 
analysis by isotope dilution-inductively coupled plasma mass spectrometry (ID-ICPMS) at yields of 75-95%. The 
high affinity of the considered elements to anion exchange resins allows the use of small (1.25 ml) columns even for 
the processing of 5-10 g sized silicate rock samples. Following fire assay digestion and dissolution of the NiS buttons 
in aqua regia, the samples are loaded onto the resin bed as solutions in 1 M HC1. After elution of the bulk sample 
matrix with dilute HCI and HNO3, Zn and Cd are stripped from the column using 0.8 M HNO 3. Small amounts of 
bromine water are added to the dilute mineral acids for the stabilization of strongly retained It(IV). Following this, 
the ion-exchange techniques permit the sequential elution of Ag, Re and the PGE using 11 M HCI, 8 M HNO3 and 
13.5 M HNO 3. The ion-exchange methods have been applied to separation of Ru, Pd, Re, Ir and Pt from the 
geological reference material SU-la prior to concentration measurements by ID-ICPMS. Our analytical results are in 
good agreement with previously published data for this sample and display an external reproducibility (based upon 
repeat dissolutions) of approximately 2-10% for the elements considered in this study. © 1997 Elsevier Science B.V. 

Keywords: Ion-exchange; Platinum group; Siderophile elements; ICP-MS 

1. Introduction 

Abundance measurements for the platinum 
group elements (PGE) in natural samples such as 
waters, rocks, sediments and extraterrestrial mate- 
rials have received particular attention in recent 

* Corresponding author. 

years and are of relevance to a wide range of geo- 
and cosmochemical studies. Reliable concentra- 
tion data for the PGE in meteorites and terrestrial 
samples provide constraints for theories on the 
accretion of the Earth, core formation and the 
origin of the Moon and are of importance in 
mineral exploration, environmental research, sedi- 
mentary studies and the identification of impact 
craters. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PIt S0039-9140(96)02100-5 
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Inductively coupled plasma mass spectrometry 
(ICP-MS) has become a preferred method of ele- 
mental trace analysis in geochemistry and, being 
characterized by excellent detection limits, is ide- 
ally suited for the determination of PGE abun- 
dances [1-3]. The precision and accuracy of 
standard ICP-MS techniques that use absolute 
signal intensities to determine elemental concen- 
trations are, however, generally inferior to isotope 
dilution (ID) measurements for the same elements 
by thermal ionization mass spectrometry. Signifi- 
cant improvements, particularly for low-abun- 
dance elements such as the PGE, can be achieved 
by a combination of ID with ICP-MS [4,5]. A 
chemical separation of the elements of interest is 
desirable for high-precision ID analysis in order 
to increase analytical sensitivity and eliminate iso- 
baric interferences from other elements and their 
oxides [5,6]. Following full spike-sample equilibra- 
tion during sample dissolution, the preconcentra- 
tion procedure need not be quantitative, however, 
and this permits the use of relatively simple sepa- 
ration techniques [7]. 

The new multiple collector inductively coupled 
plasma mass spectrometer (MC-ICPMS) at the 
University of Michigan combines the ionization 
efficiency of a plasma source with the superior 
peak shapes and improved transmission of a mag- 
netic sector mass spectrometer [8,9]. The instru- 
ment permits isotopic composition and ID 
concentration measurements to be performed by 
static multiple collection with Faraday cups at a 
level of precision and accuracy hitherto not 
achievable by ICP-MS [10]. This paper summa- 
rizes our recent efforts in the development of new 
ion-exchange procedures for the separation of the 
PGE, Re and other siderophile elements from 
geological samples prior to concentration mea- 
surements by isotope dilution MC-ICPMS. 

A number of ion-exchange techniques for the 
separation of the PGE from geological samples 
have been published in the past. These proce- 
dures, however, were not considered to be fully 
adequate for our purposes since they are generally 
characterized by one or more of the following 
drawbacks: (1) they achieve only a group separa- 
tion of the PGE from rock samples with no 
separation of the elements from one another [11 - 

13]; (2) they only consider the separation of one 
or two of the PGE [14-16]; (3) they use unneces- 
sarily large resin columns and/or large volumes of 
eluent [17,18]; or (4) they require the use of acids 
or reagents (such as HC104 or thiourea) that are 
difficult to purify or remove from effluent frac- 
tions by evaporation [19,20]. 

In this study we have developed two new anion- 
exchange separation schemes that permit the se- 
quential isolation of the PGE Ru, Pd, It, Pt and 
the siderophile elements Re, Ag, Zn and Cd from 
geological samples following sample digestion by 
the NiS fire assay technique. This dissolution pro- 
cedure is commonly used in the analysis of rocks 
for PGE abundances since it achieves the com- 
plete digestion of resistant, PGE containing 
phases and ensures full spike-sample equilibration 
for isotope dilution concentration measurements. 
The new ion-exchange methods are characterized 
by simplicity, high elemental yields and require 
relatively small volumes of reagents. While the 
procedures have been developed and used for the 
processing of 5 l0 g sized geological samples, 
they can easily be adapted to the treatment of 
larger or smaller samples. 

2. Experimental 

2.1. Apparatus 

The inductively coupled mass spectrometer em- 
ployed in this study was the new VG Elemental 
Plasma 54. Since this instrument has recently been 
described in detail elsewhere [8,9], only a brief 
introduction is given here. The Plasma 54 is a new 
type of ICP-MS instrument that combines a con- 
ventional inductively coupled plasma (ICP) source 
with a multiple collector magnetic sector mass 
spectrometer. Following extraction of the ions 
generated in the Ar-plasma, a d.c. quadrupole 
lens system and an electrostatic analyzer are used 
to focus the ion beam before entering the mag- 
netic sector analyzer. The collector assembly con- 
sists of nine Faraday cups and a Daly detector 
with ion counting for the measurement of small 
ion beams. Sample delivery was performed with a 
peristaltic pump and a Fisons Instruments Mistral 
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high efficiency nebulizer, operated at an uptake 
rate of approximately 0.15-0.20 ml min-~. The 
ion-source consisted of a Fassel-type ICP torch 
and a solid-state radio frequency generator, oper- 
ating at 1.35 kW. The nebulizer, auxiliary and 
coolant Ar-flows were set at approximately 0.9, 
1.5 and 13 ml min 1, respectively. 

2.2. Materials and reagents 

The acids used in this study were purified by 
subboiling distillation in quartz stills. 18 Mfl- 
grade water from a Millipore purification system 
was used throughout. Saturated bromine water 
was prepared by the equilibration of approxi- 
mately 5 ml of high-purity bromine (99.998%, 
Alfa-AESAR) with approximately 100 ml of 
purified water in a 125 ml Teflon bottle. Sodium 
tetraborate (Alfa-AESAR, 99.5%, anhydrous), 
sodium carbonate (Fluka, 99.5%, anhydrous), as 
well elemental Ni (Alfa-AESAR, 99.996%) and S 
(Alfa-AESAR, 99.999%) were used as obtained, 
without further purification. 

All ion-exchange separations were performed 
using quartz-glass columns (inner diameter 6 ram) 
fitted with acid-cleaned quartz-wool plugs for the 
support of the resin bed. The columns were filled 
with 1.25 ml of Bio-Rad AG1X8 (200-400 mesh) 
anion-exchange resin to a bed height of approxi- 
mately 4.4 cm. 

The standard reference material SU-la, ob- 
tained from the Canadian Centre for Mineral and 
Energy Technology (CANMET), was used for all 
experiments performed in this study. The bulk 
material of SU-I a constitutes a Ni-Cu-Co ore from 
the Sudbury region (Canada) and consists of 23% 
chlorite, l 2-16% of each of quartz, feldspar, mica 
and amphibole and less than 4% of each of calcite, 
siderite, pyrrhotite, pentlandite and chalcopyrite 
[21]. This sample was chosen for the present study 
since certified reference concentrations and/or 
high-quality ICP-MS literature data are available 
for the PGE. Additionally, it is well suited for 
elution experiments because it is characterized by 
relatively high precious metal abundances (Table 
3) and, since the mineralogy of SU-la is predomi- 
nantly silicate, the results are expected to be valid 
for silicate rocks in general [22]. 

2.3. Nickel sulfide fire assay digestion 

Sample digestion was performed using the 
nickel sulfide fire assay digestion technique 
[23,24]. The fusion charge composition was cho- 
sen in accordance with the results of a detailed 
study conducted by Paukert and Rubeska [25]. 
Powder splits, 5-10 g sized, of the sample SU-la 
were weighed directly into 50 ml Coors fireclay 
crucibles. To this were added 6 g sodium tetrabo- 
rate, 3 g sodium carbonate, 500 mg nickel powder 
and 400 mg sulfur for every 5 g of rock sample 
present. The fusion charges were then thoroughly 
mixed in the crucible and fluxed in a muffle 
furnace for 75 min at 1000°C. 

Following cooling, the NiS beads were removed 
from the crucibles, placed into 15 ml Savillex 
beakers with screw cap lids, and refluxed with 6 
ml of concentrated (11 M) HCI for approximately 
24 h on a hotplate. Concentrated (13.5 M) HNO3, 
2 ml, were then added and the beakers placed 
back on the hotplate for a further 24 h. After this 
step the beads were generally completely dis- 
solved. If an undissolved residue still persisted, 
however, the solutions were evaporated to incipi- 
ent dryness and the residue was again refluxed 
with 4 ml of freshly prepared aqua regia for 
approximately 24 h. 

Following complete dissolution of the NiS but- 
tons in aqua regia and evaporation of the solu- 
tions to dryness, 5 10 ml of 1 M HC1 and 
500 1000 gl of saturated bromine water (this 
mixture is abbreviated as 1 M HCI+ 10% Br2 
hereafter) were added to the samples. The beakers 
were placed on a hotplate with lids closed for at 
least 12 h and the solutions then dried completely. 

2.4. Ion-exchange separation 

Approximately, 1.25 ml of fresh anion-ex- 
change resin were transferred as a slurry into a 
quartz column and the resin bed was cleaned and 
equilibrated prior to use with the following 
reagents: 20 ml of 0.8 M HNO3 (elution of Zn, 
Cd), 10 ml 11 M HC1 (elution of Ag and Ru), 25 
ml 13.5 M HNO3 (elution of residual Ru and Re, 
Pd, Pt, Ir), 40 ml 6 M HC1 (reconversion of the 
resin into the chloride form), 4 ml 1 M HC1 + 
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10% Br2, backwash with 1 M HC1 + 10% Br 2, 
2 × 2 ml 1 M HC1 + 10% Br2 (equilibration of the 
resin prior to sample loading). 

Samples prepared as described above were dis- 
solved in 5-10 ml of 1 M HC1 + 10% Br2 for 24 
h on a hotplate prior to ion-exchange chemistry. 
Centrifugation of the sample solutions before 
loading of the columns was not necessary because 
clear solutions, with no undissolved residue, were 
obtained in all cases during this study. Following 
loading of the solutions onto the columns, sample 
elution was initially performed using a variety of 
different procedures and acids in an effort to 
determine the best separation conditions. Effluent 
fractions with volumes of 2-10 ml were collected 
in Teflon beakers for the determination of elemen- 
tal concentrations and dried down at low heat on 
a hotplate. After the development of satisfactory 
separation protocols had been completed, the reli- 
ability and performance of these techniques were 
further verified and documented by additional 
elution experiments. One of the optimized ion-ex- 
change procedures ('Method 1', see Section 3.1) 
was finally used for the separation of Re and the 
PGE Ru, Pd, Ir, Pt prior to 1D concentration 
measurements by MC-ICPMS. 

2.5. Analysis of ion-exchange fractions from 
elution experiments 

Prior to analysis, the dried effluent fractions 
were redissolved in approximately 60 ~tl of aqua 
regia and dried down slowly to a volume of 
approximately 5 ~tl. This residue was then taken 
up in 2-5 ml of H20, and the solutions thus 
obtained were analyzed by MC-ICPMS. 

The absolute signal intensities for each element 
and fraction was measured using either a Faraday 
cup (concentrations > 1 ppb) or the Daly detector 
(concentrations < 1 ppb), depending on the abun- 
dance of the analyte in the respective fraction. 
The following isotopes, chosen for the absence of 
isobaric interferences, were used in these measure- 
ments: 66Zn, 99Ru, l°Spd, l°7Ag, ~Cd,  185Re, 
189Os, 191Ir and 195pt. Matrix induced signal sup- 
pression was monitored and corrected for by the 
addition of U to the sample solutions. 

Elution curves, based upon the relative signal 
intensities of each element in the different frac- 
tions, were constructed with these data. The accu- 
racy of this semiquantitative procedure is 
estimated to be _+ 10%. This was judged to be 
adequate for the construction of elution curves 
and no effort was made to employ a more accu- 
rate, but time consuming, measurement and cali- 
bration technique. 

2.6. Isotope dilution concentration measurements 

Enriched stable isotopes of 99Ru, ~°SPd, ~85Re, 
191Ir and 198pt from the Oak Ridge National 
Laboratory were used to determine the concentra- 
tions of these elements in the standard reference 
material SU-la. The preparation and calibration 
of the spike solutions will be described in detail in 
a forthcoming publication. It should be men- 
tioned, however, that the 99Ru and 191Ir spike 
solutions have hitherto been calibrated only 
against gravimetric standard solutions prepared 
from (NH4)2RuCI 6 and (NH4)zIrCI6, respectively. 
Any deviation of the composition of the employed 
compounds from perfect stochiometry will thus 
result in systematic errors in the calibration of the 
tracer solutions. Until the calibration of the spike 
solutions is further verified using gravimetric stan- 
dard solutions prepared from the pure metals, the 
analytical results presented in this paper for Ru 
and Ir are considered to be provisional only. Any 
errors are unlikely to be larger than approxi- 
mately 5%, however. 

For isotope dilution analyses appropriate 
aliquots of the tracer solutions were added di- 
rectly to the sample powders in the fireclay 
crucibles prior to the fire assay digestion. The 
samples were then digested as described above 
and an optimized ion-exchange procedure 
('Method 1'; see Section 3.1) was used for the 
separation of Ru, (Re, Pd) and (Pt, Ir) fractions 
from the sample solutions. Following collection, 
the three precious metal fractions were evaporated 
to complete dryness on a hotplate, dried again 
with approximately 30 ~tl of concentrated HNO3 
and then redissolved in an appropriate volume of 
H20 (generally approximately 5-20 ml) for analy- 
sis. All isotope dilution concentration measure- 
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ments were performed by static multiple collection 
using Faraday cups only. While the (Re, Pd) 
fractions were split into two parts prior to analy- 
sis (because Re and Pd must be analyzed sequen- 
tially with different collector positions due to the 
large mass difference between these elements), Pt 
and Ir were determined simultaneously with the 
same Faraday cup configuration. Further details 
of the measurement procedures (e.g., choice of 
isotopes monitored, collector configurations, mass 
discrimination correction, detection limits, etc.) 
are outside the scope of this paper and will be 
described in detail in a further publication. 

Table 2 
Elution sequence of ion-exchange procedure 'Method 2' for 
the separation of Zn, Cd, Ag, Re and the PGE Ru, Pd, lr and 
Pt from geological samples 

Eluent Volume (ml) Eluted 

Sample solution in 1 M ~5 10 Bulk matrix 
HCI+ 10% Br 2 

0.5 M HCI+ 10% Br 2 2 Bulk matrix 
0.8 M HNO3+10% Br 2 0.5 Bulk matrix 
0.8 M HNO~+I0% Br 2 5 Zn, Cd 
8 M HNO 3 10 Ru, Re 
13.5 M HNO~ 14 Pt, Ir 
11 M HC1 2 Ag 
11 M HC1, 13.5 M HNO3 8, 5 Pd 

3. Results and discussion 

3.1. Elution experiments 

A variety of different organic and mineral acid 
types and elution procedures were initially tested 
to find an optimal separation protocol for the 
PGE and other siderophile elements from geologi- 
cal samples following a NiS fire assay digestion. 
These experiments led to the development of two 
optimized anion-exchange separation procedures 
that are suitable for the isolation of Zn, Cd, Ag, 
Re, Ru, Pd, Ir and Pt from 5 to 10 g sized silicate 
rock samples. The experimental details of the two 
new elution protocols are summarized in Tables 1 
and 2. 

Table 1 
Elution sequence of ion-exchange procedure 'Method 1' for 
the separation of Zn, Cd, Ag, Re and the PGE Ru, Pd, lr and 
Pt from geological samples 

Eluent Volume (ml) Eluted 

Sample solution in I M ~5-10  Bulk matrix 
HCI+ 10% Br 2 

0.5 M HCI+ 10% Br2 2 Bulk matrix 
0.8 M HNO3+ 10% Br 2 0,5 Bulk matrix 
0.8 M HNO3+ 10% Br 2 5 Zn, Cd 
11 M HC1 2 Ag 
11 M HCI 10 Ru 
8 M HNO3 10 Pd, Re 
13.5 M HNO3 14 Ir, Pt 

Figs, 1 and 2 display the different elution pat- 
terns of the siderophile elements for the new 
ion-exchange methods. Plotted in these figures are 
the normalized elemental signal intensities for 
each fraction and element on a relative scale from 
0-1000. An arbitrary value of 1000 was assigned 
to the fraction of each element that displayed the 
highest signal intensity in each experiment, per- 
mitting a direct visual comparison of the results 
for the two ion-exchange separation methods. 

Both separation procedures use the same ion- 
exchange columns (see Section 2.2) and the same 
acids (see Tables 1 and 2) for loading of the 
sample solutions (5-10 ml 1 M HCI+ 10% Br2) 
and the initial rinse (2 ml 0.5 HCI + 10% Br2, 0.5 
ml 0.8 M HNO3 q- 10% Br2). The rationale behind 
this choice of mineral acids is that the major 
cationic constituents of the sample solution (par- 
ticularly Ni 2 +, but also Fe 3 +) are virtually unre- 
tained on the anion-exchange resin under these 
conditions [26-29]. Therefore only small columns 
are required for the processing of the NiS beads 
derived from approximately 5 to 10 g sized silicate 
rock samples. Additionally, small eluent volumes 
suffice to achieve a nearly quantitative elution of 
the bulk sample matrix. An oxidant must be 
added to the dilute HC1 and HNO 3 eluents, how- 
ever, to ensure efficient retention of Ir. On- 
column reduction of the It(IV) present in the 
sample solutions will otherwise lead to the forma- 
tion of virtually unretained Ir(III). A number of 
oxidizing agents such as Ce(IV), H202 or chlorine 
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gas are recommended for this purpose in the 
literature [29]. In this study, saturated bromine 
water was used as the oxidant, since this achieves 
reliable oxidation of  Ir, introduces no cations 
(such as Ce) that may form interfering isobars [5] 
and is conveniently prepared, purified and han- 
dled. 

Following these initial steps, Zn and Cd are 
quantitatively stripped from the resin by elution 
with 5 ml of  0.8 M H N O  3 + 10% Br~ (Figs. 1 and 
2). The other siderophile elements considered in 
this study are not removed from the column. This 
was initially somewhat surprising in the case of  
Ag, since published distribution coefficients and 
separation procedures predict that Ag should be 
eluted from the column by 0.8 M HNO~ [26,30]. 
No significant amounts of  Ag could be detected in 
the 0.8 M H N O  3 + 10% Brz effluent fractions, 

Method 1 

1000 

750 

25O 

0 

Fig. 1. Elution of Zn, Cd, Ag, Re and the PGE Ru, Pd, Ir and 
Pt during anion-exchange separation of standard rock SU-la 
using 'Method 1'. Plotted are the normalized signal intensities 
for each element and effluent fraction on a scale of 0-1000. 
For each element the data are normalized by assigning an 
arbitrary value of 1000 to the signal intensity of the fraction 
that displays highest intensity. Effluent fractions with no data 
where not analyzed. 2.5 ml Initial rinse = 2 ml 0.5 M HCI + 
10% Br/followed by 0.5 ml 0.8 M HNO~ + 10% Br 2 (see Table 
1). 

Method 2 

5O o 

250' 

0 

Fig. 2. Elution of Zn, Cd, Ag, Re and the PGE Ru, Pd, Ir and 
Pt during anion-exchange separation of the standard rock 
SU-Ia using 'Method 2'. The figure displays the normalized 
elemental signal intensities (on a scale of 0-1000) for each 
element and effluent fraction. Normalized signal intensities 
were obtained with the same procedure used in Fig. 1. Effluent 
fractions with no data where not analyzed. 2.5 ml Initial 
rinse = 2 ml 0.5 M HC1 + 10% Br2 followed by 0.5 ml 0.8 M 
HNO 3 + 10% Br2 (see Table 2). 

however. This is most likely due to complex for- 
mation of  Ag with trace amounts of  B r -  in the 
eluent or with residual C I -  present in the resin 
bed [30]. Since the elution protocols of  the two 
new ion-exchange procedures are different after 
these initial steps, the two methods will be dis- 
cussed separately in the following. 

Ion-exchange procedure Method 1 (Table 1 and 
Fig. 1) continues with the elution of Ag and Ru 
using 2 and 10 ml of  11 M HC1, respectively. 
Addition of  bromine water to the l l  M HC1 
eluent for the stabilization of  Ir(IV) is not neces- 
sary, because significant amounts of  Ir were not 
detected in the respective effluent fractions (Fig. 
1) and is not desirable in any case, since this will 
lead to the elution of  Re, as was demonstrated in 
additional experiments. The column yield for Ru 
is only marginally improved if larger volumes of 
11 M HC1 are used for the recovery of this 
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element. Additionally, this will result in increased 
losses of Re and Pd by premature elution. 

In the next step of Method I, Pd and Re are 
eluted from the anion-exchange column using 8 M 
HNO3. With this acid, 10 ml are generally suffi- 
cient to achieve a yield of greater than approxi- 
mately 85-90% for both elements (Fig. 1), 
Previous publications suggested using hot (ap- 
proximately 80-100°C) nitric acid for the elution 
of the PGE from anion-exchange resins [5,31]. 
While no temperature controlled column was 
available for this study, the 8 M HNO3 eluent was 
heated to a temperature of approximately 90°C 
prior to introduction of the acid into the column 
reservoir, Additional separation experiments 
confirmed that this procedure achieves a some- 
what more efficient elution of Pd than use of 8 M 
HNO3 at room temperature. 

Although only small amounts of Ir and Pt are 
eluted from the resin with up to 20 ml of hot 8 M 
HNO3, these elements can be efficiently stripped 
from the column with concentrated (approxi- 
mately 13.5 M) nitric acid. While approximately 
8-10 ml of 13.5 M HNO3 are sufficient for the 
elution of Pt, approximately 10-15 ml are re- 
quired for near-quantitative removal of Ir (Fig. 
1). Elution with further 13.5 M HNO3 leads to no 
significant improvements in elemental recovery 
for these metals (Fig. 1). The efficiency of the Pt, 
Ir elution is nearly identical for acids introduced 
into the column at approximately 90°C or at 
room temperature. 

While ion-exchange procedure Method 2 (Table 
2 and Fig. 2) uses the same acids as Method 1 
(Table 1) they are applied in a different order to 
obtain a different elemental elution sequence. This 
can be of significance, e.g., to achieve a separation 
of Pd from Ru, which is not possible with Method 
1. Following loading of the sample solutions, the 
initial rinse and the elution of Zn and Cd (which 
are identical to Method 1), Method 2 involves the 
elution of Ru and Re with 8 M HNO 3 at approx- 
imately 90°C. While the Ru recovery of this tech- 
nique is somewhat better than for Method 1, 
significant amounts of Ir were eluted prematurely 
during this step and this could not be prevented 
even by the addition of bromine water to the 
eluent (Fig. 2). Significant amounts of Pd, how- 

ever, were not detected in this effluent fraction. 
This result is somewhat surprising, since the same 
acid (8 M HNO3) is used in Method 1 for the 
recovery of Pd. 

Method 2 continues with the elution of Ir and 
Pt using 14 ml of 13.5 M HNO 3 (Fig. 2). Signifi- 
cant amounts of Ag accompany these elements in 
this procedure, however. The main Ag and Pd 
fractions are hereafter rinsed from the column 
using 2 ml of 11 M HC1 and 8 ml of 11 M HC1 
followed by 5 ml of 13.5 M HNO3, respectively 
(Fig. 2). Again the behavior of Pd was unexpected 
since only small amounts of this element were 
eluted from the resin in Method 1 with 12 ml of 
11 M HC1. The reasons for the different ion-ex- 
change properties of Pd in Methods 1 and 2 are 
not fully understood, but they are probably re- 
lated to either complex-forming reactions of Pd 
with CI- and NO3 or different oxidation states 
of the cation (Pd 2+ vs. Pd 4+) on the resin. 

While our new ion-exchange techniques have 
hitherto only been applied to the separation of the 
PGE and other siderophile metals from 5 to 10 g 
sized geological samples they can easily be applied 
to the processing of even larger samples, through 
the use of larger resin beds and proportionally 
larger reagent volumes. 

3.2. Elemental yields 

The elution curves of Figs, 1 and 2 permit a 
rough, semiquantitative estimate of the elemental 
yield for the column chemistry. This is possible by 
comparing the signal intensity of, e.g., Ru in the 
main Ru fraction with the sum of the signal 
intensities of Ru in the all of the collected frac- 
tions. This estimate, however, is based upon the 
assumption that Ru is not eluted from the column 
in effluent fractions that are not analyzed and that 
no fraction of the element remains bound on the 
column after completion of the ion-exchange sep- 
aration. 

The semiquantitative results obtained by this 
procedure (estimated accuracy + 10%) suggest 
that both methods generally achieve chemical 
yields of greater than approximately 80% for all 
considered elements with the exception of Ru in 
Method 1 (approximately 70%) and Ag and Ir in 
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Table 3 
Re and PGE concentrations (in ppb) from this study and the literature for the geological reference material SU-la 

Element MC-ICPMS this study la RSD (%) n Certified values [21] ICP-MS Ref. [3] 

Ru 54.4 1.6 2.9 4 44 _+ 4 
Pd 354 15 4.3 5 370 _+ 30 327 _+ 27 
Re 40.9 1.4 3.4 5 14 _+ 6 
Ir 31.3 0.7 2.2 5 24 +_ 2 
Pt 370 41 11.1 5 410_+60 367+40 

1~ = 1 standard deviation; RSD = relative standard deviation; n = number of individual determinations, based upon repeat 
dissolutions. The certified values [21] are quoted with the + 95% confidence interval. Data of Ref. [3] are shown with la external 
precision. 

Method 2 (approximately 65%). No significant 
amounts of  Os were detected in any of the ion-ex- 
change fractions separated from reference mate- 
rial SU-la. This indicates that Os is lost from the 
sample solutions as volatile OsO4 during the dis- 
solution of  the NiS buttons with aqua regia. 

After Method 1 was chosen for the separation 
of the PGE and Re from geological samples prior 
to concentration measurements by MC-ICPMS, 
the elemental yields of the analytical procedure 
were determined more rigorously. For  this pur- 
pose two 5 g splits of a granitic rock sample (with 
negligible PGE concentrations and a known Re 
abundance) were doped with approximately 1 gg 
each of  Re, Ru, Pd, Ir and Pt. The samples were 
then digested using the NiS fire assay technique 
and elemental fractions of Ru, (Re, Pd) and (Pt, 
Ir) were separated from the solutions of  the NiS 
buttons using the ion-exchange procedure Method 
1. After evaporation of  the fractions to dryness, 
these were spiked with precisely weighed aliquots 
of stable isotope tracer solutions, refluxed for 
approximately 24 h on hotplate with 4 ml of aqua 
regia to ensure spike-sample equilibration and 
dried down again. The elemental yields of the 
complete analytical procedure were then deter- 
mined by isotope-dilution analysis of  the fractions 
with the Plasma 54. The results of  the ID mea- 
surements are in good agreement with the semi- 
quantitative data obtained from the evaluation of 
the elution curves and indicate total procedural 
yields of approximately 85-95% for Re, Pd, Ir 
and Pt and of  approximately 70-75% for Ru. 

The high procedural yields for the PGE and Re 
also demonstrate that these elements are nearly 

quantitatively extracted into the NiS buttons dur- 
ing the fire assay sample digestion. In the case of 
Re, this result is in contradiction to reports of 
other investigators [3,32]. Our data, however, are 
further confirmed by the analyses of  two fire assay 
fusion glasses from reference sample SU-la, with 
both glass samples being characterized by negligi- 
ble Re concentrations. 

3.3. Isotope dilution analyses 

The concentrations of  Re and the PGE Ru, Pd, 
Ir and Pt were determined in five (four in the case 
of Ru) separate powder splits of the geological 
reference material SU-la  by isotope dilution mea- 
surements with the Plasma 54. The analytical 
results of  these analyses are summarized and com- 
pared with certified reference values and other 
literature data in Table 3. The 1 ~ external preci- 
sion obtained by our technique varies between 
approximately 2 to 5% for all elements considered 
in this study, except Pt. The comparatively low 
precision of  our Pt data (approximately 11%) is 
due to just one anomalously low result. Exclusion 
of this 'outlier' (Pt concentration 303 ppb) from 
the dataset results in a mean concentration of 387 
ppb Pt for SU-la,  with a relative standard devia- 
tion of 5%. Since the other elemental concentra- 
tion data of this particular sample split showed no 
irregularities, we suggest that the single outlier of 
our Pt dataset is due to the inhomogeneous distri- 
bution of a Pt-rich phase in the sample powder 
and is not caused by an analytical error such as 
incomplete spike-sample equilibration. This inter- 
pretation is supported by the fact that the previ- 
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ously published Pt data for reference material 
SU-la (Table 3) are also characterized by rela- 
tively large analytical uncertainties in comparison 
to the results for other elements. 

The new MC-ICPMS data are in excellent 
agreement with previously published values for 
the high-concentration elements Pt and Pd (Table 
3). No certified reference concentrations are avail- 
able for the elements Ru, Re and Ir, but our 
results are significantly higher than the ICP-MS 
data of Jackson et al. [3]. In the case of Re, this is 
probably due to incomplete recovery and loss of 
this element during the sample preparation proce- 
dure of Jackson et al. [3], as indicated by these 
authors in their publication. The discrepancies for 
Ru and Ir, where our data are approximately 20% 
higher compared with the results of Jackson et al. 
[3], are unlikely to be due solely to errors in the 
calibration of the spike solutions or blank prob- 
lems. The total procedural blank of our analytical 
procedure was carefully monitored throughout 
and was found to be insignificant ( < 1%) for all 
elements considered in this study. Consequently 
no blank correction was applied to the analytical 
results. The excellent analytical precision that was 
obtained for the PGE as well as Re furthermore 
demonstrates that full spike-sample equilibration 
was routinely achieved during sample digestion, 
ruling out another potential pitfall. Since our 
isotope dilution technique does not require full 
elemental recovery during sample digestion and 
ion-exchange chemistry, we suggest that the dif- 
ferences in the concentrations are not a result of 
our analytical procedure but are due to other 
factors such as heterogeneity of the sample pow- 
ders. 
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Abstract 

The application of the ratio spectra derivative and partial least-squares methods to the simultaneous determination 
of atrazine and its degradation product desethylatrazin-2-hydroxy is presented. When the different methods are 
applied to the determination of these products in ground waters, PLS method gives the best results due to the 
presence of interfering substances with overlapping spectra. © 1997 Elsevier Science B.V. 

Keywords: Atrazine; Derivative spectra; Desethylatrazin-2-hydroxy; Ground waters; Partial least squares; Ratio 
spectra derivative; Spectrophotometry 

1. Introduction 

Triazine herbicides, developed in the early 
1950s [1], have been used for nearly 20 years in 
agriculture all over the world. Due to filtration 
through soil, atmospheric deposition or surface 
run-off most of these triazine herbicides have been 
reported as common contaminants in aquatic en- 
vironments, including rivers, lakes, estuaries, rain 
water and both surface and ground waters [2-8]. 

Investigation of the impact of  the agricultural 
non-point source concentration necessitates the 

* Corresponding author. 

development of rapid and accurate methods for 
the determination of these pesticides. Common 
multimethods are mainly based on gas chro- 
matography with selective detection using electron 
capture, ni t rogen-phosphorous,  flame photomet- 
ric detectors and mass selective detector. Other 
chromatographic techniques used in pesticide 
analysis are reversed-phase high performance liq- 
uid chromatography ( R P - H P L C )  with UV-Vis or 
diode array detectors and thin layer chromato- 
graphic methods [9-16]. Antibody-based assays 
represent an effective alternative to chromato- 
graphic methods, but discrimination of chemically 
similar structures is usually inferior to instrumen- 
tal analysis [17,18]. However, these techniques are 
considerably time-consuming and expensive. UV- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
P11 S0039-9140(96)02104-2 
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Fig. 1. (a) Atrazine; (b) desethylatrazin-2-hydroxy. 

Vis analysis offers a fast and reliable method to 
obtain information about the distribution of these 
pesticide residues in waters. Furthermore, costs 
for UV-Vis determinations are far below of other 
instrumental methods. 

The European Union (EU) has imposed rigid 
limits for pesticides in drinking water. So the 
maximum level allowed for a single pesticide is 0.1 
lag 1-~ while for a pesticide and its degradation 
products a limit of 0.5 lag 1 - 1 has been established 
[19,20]. Although the use of UV-Vis methods do 
not allow to determine these pesticides for the 
established limits, these can be reached using the 
enrichment procedures described in the literature 
for s-triazines and their metabolites, such as liq- 

uid-liquid extraction [21] and solid-phase extrac- 
tion (SPE) [22,23]. 

UV-Vis quantitation methods traditionally used 
involve measuring the analyte absorbance at a 
given wavelength. However the analyte of interest 
is often accompanied by other compounds ab- 
sorbing in the same spectral region. In these cases, 
spectral overlapping is a serious limitation and 
requires resolution by mathematical procedures 
such as derivative techniques or multivariate 
statistical analysis, in this way, partial least 
squares, PLS, have been successfully applied to 
spectroscopic data [24-26]. Recently PLS has 
been applied to electroanalytical techniques, such 
as indirect voltametric of differential pulse polaro- 
graphic (DPP) [27,28]. 

Considering that in real environment situations, 
the atrazine (Fig. l a) degrades and the dealky- 
lated and the hydroxylated metabolites are 
formed, [29,30] the present paper reports different 
quantitation methods such as zero crossing, ratio 
spectra derivative and PLS for the determination 
of atrazine and a hydroxy-dealkylated degrada- 
tion product, desethylatrazin-2-hydroxy (Fig. l b) 
in ground water samples. 

a) 

, i ; . . . .  [ 
, ~ , ;  : .... r ' : 2  -3S 

V , ~ l  i ,  h r  

b )  

i x 

1 ,,/,J 

I I 

~,3 4 4  • ' 

I 

?, 

( /' / 

~lj ! {', 

Fig. 2. Absorption spectra of (1) atrazine, 2 ~tg ml -  l, (2) desethylatrazin-2-hydroxy and (3) their mixture: (a) zero-order spectra, (b) 
1st derivative spectra, and (c) 2nd derivative spectra. 
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2. Experimental 

2. I. Reagents 

Stock solutions, 100 ~tg ml-1 of atrazine (AT) 
and desethylatrazin-2-hydroxy (DAH) (Riedel-de 
Hahn, Seelze Germany) were prepared in 
methanol. The pH of the working solutions was 
adjusted to pH = 5.8 with 1 ml of 0.1 M acetic/ac- 
etate buffer solution and the final percentage of 
methanol was 8% v/v. The ionic strength was 
maintained constant at 0.25 M with NaCIO4. 

All reagents used were of analytical reagent 
grade and water deionized. 

2.2. Apparatus 

All absorption spectra were acquired on a 
Hewlett-Packard HP-8452A diode array spec- 
trophotometer, furnished with a quartz cell of 1 
cm path length, coupled on a Hewlett-Packard 
Vectra ES Computer equipped with a Hewlett 
Packard Think Jet printer. 

Absorption spectra were recorded and pro- 
cessed with the aid of the spectrophotmeter's bun- 
dled software. A PC/AT 46 computer provided 
with a mathematical coprocessor, equipped with 
the Unscrambler II [31] software package was 
used for the statistical treatment of the data and 
the application of multivariate methods. 

A PHM 84 Radiometer digital pH meter 
equipped with a combined glass calomel electrode, 
was used to measure pH. 

A Swinny Stainless 13 mm (Millipore) equipped 
with cellulose 0.45 jam filter (Millipore) was used 
to filter ground water samples. 

2.3. Procedures 

To determine atrazine in presence of desethyla- 
trazin-2-hydroxy first derivative of the spectra 
were obtained and calibration graph was prepared 
at the zero-crossing point ('~AT = 232). 

2.3.2. Ratio spectra derivative 
To determine atrazine, the adsorption spectra 

of the solutions (prepared as in Section 2.3.1) 
were recorded between 200-350 nm and divided 
by the standard spectrum of a 2 gg ml ~ desethy- 
latrazin-2-hydroxy solution. From the ratio spec- 
tra thus obtained, first derivatives were calculated. 
The concentration of atrazine is proportional to 
the amplitude at 216 nm. 

To determine desethylatrazin-2-hydroxy, the 
adsorption spectra of the solutions were recorded 
between 200-350 nm and divided by the standard 
spectrum of a 2 ~tg ml ~ atrazine solution. From 
the ratio spectra thus obtained, first derivatives 
were calculated. The concentration of desethyla- 
trazin-2-hydroxy is proportional to the amplitude 
at 236 nm. 

2.3.3. PLS method 
Eleven solutions were prepared for the corre- 

sponding multivariate calibration used to apply 
PLS-1 method. The optimized calibration matrix 
calculated by application of the PLS-1 method 
was then applied to analyze the 1st and 2nd 
derivative spectra of the samples in the range 
240-280 nm. 

2.3.4. Procedure to determine atrazine and 
desethylatrazin-2-hydroxy in ground waters 

Ground waters from mountain sources were 
filtered and spiked with variable amounts of 
atrazine (50-125 mg) and desethylatrazin-2-hy- 
droxy (50-150 mg) and analyzed according to the 
procedures outlined above. 

2.3.1. Zero crossing method 
To 25 ml calibrated flasks were added 2.5 ml of 

2.5 M NaC104 solution, 1 ml of acetic/acetate 
pH = 5.8 buffer solution, atrazine and desethyla- 
trazin-2-hydroxy both in the range 25-150 mg, 
enough methanol to obtain a final composition of 
8% v/v and made up to volume with deionized 
water. 

3. Results and discussion 

Fig. 2a shows the absorption spectra corre- 
sponding to atrazine, desethylatrazin-2-hydroxy 
and a mixture of them, at pH = 5.8, methanol-wa- 
ter 8% v/v and I---0.25 M. The absorption max- 
ima for atrazine are at 226 nm and 264 nm, and 
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Table 1 
Equations for the calibration graphs in the determination of atrazine (AT) and desethylatrazinJ2-hydroxy (DAH) 

Compound  Equation~(y = a + b x )  r z RSD b Detection limit" 

AT 
232 nm 
216 nm 

DAH 
236 nm 

F d d = ( _ l . 0 7 . 1  2 + 8 . 0 1 . 1 0 - 5 ) [ A T ] + ( _ 7 . 5 0 . 1 0 - 4 _ + 3 . 5 8 . 1 0  4) 0.9996 
R S D S ~ = ( 6 . 2 7 ' I 0 - 2 _ + 5 . 2 1 " I 0  4 ) [ A T ] + ( - 7 . 2 6 ' 1 0  3_+2.33.10 ~) 0.9995 

R S D S = ( 5 . 5 6 - 1 0  2 _ + 4 . 9 5 " I 0 - 4 ) [ D A H ] + - 1 . 7 0 . 1 0 - 4 _ + 2 . 2 9 - 1 0  3) 0.9995 

6.59- 10 4 0.18 
4.29" 10 ~ 0.2l 

4.06.10 3 0.22 

b Residual standard deviation. 
DL = (3. RSD/b). 

d FD: first derivative signal. 
~ RSDS: ratio spectra derivative signal. 

Table 2 
Statistical data for the simultaneous determination 
desethylatrazin-2-hydoxy (DAH) 

in a synthetic mixture containing 2.00 gg ml-~ of atrazine (AT) and 

Compound  Mean value found (n = l l) Standard deviation Coefficient of  variation t~lu e 

AT 
FD b, 232 nm 2.01 0.053 2.62 0.16 
RSDS ~, 216 nm 2.05 0.033 1.60 0.90 

HDA 
RSDS, 236 nm 2.10 0.030 1.42 1.97 

a / t a b u l a t e d  = 2.23 (P = 0.05). 
b First derivative signal. 
c Ratio spectra derivative signal. 

no changes were observed in the spectra in the pH 
range 1 - 11. the absorption maxima for desethyla- 
trazin-2-hydroxy are situated at 212 and 234 nm. 
In this case, at the same operatory conditions, the 
adsorption spectra are slightly influenced by vari- 
ations of pH. It was observed that pH = 5.8 offers 
the best conditions to study the mixture of  both 
pesticides. 

3.1. Zero -crossing method 

The adsorption spectra of desethylatrazin-2-hy- 
droxy is completely overlapped with the spectrum 
of atrazine (Fig. 2a) and thus the determination of 
atrazine in presence of desethylatrazin-2-hydroxy, 
or vice-versa, can not be carried out by direct 
absorbance measurements. Fig. 2b shows the first 
derivative adsorption spectra of solutions of both 
pesticides and of their mixture. It can be seen that 

in spite of the overlapped O-order spectra of these 
compounds, the zero-crossing method could be 
suitable to obviate that problem. To quantitate 
atrazine in presence of  desethylatrazin-2-hydroxy, 
the measurements were made at the zero-crossing 
point of  desethylatrazin-2-hydroxy, at 212 and 
232 nm. The best results were obtained at 232 nm 
(Table 1). However, the quantitation of desethyla- 
trazin-2-hydroxy, in presence of atrazine at 256 
nm zero-crossing point of atrazine is not satisfac- 
tory. Although the second derivative spectra of  
atrazine and desethylatrazin-2-hydroxy (Fig. 2c) 
produce some zero-crossing points for both pesti- 
cides that could permit their quantitation, the 
corresponding calibration graphs at 212 and 232 
and 216, 228 and 242 nm for the quantitation of 
atrazine and desethylatrazin-2-hydroxy, respec- 
tively, do not allow good results. Similar results 
are obtained with higher order derivative spectra. 
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Thus, the zero-crossing method using first 
derivative spectra can only be used to quantitate 
atrazine in presence of desethylatrazin-2-hydroxy 
(Tables 1 and 2). 

3.2. Ratio spectra derivative method 

In the ratio spectra derivative method, over- 
lapping of the spectra in a certain region is ac- 
tually desirable because in division of spectrum 
by another, the error increases when one of ab- 
sorbance approaches zero [32]. Fig. 3a shows 
the ratio spectra derivative of different amounts 
of atrazine, first derivative of the spectra of 

' t s  ,7, 

r . 

/ I d )  d,( '  24( d t ~  j ; r  ' i : ,  ; !  ,, 

' ; 4 " 

i; 

, 5 :  ~ , :  ; d ! )  p ~ i ,  , ! , (  

'¢~ i,,elen~-n !n~ 

Fig. 3. First derivative of the ratio spectra of  (a) atrazine, (b) 
desethylatrazin-2-hydroxy, using a 2 gg ml ~ divisor, solu- 
tions: (! 9) 0.2--8 ~tg m l -  ~. 

atrazine standard solutions divided by the stan- 
dard spectrum of a 2 gg ml-~ solution of de- 
sethylatrazin-2-hydroxy. The first derivative 
amplitude at any given wavelength is propor- 
tional to the atrazine concentration, and the 
wavelength corresponding to the maximum at 
216 nm was selected. Fig. 3b shows the ratio 
spectra derivative for different standard solu- 
tions of  desethylatrazin-2-hydroxy, using the 
spectrum of a 2 ~g ml-1  solutions of atrazine 
as the divisor. In this case, the optimum results 
were obtained at 236 nm. 

The ratio spectra derivative method allow to 
use different concentrations as the divisor to ob- 
tain the calibration graphs Thus, to quantitate 
atrazine, concentrations of desethylatrazin-2-hy- 
droxy in the range 0.2-8.0 ~tg ml-W were used 
and in order to minimize the standard error of 
the estimations and a concentration of 2 gg 
ml-L of DAH was selected as divisor, Fig. 4. 
Similarly, a 2 lag ml-~ solution of atrazine was 
selected as divisor to quantitate desethylatrazin- 
2-hydroxy, Fig. 4. 

Once the optimum working conditions has 
been established, calibration graphs were ob- 
tained at 216 nm (AT) and 236 nm (DAH), and 
showed that the proposed method is applicable 
over the ranges 0.30-8.0 gg m l - I  for atrazine 
and 0.22-8.0 ~tg ml - J  for desethylatrazin-2-hy- 
droxy. The detection limit was calculated as the 
intercept of the calibration graphs plus three 
times the estimated standard deviation. The re- 
suits obtained are included in Table 1. As can 
be seen, the corresponding r 2 values, which are 
an indication of the quality of the fitting of the 
data to the straight line, were higher than 
0.9995. 

To check the precision of the method, the sig- 
nals for eleven replicates, containing 2 ~tg ml ~ of 
atrazine and 2 lag ml-~ of  desethylatrazin-2-hy- 
droxy were measured. The statistical parameter 
obtained for the simultaneous determination of 
both herbicides are shown in Table 2. 

The proposed method was applied to several 
synthetic binary mixtures of atrazine and desethy- 
latrazin-2-hydroxy in the range 1.0-6.0 ~tg m l -  
The results obtained are summarized in Table 3. 
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Fig. 4. Influence of divisor concentration on the standard error of estimation in the determination of atrazine and desethylatrazin-2- 
hydroxy. 

3.3. Partial least squares method 

Partial least-squares (PLS) modeling is a pow- 
erful multivariate statistical tool that has been 
successfully applied to quantitative analysis in 
spectrophotometric methods. PLS is a mathe- 
matical procedure that simultaneously includes 
spectral intensities at multiple selected wave- 
lengths and allows to extract full useful comple- 
mentary information from all of the spectra 
data, thus improving the quantitative analysis of 
mixtures. 

It is also well known [33,34] that the quality 
of the results obtained in multi-component anal- 
ysis from extensively overlapping spectra de- 
pends on the wavelength selection and the 
spectral mode used. PLS-1 and -2 types have 
been described. The difference between both 
types is that PLS-1 performs the optimization of 
the number of factors for only one component 
at a time and PLS-2 calculates the number of 
factors on all the components simultaneously 
and one pondered number of factor is opti- 
mized. 

A training set of eleven representative binary 
mixtures, Table 4, of atrazine and desethyla- 
trazin-2-hydroxy was prepared and the absorp- 
tion spectra were recorded under the selected 

experimental conditions. 
The PLS-I method was applied to the quanti- 

ration of atrazine and desethylatrazin-2*hydroxy 
using first and second derivative adsorption 
spectra respectively, in the range 240-280 nm. 
By application of the PLS-2 algorithm no better 
results were obtained. 

After the data were autoscaled to the mean 
value of the variables, the selection of the opti- 
mum number of factors in the PLS algorithm as 
to model the system without overfitting the con- 
centration data, was carried out using the cross- 
validation method leaving out one sample at a 
time. Validation variance parameter was used to 
select the optimum number of factors, Table 5. 
In this sense, for atrazine the number of factors 
that minimizes the residual variance (optimal 
model) were two, corresponding to the local 
minimum. For desethylatrazin-2-hydroxy, two 
factors were selected also, because a higher 
number of factors does not minimize signifi- 
cantly the residual variance and could produce a 
overfitted model. 

The root mean square difference (RMSD), 
which indicates the average error in the analysis 
and (R  2) which is an indication of the quality of 
fit of all the data to straight line were calcu- 
lated. 
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RMSD = ~__~ (.f~- xi) 2 

N 

Y ( x , -  2 
R 2 =  1 i=1 

N 

i=1 

where N is the total number of samples, ~f~ = pre- 
dicted concentration, x~ = standard concentration 
and £ = mean of true concentrations. The results 
are summarized in Table 6. 

The calibration model was applied to a series of 
synthetic mixtures, Table 3, and the analytical 
precision of the optimized model was evaluated 
by using the relative error of prediction (REP). 

Table 4 
Training calibration set 

Standard AT ~gml  -~ DAH ~g ml -~ 

1 1.48 1.48 
2 3.48 1,48 
3 5.48 1.48 
4 1.48 3,48 
5 1.48 5.48 
6 4.00 4.00 
7 4.48 2.48 
8 2,48 4,48 
9 1.48 2.48 

10 2.48 1.48 
II 3.00 3.00 

Table 5 
Y-variable residual variance of the validation 

Factor AT DAH 

0 1.307 1.307 
1 0.1976.10 - I  0.4349.10 - I  
2 0.8880.10 -3 0.2517.10 -2 
3 0.1109"10 -2 0.1717"10 -2 
4 0.1047.10 -2 0.1455.10 -2 
5 0.1381-10 2 0.1840.10-2 
6 0.3222.10 2 0.1812.10-2 
7 0.5005-10 2 0.3392.10-2 

Table 6 
Statistical parameters for the optimized models 

AT DAH 

RMSD R 2 RMSD R 2 

0.03592 0.9993 0.04325 0.9990 

R. Corbel& Tena et a l . /  Talanta 44 (1997) 673-683 

Values of 1.93 and 2.49% for atrazine and de- 
sethylatrazin-2-hydroxy, respectively, indicate that 
the model proposed is satisfactory. 

3.4. Determination of  atrazine and 
desethylatrazin-2-hydroxy in ground water 

When working on synthetic mixture, no signifi- 
cant advantages are found in the application of 
the different methods developed. Because of this, 
for the analysis of ground waters samples only the 
ratio spectra derivative and PLS-1 methods, were 
applied to the simultaneous determination of 
atrazine and desethylatrazin-2-hydroxy. Spiked 
samples were prepared from ground waters com- 
ing from mountain sources in the highest part of 
Orotava Valley (Tenerife, Canary Islands), in or- 
der to be sure that they were not contaminated 
with the named herbicides. 

The results obtained are shown in Table 7. As 
can be seen the results obtained by application of 
ratio spectra derivative method gives such errors, 
specially for atrazine, that it can not be applied to 
the determination of these herbicides, in ground 
water samples. These results can be justified on 
the basis of the absorption spectra of the ground 
water, which show a maximum probably due to 
the presence of humic acids and related com- 
pounds, Fig. 5, overlapping those of the analytes. 

However, when the PLS-1 method was applied 
to the first and second derivative spectra of the 
samples in the range 240-280 nm, as stated 
above, all the spiked samples of ground water 
were correctly resolved, Table 7. 

4. Conclusions 

A comparative study of the utilization of zero- 
crossing method, ratio spectra derivative and PLS 
approaches for the determination of mixtures of 
atrazine and desethylatrazin-2-hydroxy in ground 
waters samples has been carried out. These meth- 
ods gave good results when applied to the resolu- 
tion of synthetic binary mixtures. However, 
derivative methods are not suitable for the resolu- 
tion of mixtures of both pesticides in ground 
waters samples due to the presence of spectral 
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Fig. 5. Absorption spectra of (1) ground water, (2) 2 lag ml -  ~ atrazine and 2 lag ml ~ desethylatrazin-2-hydroxy mixture and (3) 
ground water spiked with atrazine and desethylatrazin-2-hydroxy mixture. 

interfering substances, probably humic acids, 
while PLS-1 based method gave rise to good 
results. 

Acknowledgements 

Authors acknowledge financial support of this 
work by CICYT, Spain, AMB 92-0515. One of 
us, R.C.T., thanks the Consejeria de Educacion, 
Cultura y Deportes, Gobierno Autonomo de Ca- 
narias, for a scholarship. 

References 

[1] E. Knusli, in F.A. Gunther and J.D. Gunther (Eds.), 
Residue Reviews, Vol. 32, Springer-Verlag, New York, 
1970, pp. 1-9. 

[2] R.A. Leonard, in R. Grover (Ed.), Environmental Chem- 
istry of Herbicide, CRC Press, Boca Raton, FL, 1988, p. 
45. 

[3] E.M, Thurman, D.A. Goolsby, M.T. Meyer and D.W. 
Koplin, Environ. Sci, Technol., 25 (1991) 1794. 

[4] W.E. Pereira and C.E. Rostad, Environ. Sci. Technol., 24 
(1990) 1400. 

[5] E.M. Thurman, M. Meyer, M. Pomes, C.A. Perry and 
A.P. Schwab, Anal. Chem., 62 (1990) 2043. 

[6] H.-R. Buser, Environ. Sci. Technol., 24 (1990) 1049. 
[7] T.L. Wu, Water Air Soil Pollut., 15 (1981) 173. 

[8] R.P. Richards, J.W. Kramer, D.B. Baker and K.A. 
Krieger, Nature, 327 (1987) 129. 

[9] G.A. Junk and J.J. Richard, Anal. Chem., 60 (1988) 451. 
[10] P. Cabras, M. Melis, L. Spanedda and C. Tuberoso, J. 

Chromatogr., 585 (1991) 164. 
[11] L.M. Davi, M. Baldi, L. Penazzi and M. Liboni, Pestic. 

Sci., 35 (1992) 63. 
[12] H.J. Stan and A. Bockhorn, Lebensmittelchemie., 45 

(1991) 40. 
[13] V. Coquart and M.C. Hennion, J. Chromatogr., 585 

(1991) 67. 
[14] P. Vitali, E. Venturini, C. Bonora, R. Calori and R. 

Raffaelli, J. Chromatogr., 660 (1994) 219. 
[15] R.N. Lerch, W.W. Donald, Y.-X. Li and E.E. Alberts, 

Environ. Sci. Technol., 29 (1995) 2759. 
[16] S. Butz and H.J. Stan, Anal. Chem., 67 (1985) 620. 
[17] A. Brecht, J. Piehler, G. Lang and G. Gauglitz, Anal. 

Chim. Acta, 311 (1995)289. 
[18] M. Franek, V. Kolar, S.A. Eremin, Anal. Chim. Acta, 

311 (1995) 349. 
[19] EU Directive 80/778/EEC, Comrnision of the European 

Union, 15 July, 1980. 
[20] M. Fielding, D. Barcelo, A. Helweg, S. Galassi, L. 

Tortenson, P. van Zoonen, R. Wolter and G. Angeletti, 
Pesticide Ground and Drinking Water, Water Pollution 
Report, Nz7, Commision of the European Community, 
Brussels, 1992, pp. 1-36. 

[21] K.A. Ramsteiner and W.D. Hormann, J. Agric. Food 
Chem., 27 (1979) 934. 

[22] K. Farber, K. Nick and H.F. Scholer, Fresenius J. Anal. 
Chem., 350 (1994) 145. 

[23] S.A. Senseman, T.L. Lavy, J.D. Mattice, B.M. Myers and 
B.W. Skulman, Environ. Sci. Technol., 27 (1993) 516. 



R. Corbella Tena et al. /Talanta 44 (1997) 673 683 683 

[24] P. Geladi and B.R. Kowalski, Anal. Chim. Acta, 185 
(1986) 1. 

[25] M.M. Galera, J.L. Martinez and A. Garrido, Talanta, 41 
(1994) 1545. 

[26] E.V. Thomas and D.M. Haaland, Anal. Chem., 62 (1990) 
1091. 

[27] A. Guiberteau, T. Galeano, F. Salinas and J.M. Ortiz, 
Anal. Chim. Acta, (1995) 219. 

[28] A. Guiberteau, T. Galeano, A. Espinosa-Mansilla, P.L. 
Lopez-de-ALba and F. Salinas, Anal. Chim. Acta, 302 
(1995) 9. 

[29] I.G. Ferris and B.M. Haigh, J. Chromatogr., 456 (1988) 
121. 

[30] V. Pakova, K. Stulik and M. Prihoda, J. Chromatogr., 
442 (1988) 147. 

[31] Unscrambler II extended memory version 4.0, CAMO 
A/S, Trodheim, Norway, 1992. 

[32] F. Salinas, J.J. Berzas Nevado and A. Espinosa, Talanta, 
37 (1990) 347. 

[33] P.D. Sanchez, A.J. Ordierez, A.C. Garcia and P.T. 
Blanco, Electroanalysis, 2 (1990) 303. 

[34] M. Blanco, J. Coello, H. lturriaga, S. Maspoch, M. 
Redon and J. Riba, Anal. Chim. Acta, 259 (1992) 219. 



E L S E V I E R  Talanta 44 (1997) 685 695 

Talanta 

Preparation of a polypyrrole electrode modified with a nickel 
phthalocyanine complex. Application to the determination of an 

antioxidant (propylgallate) in foods 

C. de  la F u e n t e  a, J .A .  A c u f i a  a, M . D .  V f i z q u e z  a, M . L .  T a s c 6 n  ~, M . I .  G 6 m e z  b, 

P. S~inchez B a t a n e r o  ~'* 

~l Department of Analytical Chemistry, Faculty of Sciences, Universi O, of Valladolid, Valladolid, Spain 
b Department of Analytical Chemistry, Faculty of Sciences, UNED, Madrid, Spain 

Received 16 February 1996; received in revised form 18 September 1996; accepted 19 September 1996 

Abstract 

In this paper a study of the electrocatalytic oxidation of propylgallate (PG) by using a polypyrrole electrode 
modified with tetrasulfonate nickel (II) phthalocyanine complex (Pt/PPy/NiPcTs) was carried out. Several parameters 
of this polymeric electrode, such as: (a) its stability in hydroorganic solution, by using an indium tin oxide (ITO) 
electrode and spectrophotometry; and (b) its thickness using electrochemical techniques, have been studied. In 
addition, several parameters affecting the PG voltammetric peak, such as pH, methanol/water ratio, potential scan 
rate and analyte concentration, were considered. Finally, the developed method was applied to the determination of 
PG in spiked potato flakes and cornflakes, showing its validity. © 1997 Elsevier Science B.V. 

Keywords: Antioxidant; Nickel phthalocyanine; Polypyrrole electrode 

I. Introduction 

During the last decade, numerous and consider- 
able advances concerning the development of  
polymeric materials in order to prepare redox 
complex modified electrodes with electrocatalytic 
properties, have been carried out. In this sense we 
can underline the work of Lyons [1] where an 
interesting theoretical review of electrocatalysis 
using electroactive polymers, electroactive com- 
posites and microheterogeneous systems was 

* Corresponding author. 

made. These electrodes have permitted the en- 
hancement of  the selectivity and sensitivity of 
many interesting electroanalytical reactions and 
the use of  conducting polymer films in ampero- 
metric biosensors [2] and in potentiometric sen- 
sors [3]. 

Electrochemical synthesis of polymeric films 
has been carried out by different authors [4-8], 
showing that both the rate and the extension of  
the polymerisation process, as well as the physico- 
chemical properties of the polymer, can be con- 
trolled, by a careful selection of experimental 
conditions. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40( 96 )021 08-X 
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From an electroanalytical point of view, one of 
the compounds more widely used for electrode 
modification is pyrrole, mainly due to the impor- 
tant amount of counterions incorporated during 
the electropolymerisation step [9-11]. Moreover, 
polypyrrole is easily synthesised from different 
solvents, such as acetonitile [12-14] or water [4,5]. 

One of the counterions used for the modifica- 
tion of polypyrrole electrodes is the nickel (II) 
phthalocyanine tetrasulfonate complex (NiPcTs) 
[15], which allows us to take advantage of the 
electrocatalytic properties of this type of 
molecules. Examples of electron transfer reactions 
catalysed by these polymeric films electrode- 
posited on a solid electrodes can be found in the 
review of Cox [16] and Leidner [17]. Food prod- 
ucts, mainly those containing a high amount of 
fat, can be involved in degenerative processes 
which can produce an important loss of their 
nutritional value (for example oxidative degenera- 
tion of vitamins), the appearance of an unpleasant 
smell or even the formation of toxic compounds 
[18]. Consequently, in order to keep the food 
quality, several antioxidant compounds [18]. Con- 
sequently, in order to keep food quality, several 
antioxidant compounds are added to food prod- 
ucts. Antioxidants act against lipidic oxidation by 
means of different mechanisms. 

An important group of oxidants is that of 
phenolic compounds, which can be either natural 
compounds or synthetic substances. Regarding 
synthetic antioxidants, one can consider, among 
other, the following: TBHQ (tert-butylhy- 
droquinone), BHA (tert-butylhydroxyanisole), 
BHT (tert-butylhydroxytoluene), PG (propylgal- 
late) and OG (octylgallate). 

The use of these synthetic antioxidants is lim- 
ited by the legislation of different countries [19] 
and their toxicity studies have been reported 
[20,21]. As other food additives, their inclusion in 
the corresponding positive catalogue implies an 
exhaustive evaluation of the ingestion risks in 
order to establish the admissible daily dose 
(ADD). The latter is the daily amount of antioxi- 
dant with no toxic effect in animals and is ex- 
pressed in mg kg-  l of animal weight and divided 
by a security factor, usually 100. 

The electrochemical methods used for the deter- 
mination of antioxidant are numerous and they 
have been summarised in the review of Mannino 
and Wang [22]. It is important to emphasize that 
the electroanalytical methods are very useful for 
the determination of organic compounds, due to 
their sensitivity, selectivity and accuracy, as well 
as to the important information on the electro- 
chemical mechanisms which sometimes are com- 
parable to those taking place in metabolic 
processes in living organisms. In this sense, we 
can mention the reviews of Bersier and Bersier 
[23,24], and Kalvoda [25]. 

In this paper, a study of the anodic electrocatal- 
ysis of propylgallate at a nickel (II) phthalocya- 
nine polypyrrole electrode deposited on a Pt wire 
is carried out. The stability of the modified elec- 
trode in the analytical solution used (Britton- 
Robinson 0.1 M) was checked by using a 
spectrophotometric method. Several analytical 
and electrochemical parameters have been consid- 
ered and the characteristics of the developed 
method for the determination of PG established. 
This method has been applied to several commer- 
cial food products, such as spiked potato flakes 
and cornflakes. 

2. Experimental 

2.1. Reagents 

Sodium nickel (II) phthalocyanine tetrasul- 
fonate, NiPcTs, (Aldrich); sodium p-toluenesul- 
fonate, TsNa, (Fluka); pyrrole (Merck); 
propylgallate (Riedel de H/ien); boric acid 
(Merck); acetic acid (Merck); orthophosphoric 
acid (Panreac); sodium hydroxide (Panreac); 
methanol (Merck); aluminium oxide (Metrohm 
6.2802.000); sodium dichromate (Panreac). All 
reagents were of analytical grade. Ultrapure water 
was obtained from a Barnstead System. 

2.2. Instrumentation 

Potentiosatat AUTOLAB PSTAT 10 ECO- 
CHEMIE (Holland) using the GPES software; 
spectrophotometer UV-Visible PU 8700, Unicam 
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(UK); ultrasonic bath P-Selecta (Spain). Mechani- 
cal stirrer vibromatic 384 P-Selecta (Spain); rotary 
vacuum evaporator Biichi (Italy); thermostatic 
bath P-Selecta (Spain). 

2.3. Electrodes 

Ag/AgCI/KC1 (sat) reference electrode; Pt wire 
(home made) auxiliary electrode; Pt electrode, 
0.076 cm 2 (Metrohm); optically transparent In- 
dium and Tin oxide (ITO) electrodes (5 x 0.8 cm). 

3. Procedure 

3.1. Electrogeneration of modified polypyrrole 
electrodes 

In all cases, modified polypyrrole electrodes 
were prepared by chronoamperometry at constant 
potential (0.8 V vs. Ag/AgC1/KC1 (sat) for 60 s) 
from an aqueous solution onto an ITO or Pt 
substrate. The working electrode was polished on 
a polishing cloth with alumina and then cleaned 
by ultrasonication prior to use. Monomer solu- 
tions containing pyrrole (0.1 tool 1-1) and NiPcTs 
(10-4 mol 1-~), or pyrrole (0.1 mol 1 - ' )  and 
TsNa (4.10 -4 l - t ) ,  we re  deoxygenated with ni- 
trogen for 10 rain prior to use. 

an agate mortar. Then, 1 g of this sample, to 
which 100 lal aliquot of a 0.5 mol 1 ' PG stan- 
dard solution in methanol was added, was placed 
in a 20 ml centrifuge tube. Extraction was carried 
out with three 5 ml portions of a 50% v/v wa- 
ter:methanol mixture. The tube was mechanically 
shaken for 5 min, and after centrifugation at 5000 
r.p.m, for 12 min, all the extracts were combined 
in a 100 ml vessel of a rotary vacuum evaporator, 
and concentrated up to a final volume of 3 ml. 
This extract was transferred into a 25 ml volumet- 
ric flask, and then diluted to the mark with a 
Bri t ton-Robinson buffer solution of pH 1.05. 
This solution, with a PG theoretical concentration 
of 2 .0 .10-  3 mol 1- ', was transferred to the elec- 
trochemical cell, where PG was voltammetrically 
determined using the standard additions method 
(10 tll of  a 0.5 mol 1 - ~ PG standard solution were 
added, and the Bri t ton-Robinson solution de- 
gassed, each time). 

To modify the pH, maintaining the other 
parameters, a Bri t ton-Robinson solution was em- 
ployed. Therefore, to vary the pH, a 2 mol 1- 
NaOH solution was added to the Bri t ton-  
Robinson solution in sufficient amount to reach 
the necessary pH values. 

All the experiments were carried out at constant 
temperature (20°C). 

3.2. Treatment of commercial Jbod samples 4. Results and discussion 

A procedure similar to that proposed by King 
[26] was followed for the determination of PG in 
spiked potato flakes. The sample was powdered in 

Electrochemical polymerisation provides a sim- 
ple means of incorporating counterions A into 
polypyrrole, according to Eq. 1. 

N 
4n ~_.~+nA- "-"" 

- 8 n  H + 

tn 

e q . t .  
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It was found that our NiPcTs could be incorpo- 
rated directly into poplypyrrole using this method. 
Polymer growth could be initiated from an aqueous 
solution containing just the pyrrole monomer  and 
the NiPcTs. When the platinum electrode in 
monomer  solution was subjected to a 800 mV 
potential step a chronoamperometr ic  response was 
observed, as shown in Fig. 1, similar to that 
previously described by other workers in galvano- 
static experiments [27,28]. In this figure we can see 
that, after a great increase of  the anodic current 
density at the potential jump, the current density 
decreased quickly, but 1 s after the potential step 
the current density rose again. As NiPcTs is the 
only other species present, it must be incorporated 
as the anion ( A - )  in the polymer structure. 

In order to achieve charge balance, the polymer 
reduction process in the analyte solution must be 
accompanied by immigration of cations from Brit- 
t on -Rob inson  solution or immigration of anions 
from polypyrrole electrode. The relatives rates of  
these competitive processes will determine the out- 
come. These rates can in principle be understood 
in terms of diffusion coefficients and partition 
coefficients. In this way one might rationalize the 
difference between a conventional P P + / X -  and 
our PP +/NiPcTs where X is a more little and 
faster diffusing species than NiPcTs. So it's reason- 
able to think that the cations from Br i t ton-  
Robinson solution move in and out of  the polymer 
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Fig. 1. Chronoamperometr ic  response of a Pt electrode main- 
tained to a constant  potential potential of  800 mV during 60 s 
in 10 -3  tool 1 ] NiPcTs in water solution: (a) without 
pyrrole; and (b) with 0.1 mol 1-~ pyrrole. 
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Fig. 2. Cyclic voltammograms obtained in a Brinon 
Robinson 0.1 mol 1 -~ solution (pH= 1.0; 5.6% methanol; 
t, = 100 mV s-1 at different working electrodes: (a) WE Pt: 
with 2.10 4 mol I - L PG; Ep = 0.631 V, lp = 1.87 laA; (b) WE 
Pt/PPy/Ts: without (I) and with (II) 2.10 -4 tool I -~ PG; 
Ep=0.554 V, 1p=13.07 I, tA; and (c) WE pt/PPy/NiPcTs: 
without (I) and with (II) 2.10 4 tool 1- ~ PG; Ep = 0.547 V, 
lp = 38.29 p,A. 

to provide charge compensation and the NiPcTs 
tends to stay in the reduced film [29]. 

4,1. Catalytic effect 

In order to ascertain if PG is electrocatalytically 
oxidised at the Pt/PPy/NiPcTs electrode, voltam- 
mograms of PG were obtained in a Br i t ton-  
Robinson 0.1 M solution of pH 1.05 (control 
solution), at different working electrodes: Pt, Pt/ 
PPy/Ts and Pt/PPy/NiPcTs, where Ts is p4oluene- 
sulphonate, a counterion with no electrocatalytic 
properties. These vol tammograms are displayed in 
the Fig. 2. As can be seen the best results were 
obtained when working with a Pt/PPy/NiPcTs 
electrode, showing a higher PG peak intensity and 
demonstrating that an electrocatalytic effect is 
produced (Fig. 2 curve c.2). 

It is necessary to remark that the cyclic voltam- 
mogram produced, when using a Pt/Ppy/NiPcTs 
electrode in pure (blank) electrolyte, show a high 
background current. The electrochemical reaction 
of the polypyrrole film in the supporting electrolyte 
was previously mentioned; this polypyrrole reac- 
tion is quite sensitive to the nature of  the electrolyte 
and of the counterion incorporated into the poly- 
mer, since it involves movements of  ions in and out 
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of the film. A. Diaz et al. [30] describe that the 
observed background currents are dependent on the 
potential region, the polarity of the solvent, the 
sweep rate and perhaps the nature of counterions 
incorporated. But the large background observed 
do not interfere with the electrochemical measure- 
ments using cyclic voltammetry. No signal of Ni(II) 
oxidation is produced because NiPcTs is an example 
of a redox inactive transition metal phthalocyanines 
[311. 

4.2. Spectrophotometric control ( f  the polymer 
stability 

In order to verify that the NiPcTs film remained 
adsorbed onto the Pt electrode, a series of polymeric 
electrodes modified with NiPcTs were prepared on 
transparent Indium and Tin oxide (ITO) electrodes 
in the conventional way described in experimental 
section. The presence of the modifier onto these 
electrodes was studied by using molecular absorp- 
tion spectroscopy. The spectra were compared with 
those recorded with NiPcTs in Bri t ton-Robinson 
solution and the following results were obtained: 

4.2.1. Study of the stability of  the 
ITO / P Py / NiP c Ts electrostatic finding in aqueous 
media 

We have prepared several polypyrroles on ITO 
as mentioned above. These electrodes were sub- 
jected to the following spectrophotometric tests: (a) 
molecular absorption spectra of a freshly prepared 
electrode introduced into the control solution; (b) 
molecular absorption spectra of the control solution 
in which the polymer modified electrode was im- 
mersed for 15 rain; and (c) molecular absorption 
spectra of the control solution in which the polymer 
modified electrode was immersed for 30 rain. These 
experiments were carried out at three different pH 
values: 1.0, 7.20 and 11.30. The spectra of pH 1,05 
are shown in Fig. 3 showing the others pH similar 
spectra. From these, it can be deduced that the 
polymer did not leak into the control solution. 

The absorption spectra recorded after rinsing the 
electrodes with water are compared with those of 
the NiPcTs dissolved in Br i t ton-Robinson solution 
at corresponding pH values, showing both a similar 
absorption spectrum. So we can conclude that the 

NiPcTs are retained by polypyrrole film, owing to 
electrostating binding. Because of the incorporation 
into the polymer films, a red shift of a few nanome- 
ters is observed for the Soret band. This red shift 
can likely be attributed to the aggregation and 
stacking of NiPcTs molecules in the polymer 
[32,33]. 

c) 

I , / 1 

Fig. 3. Molecular absorption spectra of: (a) NiPcTs dissolved 
in a Britton-Robinson 0.1 mol 1 ~ solution of pH 1.05 
(control solution); (b) an ITO/PPY/NiPcTs electrode freshly 
prepared; and (c) the control solution in which the polymer 
modified electrode was immersed for 30 min. 
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Fig. 4. Molecular absorption spectra of (a) NiPcTs solution in 
Britton-Robinson 0.1 tool 1 ~ solution; (b) ITO/PPy/NiPcTs 
electrode freshly prepared; (c) ITO/PPy/NiPcTs electrode after 
anodic pretreatment for 50 s at 0.9 V in Britton-Robinson 0.1 
mol l-I solution; and (d) ITO/PPy/NiPcTs electrode after 
cathodic pretreatment for 50 s at -0.1 V in Britton- 
Robinson 0.1 mol 1 ~ solution. 

4.2.2. Study of the stability of the 
ITO/PPy/NiPcTs electrostatic binding after 
several oxidation-reduction cycles 

Several experiments with the ITO/PPy/NiPcTs 
electrodes in Bri t ton-Robinson 0.1 M solution 
were achieved with: (i) recently prepared elec- 
trode; (ii) after an anodic pretreatment at 0.9 V 
during 50 s; and (iii) after a cathodic pretreatment 
at - 0 . 1  V during 50 s. The obtained spectra are 
plotted in Fig. 4. 

In this figure it can be observed that the 
polypyrrole electrode immersed in the control so- 
lution retains its activity after a cathodic pretreat- 
ment, although after an anodic pretreatment the 
polypyrrole activity decreases. Therefore we can 
conclude that in these experimental conditions the 
polypyrrole modification with NiPcTs is efficient 
in general and that in principle, these electrodes 
can be used to carry out electrochemical reactions 
from an analytical point of  view. 

4.3. Effect of  the polymerisation time on the PG 
voltammetry peak: estimation of the PP Y/NiPcTs 

film thickness 

As the polymer electrogeneration was carried 
out by chronoamperometry at controlled poten- 
tial in the presence of  the modifier, the amount of  
NiPcTs incorporated into the polymer matrix will 
depend upon the time of  electrolysis. Therefore, in 
order to know this influence, different electrodes 
were prepared by varying the electropolymerisa- 
tion time. We calculate the polymerisation charge 
by integrating the respective chronoamperometric 
curves I-t. Assuming that all the charge was used 
to form the polymeric film, it is possible to have 
an estimation of the polymer thickness. According 
to [4], we were considered that 0.1 ~tm = 24 mC 
cm 2. Furthermore, taking into account the 
charge values involved in the electropolymerisa- 
tion process, it is possible to calculate the number 
of NiPcTs moles incorporated into the 
polypyrrole matrix. By assuming that for each 
four pyrrole units one positive charge is created, 
and that phthalocyanine is tetravalent, the num- 
ber of NiPcTs moles can be calculated by Fara- 
day's equation, that is to say N =  Q~/16 × 96.500, 
according to the expression: 

16 Py + NiPcTs - 4 _ 4e ~ (PY4) + 4NiPcTs - 4 

The modified polymer electrodes, prepared 
with different electropolymerisation times, were 
washed with deionised water and immersed in a 
4.10 -4 mol 1 -~ PG solution in Br i t ton-  
Robinson buffer of pH 1.2. The values of poly- 
merisation charge, moles of NiPcTs into the 
polymer, polymer thickness and PG peak cur- 
rent, are summarised in Table 1. From these 
data, it can be concluded that peak current in- 
creased as the electropolymerisation time in- 
creased up to 60 s, and then Iv decreased. This 
can be explained taking into account that the 
electron transport through the polymer slows 
down as the thickness of  the polymer film be- 
comes larger. An optimum electropolymerisation 
time of  60 s at +0 .8  V was chosen for further 
experiments. 
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Table 1 
Polymerisation charge, nanomoles of NiPcTs, polymer thick- 
ness and peak current for different modified polymer elec- 
trodes prepared with different electropolymerisation times 

Tp (s) Qp (mC) nmol NiPcTs s (~tm) Iv (I~A) 

lO 0.577 0.37 0.034 35.98 
20 1.231 0.80 0.073 32.85 
30 1.902 1.23 0.112 44.87 
40 2.807 1.82 0.165 48.83 
50 3.402 2.02 0.200 50.54 
60 4.259 2.76 0.251 55.96 
70 4.950 3.20 0.292 54.70 
80 6.011 3.89 0.354 52.99 
90 6.675 4.32 0.393 51.68 
1 oo 7.618 4.93 0.449 42.05 

4.4. Electrochemical control o f  the polymer 
stability 

Successive cyclic v o l t a m m o g r a m s  o f  1.10 - 4  

mol  1 - I  P G  in a buffer  solut ion o f  p H  1.05 
recorded  at 100 mV s -  1 are shown in Fig. 5. As 
can be observed,  the peak  current  decreases dra-  
mat ica l ly  f rom the first to the second scan. Never-  
theless, if  a rest pe r iod  o f  a few minutes  with 
st i rr ing is a l lowed (at a po ten t ia l  of  0.3 V), the 
first v o l t a m m o g r a m  is again  obta ined .  

A n o t h e r  exper iment  consis ted to record  the P G  
ox ida t ion  current  af ter  having in t roduced  a 
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Fig. 5. Successive cyclic voltammograms of 10 -4 tool 1- ~ PG 
obtained in a Britton-Robinson 0.1 mol I-~ solution (pH = 
1.05; 5% methanol: v = 100 mV s -  1): (a) first voltammogram; 
(b) second voltammogoramlbdprimel; and (c) third voltam- 
mogram. 

tp (uA) 
120 [ 

[ 
I00 ! 

i' 

i 

60  

40  

2 0 - -  
0 5 10 15 gO 2 5  3 0  

t ( r a i n )  

35 40  

Fig. 6. Effect of working electrode permanency time into the 
analyte solution on PG peak current for cyclic voltammetry. 
PG 2.3.10 4 mol 1- t; 0.50/,, methanol; 0.1 tool 1 ~ Britton- 
Robinson buffer; v = 100 mV s ~. 

freshly modi f ied  po lyme r  e lec t rode  into the ana-  
lyte solut ion for  different  times. By p lo t t ing  the 
peak  heights,  Ip, (gA) c.s. t ime (min) the Fig, 6 
was obta ined .  Af te r  an increase o f  P G  anodic  
current  f rom t = 0 to 5 min,  an Ip exponent ia l  
decrease with t ime up to t = 10 min was observed.  
Then,  Ip remain  app rox ima te ly  cons tan t  with 
time. F o r  t = 10 min,  the P G  peak  intensi ty is 
21% lower than  tha t  registered on the first 
v o l t a m m o g r a m  (t = 0 min). 

In o rde r  to check the reproduc ib i l i ty  in the 
cons t ruc t ion  o f  the modi f ied  po lypyr ro le  elec- 
t rodes,  ten Pt /PPy/NiPcTs  were p repa red  under  
the same exper imenta l  condi t ions  (60 s at 0.80 V). 
Two P G  v o l t a m m o g r a m s  were recorded:  the first, 
immedia te ly  after  the e lec t rode  was immersed  in 
the analy te  solut ion (t ime zero) and  the second 
after  immers ing  the electrodes for  3 min in the 
analy te  solut ion ( t ime three). The  po lymer i sa t ion  
charge was ca lcula ted  by  in tegra t ing  the corre-  
spond ing  i-t curves,  giving a Q mean  value o f  
2.3_+ 0.2 mC. P G  peak  current  mean  values o f  
30.4 + 0.60 and  36.9 _+ 0.8 laA were ob ta ined  for 
t ime zero and  t ime three,  respectively.  These re- 
sults are good  if  we consider  tha t  reproduc ib i l i ty  
with this type  o f  e lect rodes  is not  easy to achieve 
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since, during the electropolymerisation procedure, 
dimers, trimers, tetramers, etc, are formed. These 
forms consume polymerisation charge and are 
very difficult to control and quantify. 

4.5. Effect of control solution composition 
containing PG 

4.5.1. Influence of pH on voltammetric peak 
height and peak potential 

In all cases the PG concentration was 2.3 10 4 
tool 1 i, containing 0.5% of  methanol. The poten- 
tial scan rate was 100 mV s-1.  

The variation of Ep with pH shows a linear 
cathodic shift of  60 mV p H -  1 units (y = 0.62 + 
0.06x, r 2 = 0.996) indicating that an equal amount  
of  protons and electrons are involved in the oxi- 
dation process [34]. 

The effect of  pH on the PG peak height is 
displayed in Fig. 7. Initially, a decrease in Ip is 

observed up to pH 3 and then a levelling was 
produced. Finally, from pH 5 to peak height 
decreased and disappeared at pH 11. In order to 
obtain good sensitivity and to simplify the proce- 
dure, a pH of 1.05 was chosen for further studies. 

4.5.2. Influence of the methanol/water ratio on 
the PG voltammetrie peak 

In order to study the influence of the presence 
of a non aqueous solvent, such as methanol, on 
the PG voltammetric peak obtained at Pt/PPy/ 
NiPcTs electrodes, different electrodes were pre- 
pared under the experimental conditions 
mentioned above, and tested in 2.4 10 4 tool 1- J 

PG solutions prepared with different Britton 
Robinson/methanol  ratios. There is no significant 
pH change by adding methanol. We observed a 
gradual decrease of  Iv with about 50% between 
0.5 and 12% methanol. A solution with a 0.5% of  
methanol was selected as the optimum value. 

[).(~ 

0 . 5  

~) 1 

4.5.3. Influence of scan rate 
Cyclic vol tammograms of  1.0.10 - 4  mol 1 i 

PG solutions were recorded at different scan rates 
between 5 and 103 mV s-1.  We can deduce, as 
the scan rate was increased the peak current in- 
creased, as well as the background current and the 
peak potential. A clear shift of  Ep was produced 
as expected for irreversible electrochemical reac- 
tions. On the other hand, Ip changed linearly with 
the square root of  the scan rate, showing that the 
current is diffusion controlled. The PG oxidation 
can involve two electrons, as another similar sub- 
stituted phenols [35]. We also can see that the 
current function, lp/Cv j/2, increases with potential 
scan rate. With these results a scan rate of 100 
mV s-1  was chosen for further experiments. 

0 

I~H 

11 1~ 

Fig. 7. Effect of pH on PG peak current for cyclic voltamme- 
try at a nickel (ll) phthalocyanine tetrasulfonate modified 
polypyrrole electrode (Pt/PPy/NiPcTs). PG 2.3.10- 4 tool 1-1; 
0.5% methanol; 0.1 tool I-~ Britton-Robinson buffer; v = 100 
mV s-I. 

4.6. Interferences 

Different substances commonly present in com- 
mercial antioxidant mixtures, such as tert-butyl- 
hydroquinone (TBHQ), tert-butylhydroxyanisole 
(BHA), citric acid and ascorbic acid were tested 
by cyclic voltammetry at the NiPcTs modified 
electrode in order to check whether they interfere 
with the PG oxidation peak. Under the experi- 
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mental conditions used for the PG determination 
citric acid showed no oxidation peak in the poten- 
tial range scanned (0-0.8 V), whereas BHA, 
TBHQ, and ascorbic acid gave rise to well-defined 
oxidation peaks at 566, 340 and 313 mV, respec- 
tively. 

The closeness among the peak potentials for 
BHA with respect to that of PG (571 mV) gave 
rise to only one overall oxidation peak when 
vol tammograms of mixtures of BHA and PG 
were registered. On the contrary, two well sepa- 
rated oxidation peaks were obtained for mixtures 
of  PG with TBHQ or PG and ascorbic acid. In 
order to establish the degree of interference of 
each tested compound,  vol tammograms of solu- 
tions containing 1 • 10 4 M PG and different con- 
centrations of  the interferent were registered. As 
expected, citric acid did not interfere even at 1/100 
PG/citric acid ratio. Relative errors below 2.5% 
were obtained for a 1/1 PG/BHA ratio or higher, 
but for a 1/2 PG/BHA ratio the relative error was 
22%. The presence of TBHQ affects the PG signal 
for a PG/TBHQ ratio of  1/10 or lower (a relative 
error of 4% was obtained for that ratio); this is 
because high TBHQ contents gave rise to a very 
high TBHQ peak whose descending part  overlaps 
the PG peak yielding a flattened peak with de- 
crease of its height. The interference of ascorbic 
acid is important  for a PG/ascorbic acid ratio or 
lower (a relative error of  30% was obtained for a 
1/55 ratio). 

4. 7. ln[tuence of  propylgallate concentration on its 
voltammetric signal 

Using cyclic voltammetry under the optimised 
conditions, e.g. pH = 1.05, v = 100 mV s-~ and 
0.5"/0 methanol, linear relationships between peak 
intensity and concentration, summarised in Table 
2, were obtained. The analytical characteristics of 
the method are included in this table. The detec- 
tion and determination limits can be calculated 
according to the Miller and Miller criterium [36]. 
It can be observed that a detection limit of  1.53 
mg 1 ~ of PG was reached, with better results 
than that obtained using a conventional Pt work- 
ing electrode (linear range, 4 -20 -10  4 mol 1-~; 
detection limit, 17 mg 1 ~). 

Table 2 
Linear relationships detection limits (DL) and concentration 
limit (CL) obtained for propylgallate using cyclic voltammetry 

Range (mol 1 r2 
1)× 10 4 

DL CL 

4.0 44.0 0.998 7.23-10 -~' tool 2.05.10-5 mol 
1 ' 1 ] 

2.0 4.0 0.997 (1.53 mg I -I) (4.34 mg I t) 
0.2 2.0 0.998 

4.8. Application of  the analytical method to the 
propylgallate determination in commercial food 
samples 

Recovery studies of  PG in commercial spiked 
potato flakes and cornflakes not containing this 
antioxidant were carried out by applying the pro- 
cedure described under experimental. First, the 
commercial samples were tested in order to check 
the absence of PG. Thus, the described procedure 
was applied to a 1 g potato flake blank sample 
and to a 0.5 g cornflake blank sample. The cyclic 
voltammetry at the modified electrode of this 
potato flake sample solution showed one little 
peak (Fig. 8), which may correspond to the oxida- 
tion of  the other compound present in the sample. 
Therefore, the intensity of  the PG analytical re- 
sponse in the recovery studies must be measured 

? "!,r:10 r 
i 

l j 

, li:ii:~ , 9  

I :  , 

i i r '!10 

I 

: :  ~ q l  , p : : : i l l  ,i :JIN~ ! :111,1 

Fig. 8. Cyclic voltammograms at a nickel (II) phthalocyanine 
tetrasulfonate modified polypyrrole electrode (Pt/PPy/NiPcTs) 
for a commercial potato flake: (a) blank solution; (b) (g) 
successive additions of 10 ~tl of a 0.5 mol 1-~ PG standard 
solution. 
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against the blank background current. No signal 
was registered for the cornflakes blank sample. 

Results obtained for three potato flake samples 
give a mean concentration in the analytical solu- 
tion or 2.01 +0 .03 .10  3 mol 1 -~ PG, with a 
mean recovery of  100-+ 1%. The experimental 
mean concentration obtained for three spiked ce- 
real samples in the analytical solution was of  
2.1 ___ 0.2.10 3 tool I ~ PG, with a mean recovery 
of 103 + 9%. These results were for a significant 
level of  0.05 and demonstrate the validity of  the 
proposed method for the determination of PG in 
samples of  this kind. 

proposed method to determine PG in spiked 
potato flake samples, using the standard addition 
method, gives a recovery of 100.3%, indicating 
that this electroanalytical method is suitable for 
the PG determination in this type of samples. The 
method was also applied to determine PG in 
spiked cereal samples (cornflakes) by using the 
same procedure. A mean recovery of  103% was 
obtained. Therefore, this method is also appropri- 
ate to analyse this type of  sample, concerning the 
PG determination. 
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5. Conclusions 

The use of  chronoamperometry at controlled 
potential is a rapid and efficient electrochemical 
procedure for the preparation of  nickel (II) ph- 
thalocyanine tetrasulfonated modified polypyrrole 
electrodes. The species having electrocatalytic ef- 
fect, NiPcTs, is incorporated as a counterion in 
the polymer film in order to maintain the electri- 
cal neutrality during the polymer formation by 
anodic oxidation of  pyrrole, This modified elec- 
trode preparation procedure allows the control of  
the thickness film by varying the electropolymeri- 
sation time, tp. This is of  great importance to 
optimize the electrocatalytic reaction rate, because 
the higher the film thickness the slower the elec- 
tron transfer, and consequently the analyte deter- 
mination becomes more difficult. An opt imum 
thickness of  the polymer layer can be achieved. 
Voltammetry showed that the modified polymer 
electrode exerts an important electrocatalytic ef- 
fect on the anodic oxidation of propylgallate, by 
comparing these vol tammograms with those ob- 
tained by using a bare Pt electrode. When work- 
ing with the modified polypyrrole electrode, 
Pt/PPy/NiPcTs, an Ep value 110 mV less positive 
than that at the Pt electrode was obtained, as well 
as an Ip value 2-3-fold  higher. The modifier used 
is insoluble in the control solution employed, even 
after the electrode being immersed in this solution 
for 30 min and tends to stay in the film after 
cathodic or anodic treatment. A detection limit of  
1.53 mg 1- t  was found. The application of the 
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Abstract 

Characteristics of cadmium ion-selective electrode made cadmium sulphide (CdS)-silver sulphide (Ag2S) mixture 
were studied. CdS-Ag2S mixtures were obtained by gas/solid-phase reaction between silver-cadmium mixed powder 
and hydrogen sulphide gas (dry method) and by ionic reaction between cadmium-silver mixed ions and sulphide ion 
(wet method). As a result, it was found that the CdS-AgzS mixture had to be made in the condition of excess existence 
of sulfur and had better regulate the excess sulfur quantity minimum, for the CdS-Ag2S pressed membrane gave a 
good Nernstian response against the cadmium ion concentration change. As the best way, CdS-AgzS mixture was 
obtained by adding sulphide ion solution to 5 mol% cadmium ion and 95 tool% silver ion mixed solution while 
measuring silver sulphide (Ag2S) electrode potential as an indicator electrode. According to the reaction was stopped 
when the potential variation from the initial potential in the sulphide ion solution reached at 87-116 mV which the 
sulphide ion concentration became 10-3-10  4 of the initial concentration, the cadmium ion membrane pressed 
diameter of 8 mm and thickness of 2 mm showed a Nernstian response from 10 - s  to 10--~ M of cadmium ion 
concentration. Furthermore, aiming to its application for industrial waste water, masking buffer for interfering metal 
ions such as lead ion (Pb 2 + ) and copper ion (Cu 2 +), which were possibly coexisted and to adjust total ionic strength 
and pH of sample was developed. The present Cd 2 + ion-selective electrode was applied to the determination of Cd 2 ~ 
in the industrial waste water. The good regression line with correlation factor of 0.984 was obtained compared with 
the conventional atomic absorption spectroscopy. © 1997 Elsevier Science B,V. 

Keywords: Cadmium ion-selective; Cadmium sulphide; Electrodes; Silver sulphide 

1. Introduction 

Potent iometr ic ,  ion-selective electrodes are 

avai lable  in the field o f  chemical  analysis  because 

* Corresponding author. 

lots o f  specific ions are able to be measu red  easily 

and  moni to red ,  though  n o w a d a y s  o f  the develop-  

ment  o f  many  analyt ica l  ins t ruments  such as an 

ion c h r o m a t o g r a p h ,  a f lame spec t ropho tomete r ,  

an a tomic  abso rp t ion  spec t ropho tome te r  (AA),  an 
induct ively coupled  rad io  f requency p l a sma  (ICP)  

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)021 09-1 
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and so forth. In the case of measuring three 
divalent heavy metal ions such as  C d  2+ ,  C u  2 + 

and Pb 2 + in the industrial waste water, the ion- 
selective electrodes are very convenient because of 
their simplicity and selectivity. Though there have 
been some reports on the sensing materials of 
them, it has not become clear yet the relationship 
between the ion selective sensing materials and 
detection limit and high reproducibility, and also 
it is not to say sufficient discussions have been 
exhausted, 

The books of Freiser [1] and Moody and 
Thomas [2] are very useful about the study of the 
divalent heavy metal ion selective membrane. 
Ross et al. [3,4] have reported the precipitate- 
based solid-state MS-Ag2S mixture membrane by 
a stoichiometric reaction MS-Ag2S mixture was 
made that mixed solution of AgNO3 and 
M(NO3) 2 with Na2S. Also, Hirata et al. [5-7] 
have developed the ceramic solid-state MS-Ag2S 
mixture membrane by baking the MS-Ag2S mixed 
powder or its pressed membrane at 700°C. Up to 
now, some information concerning to the sensing 
membranes for the practical divalent heavy metal 
ion is as follows. 
1. Mechanism of potential occurrence is based 

upon solubility equilibrium of MS compound. 
(M = Cd, Cu or Pb). 

2. The sensing membrane had better be a solid 
state membrane consisted of MS-Ag2S mixture. 
The ratio between MS and Ag2S is not impor- 
tant to basic electrode characteristics. 

3. Two methods have been reported. One is a 
coprecipitation method (wet method). Another 
is a baking method (dry method). 

4. Whether electrode membrane is composed of 
homogeneous or heterogeneous is not impor- 
tant to basic electrode characteristics, 
From information we have obtained to make 

t he  C d  2+ ion-selective electrode for the determi- 
nation of C d  2 + ion of the industrial waste water, 
we found that CdS powder could not be moulded 
to a solid-state membrane by compression be- 
cause of its fragility and CdS-Ag2S mixture mem- 
brane moulded by commercialized CdS and Ag2S 
compound had not shown Nernstian response 
mostly. However, it has not been clear that why 
CdS-Ag2S mixture membrane can give Nernstian 

response till now. In the dry method, we found 
that CdS-AgzS mixture membrane could show the 
Nernstian response only under the next condition. 
(1) CdS-Ag2S mixture was made by baking cad- 
mium (Cd)-silver (Ag)-surpher (S) mixture at 
500-650°C. (2) It was made by baking CdS-Ag2S- 
S mixture or when it was made by baking these 
mixture in the hydrogen sulphide (H2S) s t r e a m .  In 
the wet method, we found that CdS-Ag2S mixture 
membrane could show the Nernstian response 
when Cd(NO3)2-AgNO 3 mixed solution was 
added in Na2S solution and the coprecipitation 
reaction had been ended in the condition of sul- 
phide ion (S 2 ) remained. In both methods, it 
seemed that the existence of sulphur was the key 
to get a good electrode performance. In compari- 
son of the two methods, the wet method is better 
to control the ratio of each component and is 
more convenient to make easily and to obtain 
equal quality in the electrode characteristic. 

The selectivity of the Cd 2 + ion-selective elec- 
trode is affected by Cu 2+, Pb 2 + and Fe 3 + ions 
coexisted in industrial waste water. Also, it inter- 
fered by an oxidizer such as chlorine or hypochlo- 
rite ion. The detection limit and the calibration 
curve were slightly changed by pH of samples. In 
the basic solution, Cd 2+ ion becomes cadmium 
hydroxide (Cd(OH)2). In the acid solution, the 
detection limit becomes inferior owing to the in- 
creasing of solubility of CdS. All sample measure- 
ments should be performed in the best pH region. 
Therefore, the buffer solution for C d  2 + ion mea- 
surement such as Orion TISAB (total ionic 
strength adjustment buffer) [8] for the fluoride ion 
measurement which could mask the interfering 
substances was developed for the practical use. 
The present C d  2 + ion-selective electrode was ap- 
plied to the determination of C d  2+ ion in the 
industrial waste water using the masking buffer 
mentioned above. 

2. Experimental 

2.1. Apparatus and reagents 

A SEIWA Model FTO-5/TN-31C tube furnace 
was used for the heat treatment of CdS-Ag2S 
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mixture. A DKK Model IOL-50 ion meter, a 
DKK Model EL7100 S 2 ion-selective electrode, 
and a DKK Model EL4083 double junction refer- 
ence electrode (1M KNO3 outer electrolyte, 3 M 
KCI inner electrolyte, Ag/AgC1 inner electrode, 
glass sleeve junction) were used for monitoring of 
S 2- ion in making CdS-Ag2S mixture in wet 
methods and for potential measurements of the 
Cd 2+ ion-selective electrode. A Hitachi Model 
208 atomic absorption spectrometer was used for 
the detection of cadmium, lead, copper and iron 
in the industrial waste water. Ag2S of 99.99% 
purity, CdS of 99.9% purity and sulfur of 99.9% 
purity were obtained from Kojundo-kagaku 
(Tokyo, Japan). A silver disk, a silver wire and 
silver powder of 99.99% purity were obtained 
from Tokuriki (Tokyo, Japan), and silver paste 
SILVEST P-110 were obtained from Tokuriki 
Chemical (Tokyo, Japan). 

Silver nitrate, cadmium nitrate, sodium sul- 
phide, sodium acetate, disodium hydrogenphos- 
phate, potassium nitrate, hydrogen nitrate, 
sodium hydroxide, salicylaldoxime and ethyl alco- 
hol were obtained from Wako Chemicals (Osaka, 
Japan). All chemicals were of analytical reagent 
grade. Pure water obtained by a MILLI-Q SP 
Reagent Water System was used in this work. 
Argon cylinder gas and hydrogen sulphide cylin- 
der gas were obtained from Nipponsanso (Tokyo, 
Japan). 

2.2. Preparation of CdS-Ag2S membrane by dr)' 
method 

CdS-Ag2S mixture was prepared the following 
two methods. The ratio between CdS and Ag2S is 
10:90 mol%, typically. 
1. Stoichiometric amount of cadmium powder, 

silver powder and surfer powder was mixed 
well and was baked for 3 h at 700°C under 
hydrogen sulphide gas stream. 

2. Stoichiometric amount of cadmium sulphide 
powder and silver sulphide powder and 5 
mol% equivalent of surfer powder was mixed 
well and was baked for 3 h at 700°C under 
hydrogen sulphide gas stream. 

The CdS-Ag2S mixture produced was ground 
into powder (under 147 I~m (100 mesh)) and was 

compressed under 200 kgf cm-~ in a 8 mm 
diameter die to form 2 mm thickness pellet or 
membrane. Furthermore the pellet was baked for 
3 h at 700°C under hydrogen sulphide gas stream. 

2.3. Preparation of CdS-Ag2S membrane by wet 
method 

CdS-Ag2S mixture was prepared the following 
method. The ratio between CdS and Ag2S is 10:90 
mol%, typically. EL7100 sulphide ion-selective 
electrode and EL4083 reference electrode were 
soaked in solution of 0.1 M sodium sulphide. 1 M 
potassium nitrate was filled in outer chamber of 
the reference electrode not to outflow chloride ion 
from the liquid junction to the 0.1 M sodium 
sulphide. Solutions of 0.1 M cadmium nitrate and 
0.2 M silver nitrate were mixed in 10:90 ratio. 
This mixed solution was added little by little in 
the 0.1 M sodium sulphide while the solution was 
strongly stirred and the change of the sulphide 
ion-selective electrode potential was measured. 
The co-precipitate reaction was stopped when the 
potential variation from the initial potential in the 
0.1 M sodium sulphide reached at 116 mV, which 
the sulphide ion concentration became 10 4 of 
the initial concentration. After the solution kept 
being stirred for 1 h, the co-precipitate of CdS 
and Ag2S was decanted and washed by sufficient 
amount of water for five times. Therefore the 
co-precipitate was filtered out and was washed by 
ethyl alcohol for three times and was dried at 
80°C under argon gas stream. The final CdS-AgzS 
mixture powder was compressed under 200 kgf 
cm 1 in a 8 mm diameter die to form 2 mm 
thickness pellet or membrane not to touch the air 
so long time. 

2.4. Electrode assembly 

The structure of cadmium ion-selective elec- 
trodes fabricated is shown in Fig. 1. The CdS- 
Ag2S membrane tablet is stuck in an epoxy resin 
body by epoxy bond. Two types of electrodes 
were measured. Type A electrode has inner solu- 
tion (10 3 M cadmium chloride) and a Ag/AgCI 
inner electrode. The membrane of type B elec- 
trode is led out by a silver wire and a silver disk 
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which is stuck in opposite side of the membrane 
by silver paste. As these types of electrode were 
shown the same characteristics without the abso- 
lute value of the electrode potential, type B elec- 
trode was used throughout. The performance of 
the electrode was examined by measuring the 
e.m.f, against Model EL4083 reference electrode 
with a glass sleeve junction, 1M KNO3 outer 
solution, 3M KC1 inner solution and a Ag/AgC1 
inner electrode. 

2.5. Preparation of  buffer solution 

100 g of sodium acetate trihydrate, 100 g of 
disodium hydrogenphosphate 12 water, 100 g of 
potassium nitrate are dissolved in adequate quan- 
tity of water. The solution dissolved 10 g of 
salicylaldoxime in 50 ml of ethyl alcohol is added 
to the previous solution and adjusted in 6.15 pH 
by adding acetic acid using a pH meter and the 
whole quantity is adjusted by water in 1 1. When 
l vol.% of this buffer was added waste water of 
5-8.5 pH it could be adjusted in about 6 pH. 

2.6. Potential measurements and calibration curve 

j Lead wi re  " 1  

Cap 

~ - ~ F  Epoxy resin body - - ' ~ ~  

Inner solution 

The Cd 2 + ion-selective electrode fabricated and 
Model 4083 reference electrode were placed in 200 
ml beaker. Sample of 100 ml in a beaker was 
stirred by a 300 mm length of magnet on a 
magnetic stirrer at about 400 rev min-~ during 
the measurement. The performance of the Cd z + 
ion-selective electrode was examined by measur- 
ing the e.m.f, of the following electrochemical cell: 

ag  Isilver paste I CdS-Ag2S [sample Ill M 
KNO3]] 3 M KCI ]Ag/AgCI[ Ag Each electrode 
was immersed in 10- 9_ 10 ~ M 1 ~ Cd 2 + stan- 
dard solution of which the total ionic strength 
was adjusted with 0.1 M KNO3 and calibration 
curves of each electrode were made. The electrode 
potentials were recorded after their values had 
stabilized within + 0.I mV min- J. The potential- 
concentration curves were plotted as shown in 
Fig. 2. 

Ag/AgCI inner electrode 

Lead wire 

Solder contact 

Silver disk 

CdS/Ag2S membrane 

Type A Type B 

Fig. 1. Structure of Cd 2 + ion-selective electrodes with CdS/ 
Ag2S solid state membrane. 

2. 7. Influence o f  p H  

Each electrode was calibrated using standard 
solutions that changed pH from 2 to 11. The pH 
was adjusted by adding small volumes of HNO3 
or NaOH to the standard solution. The electrode 
potentials were recorded after their values stabi- 
lized, and were plotted as a function of pH values 
and Cd 2 + concentration as shown in Fig. 3. 

2.8. Influence of  temperature 

From 10 7_ 10- 1 M 1 1 Cd 2 + standard solu- 
tion were prepared in a water bath at 5, 25 and 
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Fig. 2. Cal ibra t ion  curves  for Cd 2+ ion-selective electrodes 

with CdS/Ag2S solid state m e m b r a n e  by a dry  m e t h o d  and  a 

wet me thod .  

45°C, respectively. They were kept at a constant 
temperature within +0.1°C. The calibration 
curves of the electrode were measured in standard 
solution at 5°C, and then, were measured at 25 
and 45°C. The electrode potentials were recorded 
after their values stabilized, and were plotted as a 
function of  temperature values and Cd 2 + concen- 
tration. 

50 

103 M Cd z+ 

0 

 _5o -,,,. 

-100 

104 M Cd 2+ 
-150 , i i i 

0 2 4 6 8 10 12 14 

pH 

Fig. 3. Effect of  p H  on Cd  2 + ion-selective electrodes with 

CdS/Ag2S solid state m e m b r a n e  by a wet  me thod .  

Selectivity coefficients were determined by the 
mixed solution method, wherein the concentration 
of  Cd 2+ was fixed at 10 -5 M 1-1 of Cd 2+ and 
the concentration of an interfering ion was varied. 
The selectivity coefficients, ,[(pot ~'~A,B, were calculated 
according to the relation [.(pot _ (~(zB/zA)/( ~ ~ A . B  - -  "~A /"JB,  

where CA and C~ are the total concentration of 
Cd 2+ and that of  an interfering ion obtained 
graphically in the sample solution, respectively. 
zA and zB are the charges of Cd 2+ and the 
interfering ions, respectively. 

3. Result and discussion 

3.1. Detection limit of  calibration curve 

Calibration curves with the dry method mem- 
brane and the wet method membrane A and B are 
shown in Fig. 2. In the wet method, the mem- 
brane A is one that the co-precipitate reaction was 
stopped when the potential variation from the 
initial potential in the 0.1 M sodium sulphide 
reached at 116 mV, which the sulphide ion con- 
centration became 10 4 of  the initial concentra- 
tion, the membrane B is one that the 
co-precipitate reaction was stopped when the po- 
tential variation reached at 38 mV, which the 
sulphide ion concentration became 5% of the ini- 
tial concentration. Detection limits, which are the 
lowest point of Cd 2+ concentration that their 
calibration curves showed Nernstian response, are 
10 -6, 10 - s  and 10 -7  M 1 J, respectively. The 
characteristics of  dry method electrodes on detec- 
tion limit were varied between 10-5 and 10-3 M 
1- 1 independently of  whether departure materials 
of  CdS-Ag2S production were Ag-Cd-S or Ag2S- 
CdS-S. This seems to be resulted from inhomo- 
geneities of  powder mixing, unequal heating, etc. 
In the wet method, the potential variation of S 2- 
ion-selective electrode became more, the detection 
limit of  the membrane tended to be lower. How- 
ever, as S 2- ion-selective electrode potential be- 
came unstable when the potential variation goes 
up to over 87 mV, which the sulphide ion concen- 
tration became 10 3 of  the initial concentration, 
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Fig. 4. Effect of temperature on Cd 2 + ion-selective electrodes 
with CdS/Ag2S solid state membrane by a dry method and a 
wet method. 

it would be difficult to make the membrane with 
lower detection limit than the membrane A. 

3.2. Effect of  pH 

pH dependence of the CdS-Ag2S membrane 
(the wet method membrane A) is shown in Fig. 3. 
There are not much differences between methods 
to make the membranes. Cd 2 + ion-selective elec- 
trode potential is mostly independent of  pH from 
2 to 9. It is slightly interfered for pH values down 
to 4 for extremely low cadmium concentration 
( u n d e r  10 - 7  M 1-1). The detection limit comes to 
10 7 M I  l f o r p H 3 a n d 5 × 1 0 - T M l - l f o r p H  
2. However, as pH coefficient is calculated about  
- 1 . 1 m V p H  J(Cd 2 + o f l 0 - 7 - 1 0  3 M I - I ,  pH 
of 2-9) ,  calibration and sample measurement 
should be done at the same pH values. 

3.3. Effect of  temperature 

and 10 2 M 1 J. That of  the wet method mem- 
brane was calculated at about 10-5 M 1 1 Al- 
though the slope (the electrode potential change 
per decade) increased according to Nernstian co- 
efficient (0.0993 mV°C ' at 25°C for divalent 
cation) when the temperature increased, detection 
limit became higher. 

3.4. Effect oJ" interfering compounds and its 
masking 

Mercury (Hg 2 +), silver ion (Ag +), Cu 2 +, Lead 
(Pb 2+), iron ion (Fe 3+) interfere with Cd 2 + ion- 
selective electrode potential. Although under co- 
existence of  interfering ions the C d  2 + ion-selective 
electrode potential is not stable and the selectivity 
coefficients could not be correctly measured, the 
interference of ions mentioned above were shown 
in Table 1. The approximate errors (S.D.) of the 
selectivity values were 50 200% in ten repeated 
measurements. These interfering result was inde- 
pendent of  how to make the CdS-Ag2S mem- 
brane. 

In the application for industrial waste water, 
practical selectivity could be improved by using 
masking reagents of  interfering ions. By the use of  
1% of the buffer solution (10 wet% of  sodium 
acetate trihydrate, l0 wet% of  disodium hydro- 
genphosphate 12 water, 10 wet% of potassium 
nitrate, 1 wet% of salicylaldoxime, pH 6.15), prac- 
tical selectivity coefficients were obtained as 
shown in Table 1. 

Table 1 
Selectivity coefficients of Cd 2+ membrane 

Ions Selectivity coefficients of Cd 2+ membrane 

In aqueous solution In 1% buffer solution 

Temperature dependencies of  the CdS-Ag2S 
membrane (the dry method membrane and the 
wet method membrane A) at 5, 25 and 45°C were 
shown in Fig. 4. The isothermal point of  the dry 
method membrane was calculated between 10-3 

Hg 2+ 10 3 0.2 
Ag + 102 10 - 3  

C u  2+ 10 10 3 
Pb 2+ 1 10 -3 
Fe 3+ 1 10 -3 
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Fig. 5. Correlation between the value of  Cd 2 + ion-selective 
electrodes and that of  AA in the industrial waste water. 

4. Analysis of  industrial waste water 

We applied the present Cd 2 + ion-selective elec- 
trode for the determination of the Cd 2 + ion in the 
industrial waste water. Fig. 5 shows the correla- 
tion between the value of the C d  2 + ion-selective 
electrode and that of  AA in the industrial waste 
water. The wet method membrane A was used in 
the analysis and 1% of buffer solution was added 
to sample solution for masking of Cu 2 +, Pb 2 + 
and Fe 3 + ions. Concentrations of  Cu 2+, Pb 2 + 
and Fe 3 + ions in the industrial waste water were 
0.1-1,  0.1-0.5, and 0.2 2 mg 1-1, respectively. 
The values with Cd 2+ ion-selective electrode are 
good agreement with those with AA ( r2=  0.984, 
y = 1 .035x-  0.629). In the analysis of  industrial 
waste water under coexistence of 20 100 fold of  
Cu 2+, Pb 2+ and Fe 3 + ions against C d  2 + ion, 
low concentration range of  2.5 25 ~tg 1 i (2.5 × 
10 s-2.5 x 10 7 M) Cd 2+ ion could be success- 
fully measured. From these data, it is clear that 
the present Cd 2 + ion-selective electrode was use- 
ful for the simple and speedy control of  C d  2 + ion 
in the industrial waste water with sufficient sensi- 
tivity compared with AA. 

New highly sensitive Cd 2+ ion-selective elec- 
trode was developed by titration method using 
S 2 - ion-selective electrode as the indicator elec- 
trode compared with the dry method. In the dry 
method, in the case S or H2S was not used, the 
CdS-Ag2S membrane was entirely not or little 
shown a Nernstian response. Also, in the wet 
method, in the case the sodium sulphide solution 
was added into Ag + and Cd 2+ mixed solution 
and the co-precipitate reaction was stopped at 
about 400 mV of S 2 ion-selective electrode po- 
tential, which S 2 ion was not existed at all the 
CdS-AgzS membrane was entirely not shown a 
Nernstian response, too. Although Hirata et al. 
[6] reported to relationship between the electrode 
characteristics and the existence of intermediate 
phases: Agl.55Cu045S, etc., in the study of ceramic 
copper (II) ion-selective electrode membrane in a 
X-ray microanalysis, we obtained good character- 
istics of  the CdS-Ag2S membrane without a heat 
treatment in the present wet method. As shown in 
Fig. 2, electrode potentials on the same concentra- 
tion of Cd 2 + standard solution are different the 
dry method membrane from the wet method 
membrane. Furthermore, as shown in Fig. 4, 
isothermal points are different each other. Be- 
cause the each CdS-Ag2S membrane obtained in 
dry method and in wet method has more or less 
different characteristics. However, it is sure that a 
sulphide in a CdS-Ag2S procedure plays an im- 
portant role for its good characteristic. As a re- 
sult, we could make a Cd 2 + ion-selective 
electrode of the best characteristics by titration 
method. Data  by the present method was good 
agreement with those from AA. 
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Abstract 

Sequential injection analysis (SIA) technique has been applied to anodic stripping voltammetry (ASV). The sample 
and reagent volumes can easily be controlled by SIA. The technique also allows plating of the mercury film on-line 
and therefore substantially reduces generation of mercury containing waste. Repeated sample passage through the 
detector was used during the deposition step to enhance the sensitivity. The way solution handling is done in SIA 
allows an easy and effective medium exchange procedure increasing the selectivity of the method. This has been 
demonstrated by changing the stripping medium and having different complexing agents in the stripping solution. The 
observed potential shifts of the stripping peaks could theoretically be explained in the cases where the complexation 
constants are known. Calibration and the standard addition methods are discussed and demonstrated by determining 
copper in tap water as a method of testing the procedure. © 1997 Elsevier Science B.V. 

Keywords: Anodic stripping voltammetry; Copper; Mercury; Sequential injection analysis 

1. Introduction 

Sequential injection analysis (SIA) is a new 
generation of flow injection analysis (FIA) [1]. 
The method is based on the same principle as FIA 
i.e., controlled dispersion, reproducible injection 
of the sample and exact timing of the different 
operations. The way how solutions are handled 
makes SIA more versatile than FIA. The en- 
hanced versatility of  SIA is due to the instrumen- 
tal units of  the system. A precise, in reversal 
directions functioning and digitally controlled 

* Corresponding author. Fax: + 358 2 2654479. 

pump as well as a multiposition and digitally 
controlled valve are needed [2]. Timing has to be 
precise, accurate and easily adjustable and there- 
fore the system requires computer control. Re- 
maining parts of the system i.e., detector, tubing 
and additional arrangements are similar as in 
FIA. One additional requirement in SIA is the 
response time of the detector. In FIA the flow is 
continuously pumped through the detector. In 
SIA, however, the flow is stopped while the sam- 
ple and reagents are aspirated into the holding 
coil. Therefore the detector in SIA has to reach a 
stable baseline very fast after the flow is again 
directed through the detector. This is especially 

0039-9140/97/$17.00 (c; 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)021 I 5-7 
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important when using potentiometric and voltam- 
metric detectors where the response is based on 
interaction of the compounds in the flow and the 
sensor surface. The advantages of SIA are: 

(i) reduced reagent consumption 
(ii) easy and fast change of solutions and their 

handling: change of concentration and volume 
ratio, dilution, change of reagents 

(iii) easy and fast change of  system operating 
parameters: flow rate, number of  reagents and 
their aspirated volumes 

The last two points can easily be done by 
adjusting the proper parameters in the computer 
program. 

The way how the sample and reagent solutions 
are handled in SIA makes the technique ideal for 
ASV at mercury film electrodes (MFE) in flow 
systems. ASV [3] is the method of choice for 
determination of heavy metals. Because the thin 
film electrode has a high ratio of surface area to 
volume, the mercury film electrodes exhibit a 
higher sensitivity than the bulk mercury electrode 
such as the hanging mercury drop electrode 
(HMDE) and its modern variants. Glassy carbon 
is an often used substrate for MFE, due to the 
lack of interaction between the substrate and mer- 
cury and the substrate and the deposited metals. 
Mercury, however, is not forming a real film on 
the glassy carbon substrate but the layer rather 
consists of very small drops of  mercury. In con- 
trast, metallic substrates such as silver, gold, plat- 
inum, copper, iridium give the possibility to 
obtain a real mercury film. However, depending 
on the metal substrate some interfering factors are 
possible such as: intermetallic compounds, sub- 
strate amalgamation or problems with mercury 
deposition because of  an oxide film at the sub- 
strate surface. Two different electrochemical 
methods are normally used to generate a film of 
mercury on the substrate. One method is to pre- 
plate the mercury film during a separate plating 
step and in a separate mercury solution. Usually 
this method is used to make a thick film to be 
used in a number of subsequent analytical deter- 
minations. The second method is an 'in situ' 
preparation of the film where the mercury film is 
formed together with the metals to be determined 
[4]. 

The easy solution handling in FIA and the 
small sample volume used in assays have made 
FIA technique attractive also for anodic stripping 
voltammetry (ASV) [5-13]. The aim of the 
present paper is to show how the technique of  
SIA can be used with ASV in flow systems to 
improve the process of making a mercury film 
electrode, to enhance the sensitivity and selectivity 
of the method and how the analytical procedure 
can be carried out with reduced reagent consump- 
tion. 

2. Experimental 

2.1. The system 

The SIA system used is shown in Fig. 1. The 
peristaltic pump is of type C4-V from Alitea, 
USA. The eight-ports multiposition valve with a 
home made controller of  type MV-8 is from Phar- 
macia, Sweden. The whole system is controlled by 
a 486 PC computer (Compaq) with FIALab soft- 
ware (Alitea USA) via an ADA 1100 card (RTD, 
USA) and a home made connecting box. Parts of 
the flow system were connected together with 
PVC tubing with 0.8 mm i.d. and 4.0 mm o.d. 
Holding and auxiliary coils were fabricated by 
coiling up 1.5 m of tube on a plastic rod of  25 mm 

I486 COMPUTER 
WITH ADA 1100 1 

I POLAROGRAPH VALVE 
PAR 174 A CONTROLLER 

AUXILIAI~Y COIL HOLDING 
COIL 

w 

Fig. 1. Schematic diagram of the SIA system for ASV. Solu- 
tions: a, 0.1 M HCI; b, sample solution; c, Hg plating solution; 
d, stripping medium; e, carrier 0.1 M HCI. N, was used for 
deaeration of the solutions, f. 
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Table 1 
Schedule of the medium exchange experiment 

715 

Event Time s Duration s Pump speed % Valve position Potential V Data acquisition Operation 

1 0 20 60 1 + 0.5 Off Cleaning 
2 20 15 - 30 5 + 0.5 Off Stripping medium 
3 35 5 - 3 0  2 +0.5 Off 0.1 M HCI 
4 40 8 - 30 3 + 0.5 Off Sample 
5 48 8 - 30 4 + 0.5 Off Hg plating 
6 56 5 - 3 0  2 +0.5 Off 0.1 M HCI 
7 61 50 30 1 - 1.0 Off Deposition 
8 111 10 0 2 - 1.0 Off Equilibration 
9 124 45 0 3 Scan - 1 -~ 0 On Stripping 

10 166 30 30 1 +0.5 Off Cleaning 

o.d.. The detector was a thin layer cell TL-4 from 
BAS, USA, with glassy carbon working electrode, 
saturated silver-silver chloride 3 M NaC1 refer- 
ence electrode and the stainless steel upper body 
of the detector serving as the auxiliary electrode. 
Potential control and current measurements were 
done by the polarographic analyzer model 174A, 
PAR, USA. Data were collected from the polar- 
ograph by an ADA 1100 card, visualized and 
stored with FIALab software. Interpretation of 
data was carried out with MicroCal Origin (Mi- 
croCal Software, USA). Deaeration of the solu- 
tions (sample, mercury plating solution, stripping 
solution) was performed outside the flow system 
by purging the solutions with nitrogen. Carrier 
solution was not deaerated. 

2.2. Reagents 

Carrier solution was 0.1 M HC1 (Merck). Metal 
ion stock solutions were: Cd(II) 1000 ppm--cad- 
mium shot (Merck 7398) dissolved in nitric acid 
(Merck suprapur); Cu(II) 1000 ppm--copper shot 
(Riedel De Haan 12809) dissolved in nitric acid; 
Hg(II) 50 mM--HgSO4 (Merck) in 5% H2SO4; 
ln(III) 5 mM--InC13-4H20 (Fluka AG, puriss) 
in 0.1 M HCI; Pb(II) 1000 ppm--Pb(NO3) 2 
(Merck) in 2% nitric acid; Sn(II) 5 m M - -  
SnC1R.2H20 (Baker, pure) in 0.1 M HC1; TI(I) 5 
mM--CH3COOT1 (BDH, general purpose) in 0.1 
M HC1. The stripping solutions were: ammonia 
buffer 0.01 M, pH 9.2 (NH4C1--Merck, ammonia 
solution 25%--Merck suprapur); 2M ethylenedi- 

amine (Merck, for synthesis) in 0. l M HC1; 0.2 M 
citric acid (Merck) in 0.1 M HC1 and 0.1 M 
EDTA (Merck-Titriplex III) in 1 M ammonia 
buffer pH 9.0. The mercury plating solution was 
1 x 10 5 M HgSO 4 in 0.1 M HC1. In the experi- 
ments where a thicker mercury film was required 
1 x 10 - 4  M HgSO4 was used. If not stated other- 
wise, purity of reagents were of the quality 'pro 
analysis' and they were used without additional 
purification. All solutions were prepared using 
Millipore water. 

2.3. Procedure 

Whole flow system is operated under computer 
control via an ADA 1100 card and FIALab soft- 
ware. Table 1 shows the schedule for an experi- 
ment with medium exchange. The first and last 
events are flushing the flow system with carrier 
solution. In this case carrier is pumped through 
port 1 to the detector. Next five steps are subse- 
quent aspirations of the stripping solution, deaer- 
ated HC1, the sample, the plating solution and 
again the deaerated HCI solution. These five steps 
prepare the system for the actual analysis. In the 
seventh event the electrode potential is switched 
to plating potential (usually - 1 . 0  V) and the 
solutions stacked in the holding coil are then 
pumped via port 1 of the valve to the detector. 
Solutions reach the detector in a reverse sequence 
than when they were aspirated in the holding coil. 
Generation of the Hg film at the electrode is 
followed by deposition of the components in the 
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sample. Concentration profiles of  the solutions as 
they pass the detector during the event # 7 are 
shown in Fig. 2. The profiles were determined by 
using 1 mM K3Fe(CN) 6 in 1 M acetate buffer 
p H - - 4 . 5  as the zone which profile was to be 
measured. In such experiment all the other zones 
injected were 0.1 M HC1. The current was mea- 
sured amperometrically at + 0.2 V by using the 
differential pulse mode with 25 mV pulse ampli- 
tude, In the actual experiment with the sample the 
flow is stopped when the maximum concentration 
of the stripping solution has reached the detector. 
After a short rest and stabilization period, step 
# 8, the stripping step is started in the event # 9 
where a differential pulse potential scan is ini- 
tiated. The scan rate is 20 mV s J and the pulse 
amplitude 25 inV. The stripping current is mea- 
sured with a data acquisition frequency of  5 Hz. 
Event # 9 is terminated when the electrode po- 
tential reaches 0 V. During event # 10 the carrier 
solution is pumped through the detector. Poten- 
tial scan is still continued without data collection 
until the electrode potential reaches + 0.5 V. By 
this time the mercury film has been removed from 
the electrode, waste solutions are removed and the 
system has been washed. The system is then ready 
for the next cycle. Potential + 0.5 V is also ap- 
plied to the working electrode during events # 1 
# 6 .  

3 0  

2 5  

2 .0  

z P 1.5 
m 
0c 

0 1.0 

0 5  

I 

a 

' b c d 

0.0 I 110 210 P I 
0 30 40 50 

TIME (s) 

Fig. 2. Concentration profiles for the medium exchange exper- 
iment. Solutions: a, carrier 0.1 M HC1; b, deaerated 0.1 M 
HC1; c, Hg plating solution; d, sample; e, stripping medium. 1 
mM K~Fe(CN)~, in 1 M acetate buffer pH = 4.5 was used as 
the solution for the zone which profile had to be measured. 

Data  collected by the F IALab  software were 
stored in M A T H L a b  format and after initial pro- 
cessing by M A T H L a b  they were exported to Mi- 
crocalc Origin, by which program the data were 
interpreted, graphically presented and archived. 

3. Results and discussion 

3.1. Reagent consumption 

Increasing requirements on environment pro- 
tection as well as economic reasons cause the 
demand to develop analytical methods with mini- 
mal reagent consumption and waste production. 
SIA is a technique that fulfils these requirements 
to a great extent. Even in comparison with FIA, a 
method of which one basic advantage is low 
reagent consumption, SIA shows substantial 
reagent savings. 

3.2. Carrier solution 

The role of  carrier solution in SIA is to transfer 
the aspirated zones to the detector and flush the 
system. In most SIA application distilled water 
can be used as the carrier. By using distilled water 
as carrier not only the reagent consumption is 
reduced but the life time of the pump is also 
prolonged because in SIA only carrier is in con- 
tact with the pump. I f  peristaltic pumps are used 
the tubing will last longer lowering the mainte- 
nance costs of  the system. In the present work it 
was necessary to assure a certain conductivity in 
the carrier solution and therefore 0.1 M HC1 
solution was used. During the entire experimental 
work required for this paper only 1.5 1 of  the 
carrier solution was consumed. 

3.3. Sample 

The main part  of  the sample consumed in a 
FIA system with injection valve goes to rinse the 
sample loop with a new sample prior to each new 
assay. Volume of the sample required is therefore 
3 5 times higher than the actual volume of the 
sample loop. In a SIA system the sample is aspi- 
rated directly into the holding coil and therefore 
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only an exactly defined volume of the sample is 
used, minimizing the consumption of the sample. 
Assuming that a typical volume of sample in an 
ASV determination by SIA is 200 gl and three 
replicate determinations are done, SIA consumes 
only 0.6 ml, whereas consumption in FIA is 1.8- 
3.0 ml. Consumption during the sample change is 
similar in both flow methods and depends on the 
length of the tubing that delivers the sample to 
the valve. 

3.4. Mercury plating solution 

Reduction in consumption of the plating solu- 
tion is especially important due to the toxicity of 
mercury salts. Direct comparison with FIA is not 
simple because in FIA mercury plating is done by 
a more complicated way. The consumption in 
FIA is low when the mercury film is generated in 
situ. In that case the sample is usually made to 50 
gM in respect to the mercury salt. Then the 
consumption of the sample containing mercury 
salts for three replicate determinations is 1.8-3.0 
ml plus the volume (about 2 ml) necessary to 
wash the delivery tube when the sample is 
changed. This makes it to 3.8-5.0 ml altogether. 
Assuming the same volume for cleaning the deliv- 
ery tube, consumption in SIA is 2.6 ml. But when 
using the method of film generation as used in this 
work, i.e., the mercury solution is aspirated 
through a separate port, the consumption is only 
0.6 ml. During the entire experimental work in 
this paper less than 100 ml of a 10 gM HgSO4 
solution was used. Other methods to generate a 
mercury film in FIA as well as in batch methods 
generally consume much more of the mercury 
salt. 

3.5. Generation of  mercury film 

Generation of the mercury film electrode in a 
flow system needs usually a special procedure. 
Simplest way is the in situ generation [4]. In many 
cases, however, a preplated mercury film is used. 
In those cases the MFE is generated in batch 
conditions outside the flow system, or by a sepa- 
rate arrangement to deliver the mercury solution 
to the detector for plating. When a troublesome 

generation procedure has to be used the same film 
is then used for several assays. The principles of 
SIA allows an easy and versatile way to generate 
a thin mercury film electrode. In SIA it is possible 
to generate a MFE both by in situ and ex situ 
method without changing the system manifold. 

The same procedure as in FIA can also be used 
in SIA to generate a mercury film electrode by the 
in situ method. The sample is made to 5 x 10-5 
M with respect to a Hg(II)-salt and the mercury 
film is formed simultaneously with reduction and 
amalgam formation of the metals in the sample. 
Reproducibility of such an electrode was found to 
be 4.8% measured as the relative standard devia- 
tion in the lead stripping peak of a 1 laM Pb(II)- 
solution with deposition at - 1.0 V for 40 s. In 
that time the leading plug of carrier, the sample 
and the second plug of carrier have passed the 
detector, so that the actual efficient deposition 
time was somewhat shorter. 

Generation of a preplated film to be used in 
several determinations requires a separate SIA 
solution handling procedure. Mercury plating so- 
lution is aspirated first. The next step is deposition 
of the mercury film and exchange of the solution 
in the cell. Reproducibility of a preplated film 
measured with the same lead stripping procedure 
as mentioned earlier was found to be 5.3% with 
five determinations. The repeatability was slightly 
better, 4.3%. A preplated film could be used in 
generally in more than 15 determinations but the 
number varied and was difficult to predict in 
advance. 

The third possibility is to generate a mercury 
film in each analytical run in combination of the 
metal deposition. As can be seen in Fig. 2 the 
zones of the mercury plating solution and the 
sample overlap each other resulting in a mixed 
zone where plating and deposition could be per- 
formed. Only mercury is deposited first and then 
both mercury and the metals and finally only the 
metals in the sample. The best results were ob- 
tained when the film was removed after each 
determination by anodic dissolution at +0.5 V 
and by keeping all the other conditions the same. 
With this procedure the reproducibility measured 
with 12 subsequent films was 4.2%. This is the 
procedure described in Table 1. 
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In some cases overlapping of the plating solu- 
tion and the sample may be not advisable because 
of some possible chemical reactions with the com- 
ponents in the sample and the plating solution. In 
such cases a small volume of deaerated carrier 
may be aspirated between the sample and the 
plating solution. Reproducibility of such an elec- 
trode is the same as described above, but analysis 
time is naturally slightly longer. 

~ 06 

Z 

0.4 
o 

3.6. Sensitivity 

Sensitivity of ASV depends mainly on the depo- 
sition time and effectiveness of charge and mass 
transfer during the deposition step. In the injec- 
tion techniques deposition takes place only during 
a certain effective time [6], i.e., the time during 
which the sample passes through the detector. 
With a constant sample volume the sensitivity 
can, to a certain degree, be enhanced by con- 
trolling the flow rate. By decreasing the flow rate 
the deposition time can be increased, but at the 
same time, unfortunately, transport of the metal 
ions from the sample to the electrode surface for 
amalgam formation is decreased due to increase 
in the thickness of the diffusion layer at the 
electrode. For each detector system there is an 
optimal flow rate which gives the maximal sensi- 
tivity. It is possible to improve the sensitivity 
further by increasing the sample volume or pass- 
ing the same sample several times through the 
detector during the deposition step. Both ap- 
proaches are easy to accomplish in a SIA system. 

Sample volume can be increased by increasing 
the time of aspiration. Fig. 3 shows dpp stripping 
peaks of 0.5 gM lead and 0.48 ~tM cadmium in 
0.1 M HC1 for different aspiration times, i.e.~ 
sample volumes. The peak height is linearly de- 
pendent on the time of aspiration. The regression 
lines for both peaks go through the origin and the 
slopes are 0.204 and 0.153 taA s i for lead and 
cadmium, respectively. The correlation coefficient 
in both cases is 0.999. 

Wang et al. demonstrated that when the sample 
plug in an ASV flow experiment was passed sev- 
eral times through an electrochemical detector 
with a cylindrical microelectrode the sensitivity 
could significantly be enhanced [9]. In their study 

'016 616 014 --J 
POTENTIAL (V) 

Fig. 3. Dpp stripping peaks of 0.5 pM lead and 0.48 laM 
cadmium in 0.1 M HC1 for different times of aspiration: 0, 2, 
4, 6, 8, 10, 12, 14, 16 and 20 s. 

with a thin layer cell only 2.5-fold enhancement 
was reached even with 20 cycles of forward-back- 
ward sample passing. However, the following sim- 
ple arrangement in the manifold used in the 
present work increased the sensitivity three times 
already after four forward-backward cycles. A 
second outlet was fabricated in the thin layer cell. 
An auxiliary coil of 1.5 m and i.d. of 0.8 mm was 
connected to this outlet. Flow through the origi- 
nal outlet where the reference electrode is sitting 
was stopped after the tubings were filled with the 
carrier solution. During the deposition step the 
sample was cycled between the auxiliary coil and 
the thin layer cell. Significant reduction of the 
sample dilution and dispersion could be achieved 
by this simple arrangement. Fig. 4A shows the 
deposition current and therefore also the concen- 
tration profiles during several passages of a 200 lal 
sample of 0.5 gM Pb(II) in 0.1 M HCI through 
the detector. Fig. 4B shows the dependence of the 
height of the lead peak on deposition time during 
which the sample has gone through the detector in 
both direction. The whole procedure of sample 
cycling is controlled by the computer and can 
therefore easily be modified, e.g., number of cycles 
can be changed depending on the sample. To take 
the maximum advantage of this repeated sample 
passage procedure the concentration profile of the 
sample in the cell has to be known in order to 
chose the best moment to reverse the flow and 
duration of each event. 
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3.7. Select iv i ty  

3. 7.1. Theory  

Overlapping stripping peaks of different metals 
is a sever problem in ASV. Peak separation can 
sometimes be achieved by choosing a proper elec- 
trolyte. In ASV it is often enough to change the 
electrolyte only for the stripping step, a procedure 
usually referred to as the medium exchange 
method [14]. In a SIA system the solution in the 
cell can easily be exchanged. Stripping medium is 
aspirated as the first solution and the system 
timing must be organized in such a way that the 
flow is stopped for the stripping step exactly when 
the maximum concentration of the stripping 
medium is in the detector (Fig. 2). 

During the stripping step the metal amalgam is 
oxidized: 

M ( H g ) ~ M  "+ + n o  + H g  (1) 

If the stripping medium contains a ligand with 
which the metal forms a complex, the following 
reaction takes place: 

M + pL ~ MLp (2) 
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Fig. 4. Repeated sample passage procedure. A: concentration 
profile of the sample during multiple passages through the 
detector. B: dependence of the peak of lead on deposition time 
(during forward-backward cycles). Point 'x '  represents the 
peak current with 160 s deposition time when the solution has 
flown in the forward direction only. 

For simplicity the charges of the species are omit- 
ted. The notations to be used in this work are 
according to Ringbom [15]. The stability constant 
of the complex MLp is given as: 

KM,P L [MLp] 
M~.p -- [M][L] p (3) 

Potential and the current of a dc polarogram of 
the complex ML v can approximately be expressed 
by the following equation [16]: 

E = EM~ -- R T  In t,-M,pL _ R T  
i x  M L p  - n F  ~ p In[L] 

R T  i 
In (4) 

nF id -- i 

EM2 denotes the half wave potential of the dc- 
wave of the free metal ion. As can be seen in Eq. 
(4), the half wave potential, which is approxi- 
mately the same as the potential of the stripping 
peak, will be shifted due to complexation of the 
metal ion. The magnitude of the shift, AE, de- 
pends on the stability constant of the complex, 
coordination number of the metal ion and the 
concentration of the ligand: 

A E  - R T  In ~-M.pL _ R T  
~ X M L p  n F  ~ p ln[L] (5) 

The shift of the peak potential AE due to com- 
plexation of the metal ion may also be expressed 
as [15]: 

R T  
A E -  nF In :~M~L~ (6) 

where C~M(L)is defined as: 

[M'] (7) 
O ~ M ( L ) -  [M] 

where [M'] is the sum of the concentrations of the 
free metal ion and all the different species con- 
taining M and L. [M] is the concentration of the 
free metal ion. It can be shown that Eqs. (5) and 
(6) are practically equivalent. 

If the metal ion, the ligand and the complex 
take part in some side reactions besides the main 
reaction Eq. (2), the stability constant according 
to Eq. (3) has to be recalculated to a conditional 
stability constant. This can be done by using the 
side reaction coefficients aM, aL and ~ML ' 

p 
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L, (8) 
K(M~p ) ' -  aM(gL)P 

where aL is the side reaction coefficient for the 
protonation reaction of the ligand, i.e., aL(H~. The 
primed indexes indicate that side reactions of 
those species have been considered. The side reac- 
tion coefficient aM is: 

a M = ~ a M ( X i  ) + a M { O H  ) -- n (9) 
i = 1  

where aM¢X,) is the side reaction coefficient for the 
reaction where M reacts with ligands X~ and 
aM{OH) is the side reaction coefficient for the reac- 
tion of the metal with hydroxide ions. The term 
aM¢ou) is presented here separately in order to 
emphasis the importance of the metal-hydroxide 
complexes. If the complex MLp takes part in any 
side reactions, e.g., in forming acidic or basic 
complexes or any mixed ligand complexes ~r~Lp 
should also be considered. In this work we assume 
that such complexes are not formed and therefore 
C~ML = 1. When side reactions are considered Eq. 
(7) can be expressed in the following way: 

[M'] P 
= 1 + Z [L']KM~:', L' (10) 

aM~L~ = [M] / -  0 

where [L'] is the total concentration of the ligand 
in the solution. The values of the stability con- 
stants and the a-coefficients can be found in the 
reference [15] or can be calculates according to the 
theories presented in the same reference. If side 
reactions have to be considered the appropriate 
primed parameters should be introduced in Eq. 
(5). 

3.8. Experimental 

When 200 lal of a standard solution of 1.25 gM 
Cd(II) and 2.0 taM In(III) in 0.1 M HC1 was 
aspirated in the SIA system and then processed 
according to the protocol in Table 1 the stripping 
peaks of Cd and In overlap each other and only 
one peak at ca 690 mV can be observed, Fig. 5A 
curve a. The stripping medium in this case was 0.1 
M HC1. The peaks of the two metals could, 
however, be separated when the stripping medium 
was changed to 0.01 M EDTA in 2 M NaOH, 
Fig. 5B curve b. The cadmium peak is visible at ca 
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Fig. 5. Resolution of overlapping peaks by the medium ex- 
change of 200 ~1 sample solution containing: A, 1.25 gM 
Cd(II) and 2.0 laM In(Ill), stripping in: (a) 0.1 M HC1; (b) 0.01 
M EDTA in 2 M NaOH; B, 1.25 laM Cd(II) and 2.5 laM TI(1), 
stripping in: (a) 0.1 M HC1; (b) 2 M ethylenediamine in 0.1 M 
HC1; C, 0.2 laM Cu(ll), 1.0 ~tM Pb(ll), 4.0 rtM TI(1), 10 IJM 
Sn(II) and 2.0 IJM Cd(II), stripping in: (a) 0.1 M HC1; (b) 0.1 
M EDTA in 1 M ammonia buffer (pH =9); (c) 0.05 M 
EDTA, 1 M ethylenediamine, 1 M ammonia buffer (pH = 9). 

- 820 mV and the indium peak at - 1030 mV. A 
certain mixing of the stripping medium with the 
carrier solution is inevitable during the SIA proce- 
dure before the plugs reach the detector. Conse- 
quence of this is that concentrations in the 
stripping medium will be slightly changed. In the 
experiment shown in Fig. 5A and curve b the 
concentrations in the actual stripping media can 
be approximated to 0.008 M EDTA, 1.6 M 
NaOH and 0.02 M NaCI. The pH of such a 
mixture is ca 14. 

The theoretical shifts of the peak potentials can 
be calculated by using Eqs. (6)-(10) and the 
values of the constants and a-coefficients as given 
by Ringbom [15]. Stability constants for Cd and 
In with EDTA are 10165 and 102s°, respectively. 
These values have to be corrected for the side 
reactions of the metal ions and the ligand. At 
pH = 14 the ligand is completely deprotonated 
and eL~n~ is unity. The metal ions, however, form 
complexes with hydroxide ions. The following 
values, valid at pH = 14, can be found in [15]: Ig 
aCd~OH)= 12.0 and lg aln~OH)----7.0. The metal 
complexes are assumed not to react further with 
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Table 2 
Details of  calculations of the potential shifts 

721 

M,L lg Ig K ~  L lg Z~MtL) Metal p lg KML lg C~LtH~ CtM~OH ) AE, mV calc. AE, mV exp. 

0.008 M EDTA, 1.6 M NaOH,  pH = 14 Fig. 5A 
Cd l 16.5 0 12.0 4.5 
In 1 25.0 0 7.0 18.0 

1.6 M ethylenediamine in 0.1 M HCI, pH = 11.7 (Fig. 5B) 
T1 0 Very weak complex with O H -  
Cd 3 12.1 0 3.3 8.8 

2.5 - 75 - 1 3 0  
15.9 - 320 - 340 

0 0 
9.4 - 2 8 0  - 2 7 0  

hydroxide ions to form any basic complexes and 
therefore the conditional stability constants for 
Cd-EDTA and In-EDTA complexes can be calcu- 
lated according to Eq. (8) to 104.5 and 1018°, 
respectively. Concentration of EDTA is approxi- 
mately 0.008 M and with this value and Eq. (10) 
the following values can be calculated: lg C~cd~e ~ = 
2.4 and lg ~in(L) = 15.9. When these values are 
used in Eq. (6), the theoretical shifts of the peak 
potentials can be calculated: - 7 5  mV for cad- 
mium and - 340 mV for indium. The shift of the 
indium peak is the same as observed in Fig. 5A 
within the experimental uncertainties. There is, 
however, a larger discrepancy in the shift of the 
cadmium peak. This can be explained by the 
strong complexes cadmium forms with hydroxide 
ions. Even small variations in pH result in large 
changes in the ~Cd(OH) values. At pH = 13 the 
value is lg Ctca(oH)= 8.1 and would give AE = - 
190 mV. The shift of the peak potential - 1 3 0  
mV, as experimentally found for cadmium, would 
be observed at pH 13.5. Such a change in pH in 
the vicinity of the electrode surface where the 
complex formation reaction takes place is quite 
possible. Indium, on the other hand, does not 
form as strong complexes with hydroxide ions as 
cadmium and pH 13.5 would give a shift of - 330 
mV in the peak potential. These calculations are 
presented in Table 2. 

The stripping voltammogram for aspiration of 
200 I, tl of  a standard of 1.25 ~tM Cd(II) and 2.5 
laM TI(I) and the determination performed ac- 
cording to the protocol is shown in Fig. 5B. When 
the stripping medium is 0.1 M HC1 only one peak 
can be observed at - 680 mV, curve a. This peak 
has a small shoulder on the positive side. In 2 M 

ethylenediamine, En, and 0.1 M HC1, however, 
two separate peaks can be observed: cadmium at 

- 940 mV and thallium at - 610 inV. Thallium is 
not know to form any complexes either with 
hydroxide ions or ethylenediamine. Therefore the 
stripping peak of thallium is not shifted in this 
medium and the small shoulder observed on the 
peak on curve a in Fig. 5B is obviously the 
thallium peak. Cadmium forms a strong 1:3 com- 
plex with ethylenediamine with the stability 
p r o d u c t  10121. Concentration of ethylenediamine 
in the flow cell can be approximated to 1.6 M and 
pH of the solution to 11.7. At this pH ethylenedi- 
amine is totally deprotonated and therefore 
~En(H) = 1. The value of the side reaction coeffi- 
cient for the reaction of cadmium with hydroxide 
ions can be calculated to lg C~Cd(On~ = 3.3. With 
Eqs. (10) and (6) a AE value of - 280 mV can be 
calculated. This value is in a good agreement with 
the experimentally found value of - 2 7 0  mV. 
These calculations are also shown in Table 2. 

The third example is the stripping analysis of 
200 ~tl of a standard solution of 1.0 gM Pb(II), 2.0 
gM Cd(II), 4.0 JaM TI(I), 0.2 taM Cu(II) and 10.0 
laM Sn(II). When the stripping medium is 0.1 M 
HCI two peaks can be seen on the voltam- 
mogram, Fig. 5C curve a. The more positive peak 
is formed by overlapping of the peaks of lead and 
tin. The more negative peak is formed of cad- 
mium and thallium peaks. When 0.1 M EDTA in 
1 M ammonia buffer at pH = 9  is used as the 
stripping medium no further separation of the 
peaks could be accomplished. The overlapping 
peaks only shifted to more negative potentials but 
remained still overlapped. When the stripping 
medium was changed to a solution which in the 
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detector had the following concentrations: 0.04 M 
EDTA, 0.8 M ethylenediamine, 0.8 M ammonia 
buffer pH = 9.8, the stripping voltammogram c in 
Fig. 5C was observed. Five separate stripping 
peaks can be seen in the voltammogram showing 
that by selecting a proper stripping medium good 
separation of the individual peaks can be obtained 
even in such a complex mixture as in the experi- 
ment in Fig. 5C. Similar calculations of the shifts 
of  the stripping peaks as done for the voltam- 
mograms in Fig. 5A and B and shown in Table 2 
would give less good agreement between the theo- 
retical and the experimentally found values. One 
of the reasons is that there is a possibility for 
formation of mixed ligand complexes because of 
the low concentration of the metal ions and the 
high concentration of the ligands: EDTA, ammo- 
nia and ethylenediamine. Constants of such mixed 
complexes are not known and therefore a number 
of approximations have to be made. Calculations 
of the ~ coefficients would therefore be difficult 
and give only too inaccurate values. 

3.9. Analytical applications 

Both the calibration curve and the standard 
addition method can be used with ASV with SIA. 
For  determination of  lead with a sample volume 
of 200 tal and by using forward flow with flow rate 
0.85 ml m i n -  ' during the deposition step, a linear 
calibration line was obtained in the concentration 
range 30-175 nM with the slope of 0.421 + 0.016 
nA nM -- ~, intercept 71.9 _+ 1.4 nA, limit of  detec- 
tion (by the error propagation method [17]) 25 
nM and correlation coefficient r = 0.9994. 

The standard in the standard addition method 
may be added directly to the sample, but it is also 
possible to do the standard addition in the flow 
system. The standard solution is connected to a 
separate port in the multiposition valve and aspi- 
rated into the holding coil either before or after 
the sample. The amount of  the standard can be 
controlled by the aspiration time. This procedure 
has been shown to function well but the running 
parameters such as flow rate and deposition time 
have to be optimized separately for each case. 

Calibration of the standard addition method in 
SIA is necessary to determine the correlation be- 

tween the aspiration time of the standard solu- 
tion, dispersion of the sample and the standard 
zones, mixing of  the zones and the total amount 
of analyte in the zones. This can be done by 
aspirating different volumes of a standard, i.e., by 
using different aspiration times. In our work 
where 500 nM standard of  lead was used, the 
correlation was found to be 180 _+ 5 nM s -  ', i.e., 
aspiration of the standard for 1 s increased the 
concentration in the sample by 180 nM. Concen- 
trations in this experiments were determined by 
comparing the stripping current observed with the 
current from a calibration plot. The shortest aspi- 
ration time that still gave reproducible results was 
0.2 s. When this method was applied to a sample 
of  60 nM lead solution, standard addition with 
three aspirations gave a result of 56.4 nM, i.e., 
error of 6%. 

In the procedure of repeated sample passage the 
standard addition method as described above is 
not convenient because the method requires that 
both the sample and the standard zones have to 
pass the detector entirely during each cycle. 
Therefore when ASV with SIA in the repeated 
sample passage mode was tested, a traditional 
standard addition method was used. Two addi- 
tions of the standard was made in the sample 
prior to aspiration into the SIA system. The 
method was tested in determination of copper in 
tap water of the laboratory. The results were 
12.2 + 4.8 ppb and 63.0 _+ 8.6 ppb in the cold and 
hot water, respectively. 

4. Conclusions 

SIA has shown to be a powerful technique in 
performing ASV experiments. SIA has several 
advantages over FIA in ASV. Solution handling 
in S1A is more simple than in FIA. It is easy to 
change the solutions in a SIA system and in that 
way to have the right solution zone in the detector 
during each step in the ASV protocol. In order to 
increase sensitivity the repeated sample passage 
method can easily be applied. The medium ex- 
change procedure to increase the selectivity of the 
stripping method can also easily be performed. 
Generation of the mercury film on the substrate 



A. lvaska, W.W. Kubiak / Talanta 44 (1997) 713 723 723 

electrode can be done more conveniently and 
effectively in SIA than in FlA. The same manifold 
can be used in SIA to perform different analyses. 
Change of the manifold is normally required in 
FIA when the analysis protocol is changed. Be- 
cause only small volumes are used in SIA, con- 
sumption of reagents and the problem with waste 
solutions, such as mercury waste, are of  less im- 
portance than in ordinary batch ASV experiments 
or when FIA is used. By improving the existing 
software it would be possible to automate the 
method even further and include all data collec- 
tion and processing procedures in one run. 
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Announcement 

MUACC: A 50 year heritage that continues to grow 

Visionary analytical chemists strive to make 
enduring contributions to their field, contribu- 
tions usually thought of as breakthrough re- 
search, innovative use of base elements, or 
improved testing and refining procedures. 

As shown by the soon-to-be 50 year history of 
the Midwestern University Analytical Chemistry 
Conference (MUACC), enduring traditions some- 
times are made of different stuff. 

MUACC, an informal gathering of top chem- 
istry faculty from throughout the Midwest, has 
clearly made its mark, changing lives, careers, 
teaching methods and research outcomes since 
! 947. 

"It  started out with Hobart  Willard, an analyti- 
cal chemistry professor from the University of 
Michigan and two of his very precocious students, 
G. Frederick Smith and Harvey Diehl", explains 
long-time MUACC attendee Professor Emeritus 
Carl Moore fi'om Loyola University. "After 
Smith and Diehl earned their doctorates, the three 
kept a close, almost family relationship. Some- 
how, they got the idea to get together about once 
a year, visit, talk chemistry, talk about on-going 
work, talk 'blue sky' work, and engage in gradu- 
ate student 'horse trading'".  

Thus, MUACC was born. Its first meeting was 
held in December, 1947 at Northwestern Univer- 
sity, with a dozen attendants from Syracuse to 
Iowa and in between. From the very beginning, 
MUACC separated itself from the multitude of 
other conferences available to academia. 

The group differed, in part, because presenta- 
tions must be informal discussions on research in 

progress. No slides or formal final work were 
permitted, just 'chalk talks'. Further, no special- 
ized segments were held--a l l  participants took 
part in the ongoing discussion, no matter their 
field of expertise. 

"The topics covered were so broad, and all 
right on the forefront", explains retired professor 
A.A. Schilt who participated in MUACC for over 
30 years. "Often, you would read the results of 
the research problems presented in the following 
year's research journals. We heard from people 
right on the fringe of scientific breakthroughs, 
detailing research problems in chromatography, 
mass spectrometry, polarimetry, all the different 
modifications in voltammetry, and a great deal in 
atomic spectroscopy". 

Professor James Taylor from the University of 
Wisconsin, who has become known as the "con- 
stant first', always volunteering to take the lead in 
presentations, explains: 

"When you are asked to talk without slides 
about a project you have not finished, you are 
forced to go directly to the heart of why you are 
doing what you are doing. Sometimes, you end up 
with absolutely fabulous suggestions on how to 
resolve roadblocks from individuals working com- 
pletely outside your subject area. When 1 first 
started, many presentations focused on electro- 
chemistry. Now, it is shifted toward mass spectro- 
chemistry. This field is so dynamic, and you can 
taste that at every MUACC meeting". 

MUACC's  emphasis on innovation does not 
stop at the lab door. It also enters the classroom. 

0039-9140/97:$17.00 :~t 1997 Elsevier Science B.V. All rights reserved. 
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"I am at an institution where we do not under- 
take a lot of research, but I have found MUACC 
as a group is wide-ranging, discussing problems 
that touch faculty and graduate students in all 
facets of their professional and academic life", 
says Professor Rod Olson at Hamline University 
in Minnesota. "Way back in the 1960s, I devel- 
oped tape and slide curricula, something com- 
monplace now but very different then. I shared 
preliminary versions of these materials with 
MUACC, and received enough positive feedback 
to keep me going on it. One segment was later 
published by the American Chemical Society". 

"Everyone gave advice and encouragement, 
that is what I always remember about MUACC", 
notes Professor Bruno Jaselskis from Loyola Uni- 
versity. "My first meeting was in the fall of 1995. 
Through the years, I have discussed issues like 
xenon chemistry, sometimes hilariously, some se- 
riously. Xenon was very novel at one time, and 
while the analytical significance was not great, it 
did offer some very interesting characteristics. 
Some comments I received from founder G. Fred- 
erick Smith urged me to explore applications in 
an entrepreneurial nature". 

MUACC participants mutually agree that the 
three founders of the group left a strong personal 
imprint upon it. Professor James Carr of the 
University of Nebraska has even spent time re- 
searching the "genealogy" of MUACC. 

"In large measure, MUACC is comprised of 
the academic descendants of Hobart Willard's 
students and their students", he explains. "An 
enormous number trace their background to 
Willard, and subsequently to Diehl and Smith". 

Schilt agrees. "MUACC is and was mainly 
built by Smith, Willard and Diehl. In one sense, 
though, the group flows back even further to 
critical research leaders like Fresenius. Like most 
family trees, it has just grown abundantly. We 
could probably tie it back to the first experiments 
of Adam". 

Part of the imprint includes what group partici- 
pants now jokingly call "their anonymous bene- 
factor", G. Frederick Smith. Smith is one of a 
handful of academic chemists who successfully 
ventured into the commercial world. He founded 
G. Frederick Smith Chemicals with his brothers 

Allyne and Clarence Smith, in Columbus, Ohio, 
in 1928. As the company prospered, Smith and his 
brothers quietly financed all or a portion of 
MUACC's cost. 

"Part of our success has always stemmed from 
making the meeting as affordable to participants 
as possible", says Dr Alexander Scheeline, Associ- 
ate Professor of Chemistry at the University of 
Illinois, and host of the 1996 meeting. "Professor 
Smith, and now GFS Chemicals, assist with event 
costs, and help us achieve that goal". 

MUACC also has extended far beyond just the 
"Midwest". Over its 50 year history MUACC 
meeting sites have included the University of Col- 
orado, and the University of Alberta, in Edmon- 
ton, Canada. 

"We stretch like a rubber band", notes Jasel- 
skis". "We are very flexible and we have drawn 
people from Pittsburg, Mississippi and around the 
country". 

Schilt remembers participants from places as 
far as Birmingham, England. He also notes that 
MUACC has spawned similar groups in the US, 
including SWAP, Southwest Analytical Profes- 
sors, and SAC, Southeast Analytical Chemists. 

What draws participants today to MUACC is 
the same draw created 50 years ago, says Steel 
Hutchinson, continuing event sponsor, grandson 
of Allyne Smith, and Vice President of Marketing 
for GFS Chemicals. 

"The uniqueness of MUACC--and its number 
one reason for survival--is its ability to help 
participants step outside of their own paradigm, 
avoid myopic vision, and find a fresh approach to 
problem-solving in an atmosphere of openness 
and mutual support", says Hutchinson. "We be- 
lieve in the spirit of MUACC's founders. Our 
business strives to carry on their traditions, by 
maintaining our independence as a privately- 
owned concern in a marketplace dominated by 
large corporations, by producing catalogs and 
other materials to educate and inform the indus- 
try, and by sponsoring MUACC, a group which 
clearly fosters great science". 

"The informality remains, but the role of 
MUACC has expanded", summarizes Scheeline, 
who hosted the 1996 MUACC at the University 
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of Illinois. "We are a place where analytical fac- 
ulty from both small colleges and large can go, 
where we can share our differences and our com- 
monalities, whether an emphasis on classroom 
teaching or an emphasis on research, and we can 
meet and cross-fertilize". 

With 50 years of  cross-fertilization, it is no 
wonder that M U A C C  continues to grow. 

For further information please contact: 
Melinda Taylor  Swan, GFS Chemicals Inc., P.O. 
Box 245, Powell, Ohio 43065, U.S.A. 
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Abstract 

A liquid ion-selective membrane electrode containing a chloroform-acetonitrile (10:1) solution of the complex of 
In(III) with 1-benzyl-3-methyl-4-benzoyl-5-pyrazolone (PMBP) and diphenylguanidine is described. The basic elec- 
trode performance characteristics were evaluated according to IUPAC recommendations. The slope of the calibration 
graph (electrode potential v. concentration) was 18.7 mV (pin) i in the pin range 4.5-1 (pH 6). Direct potentiometric 
determination of In(III) showed an average recovery of 99.1% with a standard deviation of 1.2%. The method is 
recommended for the precise direct potentiometric assay of In(III) in metals and minerals without a prior separation. 

Keywords: Indium(III); Liquid ion-selective membrane electrode 

1. Introduction 

A number of electrodes sensitive to Ca(II), 
Fe(II), Bi(III) and La(III) cations [1] have been 
developed and employed as indicator electrodes in 
potentiometric titrations. The commonly known 
electrodes sensitive to Indium ion feature low 
selectivity and the slope of calibration graphs is 
different from Nernstian slope [2]. 

In the present paper, a new electrode sensitive 
to In(III) ion is proposed, the liquid ion ex- 
changer being a complex of  In(III) with 1-benzyl- 
3-methyl-4-benzoyl-5-pyrazolone (PMBP). PMBP 

* Corresponding author. 

with In(III) forms an In(PMBP)3 complex, which 
is well extracted into the organic phase of choro- 
form-acetonitr i le in the presence of diphenyl- 
guanidine (DPG). These properties of  the 
In(PMBP)3 complex led us to develop a simple 
potentiometric method for In(Ill) with sufficiently 
high accuracy, selectivity and speed. 

2. Experimental 

2. I. Reagents and materials 

All reagents were of analytical reagent grade. 
Doubly distilled water from a quartz still was 
used. The composition of the ion-exchange solu- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved 
Pll  S0039-9140(96)02015-2 
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tion was 1 x 10 -3 M In(PMBP)3 and 1 x 10 - 4  M 
diphenylguanidine in choroform- acetonitrile 
(10:1). A solution of concentration 1 x 10 -3 M 
In(PMBP)3 was obtained by shaking a solution of 
indium salt with PMBP in the mixed solvent (in 
the ratio 1:3) [3,4]. 

2.2. Apparatus 

The liquid membrane was stabilized on a 
porous circular plate. A silanized filter disc satu- 
rated with ion-exchange solution was used as the 
liquid membrane. The composition of the inner 
solution of electrode was 1.0 x 10 -3 M In(III) 
and 1 x 10 - 2  M KCL. 

An Ag/AgC1 electrode (Orion 90-02), contain- 
ing 10% (w/v) potassium nitrate in the outer 
compartment, was used as the reference electrode. 
An Orion Ross combination pH electrode (Model 
81-02) was used for pH adjustment. 
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Fig. 2. Calibration graph for the indium-electrode. 

3. Results and discussion 

3.1. Effect of pH 

The effect of pH on the potential of the elec- 
trode system was studied. The response of this 
electrode is hardly affected by changes in pH in 
the range 5.0-7.0 (Fig. 1). 
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Fig. 1. Effect o f p H  on the Indium electrode. (1). 10 -2  M; (2). 
10 -4  M. 

3.2. Interference effects 

The interference effect of different inorganic 
cations on the electrode response was evaluated. 
The potentiometric selectivity coefficients K pot for 
the In(III) electrode was studied by the separate 
solutions method [5,6]. The selectivity coefficients 
were calculated using the extended Nernst equa- 
tion: 

logKrOtM=E2-E,, ( n l )  -~22 2.303RT/nIF + 1 log C~ (1) 

where E~ and E 2 are the potential readings ob- 
served after 1 min due to the same concentration 
of In(Ill) and interferents, respectively, n~ and n2 
are the charges of In and interferent ions, respec- 
tively, and C~ is the concentration of In(IlI). 

The values of the selectivity coefficients ob- 
tained are presented in Table 1. In most cases, up 
to a 100-fold excess of the interferent did not have 
a significant influence on the electrode perfor- 
mance. Electrodes sensitive to In(Ill) are not se- 
lective against Ga(III) and Ge(II) ions. However, 
they exhibit high selectivity against Ca(II), AI(III), 
Ni(II), Cu(II), Sn(II), La(III), Lu(III) and 
Nd(III). 
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3.3. Calibration graph 

The calibration graph in Fig. 2 exhibits a 
Nernstian response for 3 .2x  10 5 1 x 10 i M 
In(Il l)  with slope of 18.7 +_0.5 mV per decade 
change in concentration. The dynamic response 
time of the electrode system was tested for the 
concentration range 1 x l0 ~-3.2 x 10 - s  M 
In(Ill). The measurement sequence was from low 
to high concentration and back. The time re- 
quired for the electrode to reach values within 
+_0.2 mV of the final equilibrium potential after 
increasing the In(Ill)  concentration level 10-fold 
is fairly short: it reaches 97% of its final steady 
potential after 30 s for I n ( I I I ) >  1 0  - 3  M and 1 
rain for In(III) < 10 3 M. 

The potential displayed by the In electrode did 
not vary by more than +_1 mV ( n = 1 0 )  on the 
same day. The calibration slope did not vary by 
more than _+0.5 mV per decade change of con- 
centration. The reproducibility and stability of  
the potential were evaluated over 2 months by 
constructing replicate calibration graphs (n = 10). 
The detection limit, linear range, response time 
and selectivity coefficients were almost constant 
for this liquid membrane electrode during this 
period. The critical response characteristics of  
the indium liquid membrane electrode are given 
in Table 2, 

Tab le  I 

Selectivity coeff icients  o f  the  i n d i u m  l iquid  m e m b r a n e  elec- 

t rode"  

K ol M ~..M 

Sn( l l l )  1.3 × 10 5 

C u  5.4 x 10 3 

AI 3.2 x 10 ~ 

Ni 1.0 × 10 

C a  2.8 x 10 ~ 
Cd  1.2 x 10 3 

Sc 0.9 x 10 -~ 

La 1.2 x 10 ~ 

Lu 1.3 x 10 -z 

Nd  1.0 x 10 

G a  0.84 

G e  (}.53 

" In a n d  M c o n c e n t r a t i o n s  bo th  1 x 10 a M.  

T a b l e  2 

Cr i t ica l  r e sponse  cha rac t e r i s t i c s  o f  i n d i u m  e lec t rode  

P a r a m e t e r  Value  

Slope  [mV ( L o g  c) '] 18 .7+{ t . 5  

C o r r e l a t i o n  coeff icient ,  r 11.995 

Limit  o f  de tec t ion  (M) 1 x 10 ~ 3.2 × 10 ~ 

W o r k i n g  p i t  r ange  5.{} 7.{) 

R e s p o n s e  t ime, I~1 ~ M In(I l l )  {s) 30 

Lifet ime (days)  60 

3.4. Analytical application 

The direct potentiometric determination of 
In(Ill)  using the indium liquid membrane elec- 
trode was performed by the standard addition 
method in a solution containing In(Ill)  at con- 
centrations of  l0 2 10 4 M in the presence of 
Cu(II), La(IIl)  and Cd(II) at a concentration of 
10 3 M. The results showed an average recovery 
of 99.1% and a standard deviation 1.2%. 

A real sample was also analysed. A sample of 
Stannum (provided by the Metal Company,  Hu- 
man, China) were treated by the method in Ref. 
[7]. The method was compared by using the 5,7- 
dibromo-8-hydroxyquinoline (I) spectrophoto- 
metric method as follows: 

The simulated or real sample solution was 
transferred into a 25 ml calibration flask, 2 ml of  
a chloroform solution of ! and 10 ml of sodium 
acetate- acetic acid buffer solution (pH 4.0) were 
added and the volume was made up to the mark 
with water. The solution was transferred to a 
separating funnel, 10 ml of  a chloroform solu- 
tion of I were added twice and the organic layer 
was separated. 

The absorbance of the organic extract was 
measured at 415 nm against the reagent blank 
using 1 cm glass cells. The results are given in 
Table 3. 

The proposed electrode system was selected as 
it showed the most successful characteristics. 
This method is recommended for the precise di- 
rect potentiometric assay of In(Il l)  in metals and 
minerals without a prior separation. 
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Table 3 
Determination of In(llI) by direct potentiometric and spectrophotometric methods 

[In(Ill)] Direct potentiometry 
(M) 

Recovery a (%) RSD (%) 

Spectrophometric method 

Recovery a (%) RSD (%) 

3.0 x 10 -4 99.4 1.4 97.2 1.8 
(Cu, 9.5 x 10 -2) 

2.0 × 10 -2 98.9 1.2 99.5 1.1 
(Cu, 4.0 x 10 -3) 

9.0 x 10 -3 100.2 1.5 97.3 0.9 
(La, 5.0 x 10 -2) 

5.0 x 10 -3 100.5 1.4 99.2 1.4 
(La, 9.0 x 10 -3) 

6.5 x I0 3 97.7 0.9 95.2 2.0 
(Cd, 7.3 x 10 -2) 

4.2 x 10 -s  99.2 0.6 99.7 0.8 
(Ca, 2.3 x 10 -3) 

Sn sample 
(In, 2.2 x 10 -3) 98.2 1.2 98.0 1.8 

a Average of eight measurements. 
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Abstract 

The simultaneous determination of silver(I) and copper(II) is realized for the routine analysis of trace levels of these 
elements by anodic stripping voltammetry (ASV) at the carbon paste electrode (CPE). The electrochemical response 
is studied in 14 different supporting electrolytes, ranging from acidic solutions (pH 0.1) to neutral and basic (pH 9.7) 
media, and the parameters governing electrodeposition and stripping steps are characterized for each medium by the 
use of pseudo-voltammograms. Comparison between different modes of matter transport mechanisms is also given. 
The dynamic range of the method is 0.05 to 150 lag 1- ~ Ag(I) in the majority of the media studied and can be 
extended to 400 lag 1-~ in selected media, with a general reproducibility in the + 2% range for five replicate 
measurements. The total analysis time lies between approximately 30 s and 10 min. Activation of the CPE surface has 
been studied, but this pretreatment is demonstrated to be unfavourable and is replaced by a simpler unique 'cleaning' 
procedure of dipping the CPE in diluted nitric acid. © 1997 Elsevier Science B.V. 

Keywords: Anodic stripping voltammetry; Carbon paste; Copper; Silver; Trace element 

I. Introduction 

Stripping techniques are among the most  fre- 
quently used enhancers of  the key analytical 
parameters,  namely sensitivity and selectivity [1]. 
Enhancements are achieved in the preconcentra- 
tion step involved in such processes [2-4]. The 
most classical technique, i.e. stripping with a slow, 
linear potential scan (ASV), has recently be super- 
seded by more modern methods [5]. Despite this, 
no potentiostatic method solves definitively the 
problem of the relatively poor  selectivity of  the 
measurement [3], and galvanostatic methods, in- 

cluding no-current methods [6,7] have been stud- 
ied and applied to trace element analysis [8,9]. 
However, the classical ASV methodology remains 
the more practicable method used in routine anal- 
ysis; it displays rapidity and feasibility, and uses 
relative low-cost commercial instrumentation that 
has been developed for non-electrochemists. Car- 
bon paste electrode (CPE) takes a increasing im- 
portance in ASV [10]. On the other hand, the 
pyrolytic graphite electrode and the glassy carbon 
electrode are not suitable for the determination of 
small amounts  of  silver, as are wax-impregnated 
electrodes with a surface renewed on emery paper; 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-9140(96)02053-X 
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however carbon paste electrodes are used for this 
purpose, permitting 25 determinations without 
refilling [11]. Consequently, the main goal of this 
work is to improve a simple, rapid and efficient 
electrochemical method for the trace element de- 
terminations of Ag(I) and Cu(II) in routine analy- 
sis, based on CPE with commercial low-cost 
instrumentation and without the need for time- 
consuming sample/electrode pretreatment. 

Silver does not normally occur in animal or 
human tissue but is found in different materials of 
general use [12]. The level of this metal in natural 
waters and in biological fluids is generally very 
low, so, analytical methods with great sensitivity 
are required. Electrochemical determinations of 
silver within the scope of this study has been 
reported in review articles: Vydra and co-workers 
[2] (until 1976), Mannino and Wang [13] and, 
more recently, Rivas and Ortiz [14]. In the recent 
literature, the use of modified carbon-based mate- 
rials has attracted much interest [15]. However, 
the proper choice of the supporting electrolytes 
and of the parameters governing accumulation, 
electrodeposition and stripping are not always 
clearly defined and systematically studied. Fur- 
thermore, the necessity of time-consuming pre- 
treatment, defining optimum electrode 
composition and the drift of signals observed over 
long-time use complicates the question of finding 
(for routine measurements) a simple, rapid and 
efficient technique, using a stable working elec- 
trode, in a wide concentration range, which can 
be used by non-electrochemists on low-cost in- 
strumentation. Finally, the electrochemical mea- 
surement should be directly compatible with a 
variety of chemical dissolution media used in the 
analysis of real samples (water, effluents, sewage, 
minerals, biological fluids, alloys and metals). 

2. Experimental 

2.1. Reagents 

All chemicals are AR quality and the solutions 
were prepared with Millipore MilliQ System's wa- 
ter. Stock solutions of silver nitrate and copper 
sulphate are checked weekly by classical volumet- 

ric analysis [16]. Supporting electrolyte solutions 
are checked by contamination tests developed for 
polarographic analysis [17]. 

2.2. Instrumentation 

ASV measurements are made with a PAR EG 
and G scanning potentiostat coupled to a Phillips 
PM 9848 XY-t recorder. The electrochemical cell 
is the Radiometer TTA 80 and electrodes are 
Radiometer F 4551 (SCE) and Radiometer F 
5155 (platinum counter electrode), respectively. 
For studies with a rotating CPE, the PAR EG 
and G Model 616 RDE is adapted to the configu- 
ration of the home-made CPE. 

2.3. Carbon paste electrode 

Despite the fact that the electrochemical char- 
acteristics of the CPE depend upon paste compo- 
sition [18-21], for routine analysis we used the 
commercial Metrohm mixture (74 wt.% C, 26 
wt.% mineral oil, abbreviated as CPE 74:26). Car- 
bon paste sensors (tip configuration) are made as 
follows. The paste is packed under pressure into 1 
ml polyethylene syringes (5 mm diameter), the tip 
of which is cut off in the conical region to obtain 
the desired geometric area (2 3 mm diameter); 
the electrical contact is established by a stainless 
steel wire, the diameter of which is chosen so it 
can be forced into the top of the syringe. The 
paste is furthermore compacted by polishing the 
tip of the CPE on filter paper (Whatman GF/C 
ultrafine glass fibre paper) and visualizing the final 
surface by microscopic examination to avoid edge 
effects. After an initial stabilization period (see 
below), the CPE can be used continuously for up 
to 2 3 weeks without alteration of its electro- 
chemical response, if it is kept in 0.20 M HNO 3 
between experiments and overnight. When work- 
ing with metal ion concentrations in the ppm 
range, some memory effects [19,20] are observed; 
these are eliminated by dipping the CPE into 0.20 
M HNO 3 for 15 min. and examining the back- 
ground characteristics of the renewed CPE in the 
actual supporting electrolyte. We have not ob- 
served any significant differences between the sig- 
nals obtained with and without oxygen removal 
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from the solutions; consequently, we consider that 
oxygen removal is not necessary for the present 
experiments. 

The CPE is centred in the sample vessel and the 
stirring rod placed so that the angular velocity is 
zero but the circular motion maximum; the tip of 
the CPE is positioned close to the SCE. As previ- 
ously demonstrated [21,22], the deposition current 
in stirred solutions obeys the semiempirical equa- 
tion: 

2 2 1 
id = KnroD~ C (RPM) ~ + 4gronFDC 

where ro is the CPE's radius, RPM is the velocity 
of stirring (rev ra in-  1) and n, F, D and C have 
their usual meaning [23]. The sensitivity of the 
method is thus related to cell geometry and stir- 
ring. Furthermore, the rest period required be- 
tween the deposition and stripping steps is 
another parameter that affects the sensitivity [7 
9,24]. To keep the results of this work within the 
scope of classical instrumentation, we choose a 
stirring rate of 3000 rev min ~ and a rest period 
of 30 s, which are compatible with conventional 
stirring devices and routine analysis times. 

Until now, stripping determinations of silver on 
carbon materials have been restricted to some 
definite media (0.15 M NH3-0.15 M NH4 ~ , 0.10 
M KNO3, 0.01 M H2SO4-0.05 M K2SO4 [2.5] 
despite the fact that such experiments can be 
conducted in a very wide variety of supporting 
electrolytes, ranging from acidic solutions to neu- 
tral media and basic pH buffers. In the majority 
of these media, the reproducibility and the magni- 
tude of the oxidation current for low td values and 
Ag(1) concentration is such that silver quantifica- 
tion is predicted at the CPE. For instance, a 
relative standard deviation (RSD) of :_+-0.2% for 
ipa magnitudes is observed for five successive mea- 
surements in 0.018 M HAc 0.018 M NaAc for 30 
~tg 1 1 AGO), where Ac stands for acetate. How- 
ever, in identical electrodeposition conditions (Ed, 
td), the observed ip, values can be quite different 
from one medium to another, so that optimiza- 
tion of electrodeposition and stripping steps must 
be studied independently for each medium. 

The only way to determine exactly the optimum 
electrodeposition potential and to see the influ- 
ence of the nature and concentration of the sup- 
porting electrolyte on ip~ is the observation of the 
corresponding ASV pseudo-voltammogram, e.g. 

3. Results and discussion 

3. I. Silver quantification 

In 0.10 M HC104, by cycling between - 0 . 4 0  
and + 0.80 V, a low cathodic current is observed 
from + 0.10 to - 0 . 4 0  V and, during the reverse 
scan, an oxidation peak appears in the anodic 
region at + 0.250 V (Ep). A very high enhance- 
ment of the oxidation current (ip) is observed if 
silver electrodeposition is made under potentio- 
static control at a determined potential (Ed) dur- 
ing a fixed time (td) under stirring. In this work, 
the electrodeposition step will be conducted as 
follows: potentiostatic control at Ed during a time 
tj under stirring, followed by the same potentio- 
static control during a rest period of time (t T = 30 
s). In such conditions, the ASV signals appear as 
illustrated in Fig. 1, for a 0.10 M HCIO4, 30 /tg 
1 ~ Ag(I) solution. 

O.5/~A~- ~ + ~ a 

1/~A 

I h 

0 i E/V 

Fig. 1. (a) Cyclic vo l t ammogram at the CPE in 0A0 M HCIO4; 
(b) cyclic vo l t ammogram in 0.10 M HCIO~ + 30 p.g I -~ Ag(IL 
same condit ions as (a); (c) anodic port ion of  ASV voltam- 
mo g ram of medium (b), with Ed = -- 0.20 V, td = 30 S, t. = 30 
S, stirring rate: 3000 rev ra in -~ ,  same condit ions as (a). The 
reduction wave (see ar row)  is actually not  detected but  in- 
ferred by visualizing the corresponding reoxidation peak. 
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electrodeposition potential (VISCE) 

Fig. 2. ASV pseudo-voltammograms of 30 ~tg 1-a Ag(I) in 
various supporting electrolytes: (A) 0.I0 M NH3-0.10 M 
NH +, pH=9.7; (B) 0.10 M KNO3, pH=6.9; (C) 0.10 M 
HC104, pH = 1.1. Operating conditions: ta = 60 s, tr = 30 s, 
stirring rate: 3000 rev min- ~, scan rate: 50 mV s-~. 

the function ira = fled) with all other parameters 
constant. Fig. 2 is an example of such ASV 
pseudo-voltammograms obtained in three typical 
media for a 30 ~tg 1-~ Ag(I) concentrations and a 
low (60 s) electrodeposition time. One can see that 
the optimum electrodeposition potentials regions 
are rather different for each medium ( -  0.010 V 
in 0.10 M HC104, - 0 . 4 5  V for 0.10 M NH3:0.10 
M NH4 + and from - 0.20 to - 0.60 V for 0.10 M 
KNO3) and that the corresponding ipa values dif- 
fers by one order of magnitude depending upon 
the medium and the Ed selection. Furthermore, 
the optimum E d values differ significantly from 
those given in the literature for the already stud- 
ied media [2,5]. Selecting an Eo value of - 0 . 6 0  V 
for all media illustrated in Fig. 2 will, for instance, 
decrease the ip~ value in 0.10 M HC104 because 
proton reduction is markedly altering the Ag(I) 
deposition. When interference problems are en- 
countered, selection of Ed values from --0.20 to 
--0.60 V in 0.10 M KNO 3 medium can directly 
circumvent the problem (see below). 

Table 1 gives a general overview of the ASV 
electrochemical responses of Ag(I) in 14 different 
supporting electrolytes. The choice of the media 
selected in Table 1 is governed by three reasons: 
(1) comparison with previous studies [2,5]; (2) a 
large pH range to correspond to the dissolution 

steps of the various materials containing silver; 
and (3) comparison of the ASV method with 
Ag(I) determinations observed in chemical poten- 
tiometric stripping analysis on CPE (with Fe(III) 
as the oxidizing agent) [23] or by adsorptive strip- 
ping voltammetry (media 5, 6 and" 7, for instance) 
[18-20]. In identical operating conditions, a AgO) 
level of 30 lag 1 - 1 gives oxidation currents ranging 
from 0.36 ~tA (0.10 M Na2HPO4) to 1.92 I~A (0.08 
M acetate buffer). Low differences in oxidation 
currents are observed with pH variations, but 
qualitatively, the method gives similar responses 
from pH 0.1 to pH 9.7 if the E d value is correctly 
selected. These procedures avoid the use of ex- 
change matrix solutions and the need for sample 
chemical pretreatment leading to contamination 
risks and time-consuming measurements. As a 
general conclusion, the choice of the correct elec- 
trodeposition potentials range is the primary 
problem to be solved for a determined supporting 
electrolyte. When the corresponding pseudo- 
voltammogram is determined, all the media se- 
lected in Table 1 can be used for Ag(I) analysis on 
a classical CPE. The position of the oxidation 
signal on the potential scale (Ep) is also depen- 
dent of the nature and pH of the supporting 
electrolyte and this last parameter must be consid- 
ered for interference studies (see below). 

Ag(I) quantification is also determined by the 
response of the oxidation signal with electrodepo- 
sition time, or more precisely, by the dynamic 
linear range of this response. We studied this 
parameter for a low concentration of Ag(I) (3 I~g 
1-1) in the media of Table 1. Typical responses 
are illustrated in Fig. 3, which gives the functions 
ipa = f(td) in the two first media of Table 1. For 
0.10 M NH3-0.10 M NH4 +, the linearity (equa- 
tion order N = 1) is observed at this Ag(I) level 
for electrodeposition times up to 10 min. For a 
0.10 M KNO3 medium, apart from the fact that 
ira is lower (Table 1), the function follows a 
second-order equation (N = 2) for the same elec- 
trodeposition times range. This is an illustration 
of the relative facility of metal electroplating from 
a medium where the metal ion is in a complexed 
form. When observing oxidation responses similar 
to those illustrated in Fig. 3, one can conclude 
that media 3, 4, 8, 9 and 10 of Table 1 offer a 
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Table 1 
Electrochemical characteristics of  silver in various support ing electrolytes at a 74:26 CPE 

Medium pH Ea(V/SCE) a ip~ (laA) b Ep, (V/SCE) 

1 K N O  3 0.10 M 6.9 - 0 . 2 0  0.65 0.52 +0,310 
2 NH 3 0.10 M-NH4+0.10 M 9.7 - 0 . 5 0 - 0 . 7 5  1.15 0 
3 HC104 0.10 M 0.9 --0.05--0.13 1.23 +0.250 
4 HCIO4 0.010 M 1.9 - 0 . 1 5 - 0 . 2 5  1.19 +0.280 
5 HCIO 4 0.001 M 2.9 --0.25 0.35 1.40 +0.32/) 
6 HC104 ~ 10 -4  M 4.0 - -0 .32-0.45 1.36 +0.340 
7 HCIO 4 _+ 10 -5  M 5.6 - 0 . 3 5 - 0 . 5 3  0.90 +0.380 
8 K N O  3 0.10 M - H N O  3 1.7 - 0 . 0 5 - 0 . 2 8  1.36 +0.270 
9 K N O  3 0.10 M - H N O 3  0.7 0-0.15 1.60 +0.260 
10 HC104 0.10 M - H N O 3  0.1 0-0.15 0.52 +0.180 
11 H A c - A c  0.08 M 4.0 - -0 .20-0.45 1.92 +0.150 
12 NazHPO 4 0.10 M 9.3 --0.20 0.50 0.36 +0.190 
13 NaH2PO 4 0.10 M 4.7 - 0 . 2 0  0.55 1.40 +0.280 
14 N a H C O  3 0.10 M 8.7 - -0 .20-0.65 0.93 +0.260 

Operating conditions: 30 lag 1-1 Ag(I); t a = 60 s; t r = 30 s; stirring rate: 3000 rev min t; scan rate: 50 mV s ~ 
a As selected from the corresponding pseudo-vol tammograms.  
b i values given for three successive measurements  in the opt imum electrodeposition potential range. Pa 

linear relationship, whereas all the other media 
selected in Table 1 give a second-order relation- 
ship, in the 0 -10  rain electrodeposition time 
range. As this conclusion is valid only for this 
Ag(I) level and for the actual CPE geometry and 
composition, it must be noted that, for routine 
quantitative analysis of  Ag(I), the standard addi- 
tion procedure is recommended. 

r = 0999 .  N =1 

° A 

.t= 

O *  " 
0 2 

r = 0 . 998 ,  N = 2 

4 6 8 10 12 

electrodeposition t im e (m in) 

Fig. 3. Relationships between oxidation current and electrode- 
position time in two supporting electrolytes: (A) 0.10 M 
NH~ 0.10 M NH4 +,  E d = - - 0 . 6 0  V; (B) 0.10 M KNO3, 
E d = - - 0 . 2 5  V. lAg( I ) ]=3  lag 1-~; stirring rate: 3000 rev 
min ~; cyclic voltammetry from E d to +0 .80  V at 50 mV 
s ~. The oxidation current is corrected by subtracting the 
current component  corresponding to t r = 30 s in a quiescent 
solution from the observed value. 

Calibration curves were established at different 
electrodeposition times for two modes of  matter 
transport: linear diffusion (stationary electrode 
mode) and diffusion-convection, at a Ag(I) con- 
centration of 12 lag 1 - 1  The oxidation currents 
observed, for diffusion during 90 s are practically 
similar to those obtained under diffusion-convec- 
tion with an electrodeposition time three times 
lower. Currents corresponding to 30 s diffusion 
(0.037 laA) and 90 s diffusion-convection (0.323 
laA), differ by a factor of approximately 10. At 
this Ag(I) concentration, all the calibration curves 
are linear, and the sensitivities of the ASV method 
(defined as the slope of a set of calibration curves 
corresponding to a defined matter transport, in 
laA s -1 lag-I 1 Ag(I)) are 1.05 x 10 4 (linear 
diffusion) and 3.05 x 10-4 (diffusion-convection) 
respectively. 

Fig. 4 indicates that, for a CPE used in normal 
electrodeposition conditions (say, stirring the 
medium during the electrodeposition time td), the 
linearity is respected in the range 0--400 lag l -  
Ag(I). This linearity range varies somewhat with 
the nature of the supporting electrolyte but, for all 
the media described in Table l, the linearity is 
realized over a minimum concentration range 0 -  
250 lag 1-1 Ag(I). For  comparison, the behavior 
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Fig. 4. Calibration curve for Ag(1) ions in 0.10 M KNO3: high 
concentration range (0 450 ~tg 1-~). Operating conditions: 
Ed = --0.25 V; t o = 30 s; tr = 30 c; stirring rate: 3000 rev 
min ~ for the normal CPE; rotating rate: 5000 rev rain 1 for 
the rotating CPE during td; cycling at 50 mV s ~; number of  
measurements: 5. 

of a rotating CPE (say, a CPE of the same 
geometrical area fixed at the rotating axis of a 
rotating disk electrode device) is also shown in 
Fig. 4, for identical electrodeposition conditions. 
This last electrode gives somewhat higher oxida- 
tion currents (by the fact that diffusion-convec- 
tion is more efficient than forced convection in the 
deposition step), but the linearity region is nar- 
rower (0 150 ~tg 1 ] Ag(I)) (electrode saturation 
more rapidly attained). The rotating CPE also 
permits the verification of the Levich's relation, 
indicating that diffusion is governing the elec- 
trodeposition of Ag(I). As the detection limit of 
both CPEs is approximately 0.05 ~tg 1-1 (for 
measurements with a global duration of _+ 10 
rain, a value considered as compatible with rou- 
tine analysis), the dynamic range of the method is 
approximately stated at 0.05-250 ~tg 1-] Ag(I). 
Such results can be compared with corresponding 
measurements made on chemically modified car- 
bon paste electrode (CMCPEs): for instance, 
Yeom and co-workers [19] obtained a linear re- 
sponse up to 100 mg 1-1 Ag(I) by linear sweep 
voltammetry and 1 Hg 1 ] Ag(I) by differential 
pulse polarography with a CPE modified by 2- 
imino-cyclopentane-dithiocarboxylic acid. 

The question of the reproducibility of the CPE 
for quantitative analysis of metal ions by a (di- 
rect) preconcentration step has been tested [24,25]. 

It has been claimed that such a sensor needs 
electrode pretreatment or conditioning as a neces- 
sary preliminary step before it can offer repro- 
ducible electrochemical signals. Yet such 
pretreatment annuls the general gain in analysis 
time which is possible by direct electrodeposition. 
Applying a pretreatment will place this procedure 
among time-consuming measurements, such as 
needed by chemically modified electrode [2,5,25] 
or by adsorptive stripping voltammetry [18-20] 
(where pretreatment of the CMCPE or accumula- 
tion of the adsorbed species enhance the measure- 
ment duration). 

The way to obtain a satisfying repeatability of 
the CPE (same electrode) without the need for 
tedious pretreatments that are incompatible with 
routine analysis is demonstrated as follows. First, 
the CPE is cycled in the studied supporting elec- 
trolyte at 50 mV s -~ during 3 rain and the 
background curve is determined (as, for instance, 
in Fig. 1 a). After this, the supporting electrolyte is 
subjected to electrodeposition/stripping cycles in 
the same manner as in the presence of metal ions 
(Fig. 5a) for 3 4 cycles. The metal concentration 
is finally spiked in the medium and electrodeposi- 
tion/stripping steps are repeated: the oxidation 
signal is enhanced during the first cycles (Fig. 5b) 
(behavior already mentioned for modified CPEs) 
[2,5,30] and reaches a reproducible value after 8 to 

I 
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• 1..4 b 

~ EN 

Fig. 5. Stabilization procedure of  a freshly prepared CPE for 
Ag(I) analysis, in 0.10 M KNO 3 supporting electrolyte and 
operating conditions as in Fig. 4. (a) 0.10 M KNO 3 back- 
ground curves; (b) same solution spiked with 14.2 ~tg l - i  
Ag(I). The last eight electrodeposition/stripping cycles of  Fig. 
5b correspond to the first calibration point of  Fig. 4. 
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12 cycles. In  Fig. 5 the last eight cycles are 
considered to be reproducible (note the different 
current scales) and the mean of the ipa values is 
the first point of the calibration curve of Fig. 4 
(0.314_+0.008 gA, the RSD value considered to 
be acceptable for the corresponding Ag(I) concen- 
tration, 14.2 gg 1 - ~). Once this initial stabilization 
procedure is finished, further measurements can 
be made by repeating the first five electrodeposi- 
tion/stripping cycles. Continuous measurements 
can be made with the same electrode for up to 
two to three weeks, the first alteration of the CPE 
behavior being suggested by an enhancement of 
the background curve (Fig. la). The reproduci- 
bility of different new CPEs, submitted to the 
described procedure, give, in a standard Ag(I) 
solution, a RSD of +2.l'7o (five independent 
measurements, five electrodes). This value is 
mostly attributed to the difficulty in obtaining 
the same electrode geometric area (cutting pipette 
tips) than to the inherent behavior of the CPE 
itself. As the stabilization step is completed within 
_+ 20 min, the question of the reproducibility 
of classical CPEs for quantitative analysis of 
metal ions by a direct preconcentration step does 
not seem to be a major problem for routine 
analysis. 

The detection limit is related to a number of 
operational parameters (electrode surface, elec- 
trodeposition potential and time, stirring mode 
of solution and/or electrode, coulometric or 
amperometric recording). Consequently, con- 
sidering that the maximum measurement time 
that can be devoted to low metal ions levels 
( < 1  pg 1 ~) in routine analysis is of the order 
of 10 15 rain, the corresponding concentra- 
tion level has been measured: the current value 
(0.026 ~tA) corresponds, in such conditions, to 
the 50 ng 1 ~ Ag(I) level. For comparison, 
Yeom and co-workers [19] obtained, with CM- 
CPEs, a detection limit of l x  10 ~ 7 M and 
1× 10 '~ M Ag(I) at 20 min deposition in 
linear sweep voltammetry and differential pulse 
polarography, respectively, with an electrode 
body made of 1 ml polyethylene syringes (5 
mm diameter), the tip of which had been cut 
off. 
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Fig. 6. Effect of  Cu( l l )  interference on Ag(I)  analys is  in 

var ious  suppor t ing  electrolytes:  (A) 0.10 M KNO~. [Ag(I)] - 8 

gg 1 ~, E d -  - 0 . 2 5  V, t d = 60 s, t r = 30 s, s t i r r ing rate: 3000 

r e v m i n  I ; (B)  0 . 1 0 M  N a 2 H P O  4 , [ A g ( l ) ] = 8 ~ t g l  ~ ,E  d -  - 

0.550 V, td = 60 s, t , .= 30 s, ro t a t ing  rate: 3000 rev rain ~ 

AgO) ox ida t ion  current  a t  E p , -  + 0.080 V; (C) same condi-  

t ions as (B): Cu(I1) ox ida t ion  current  at Ep, = + 0.295 V. 

3.2. Interferences 

The interference effects of other metal ions as 
Cd(II), Mg(II), Zn(II), Ni(I1), Co(ll), Fe(ll), 
Pb(II), Bi(II1) and Cu(II) was also studied. 

Only Cu(II) and Bi(III) interfere during Ag(I) 
analysis. In the majority of the media described in 
Table 1, Ag(I) and Cu(II)/Bi(III) oxidation peaks 
appear close together, despite the selection of lhe 
proper Ej value: direct determination of mixtures 
of Ag(I), Cu(II) and Bi(III) is thus impossible. In 
basic media (Table 1, media 2, 12 and 14), where 
the different complexation characteristics of 
Cu(lI), Bi(III) and Ag(I) with NH3 and OH can 
be taken into account (as it can experimentally be 
visualized by the pseudo-voltammograms), the 
two oxidation signals appear at different Ep~,, 
values and the Cu(lI)/Bi(III)-Ag(I) interference 
drops out. This is the case, for instance, for the 
0.10 M Na2HPO4 supporting electrolyte, and, 
more generally, for the basic media of Table 1 
(media 2, 12 and 14). In 0.10 M Na2HPO 4, for 
Ea = - 0.50 V, where both metal ions are reduced 
at the optimum reduction current (Table l), the 
Ag(l) oxidation current is approximately indepen- 
dent of the Cu(II) concentration (Fig. 6b) and the 
Cu(lI) signal presents a normal relationship with 
the metal ion content (Fig. 6c). Unfortunately, in 
this medium, the Ag(I) signal is somewhat lower 
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than in acidic electrolytes (Table 1) and this fact 
can be attributed to a partial precipitation of 
Ag(I) as Ag3PO 4 (Ks=2.6  × 10 -18) or Ag20 
(Ks = 3.8 x 10-  ~8) [26]. Nevertheless, the method 
remains applicable to the simultaneous determina- 
tion of  both ions in one analysis step. Cu((II)-  
Bi(III) interference must, for its part, be 
eliminated by specific complexation of  one metal. 
The classical CPE sensor shows here its lack of  
specificity vs. the chemically modified carbon 
paste or adsorptive stripping mode [5,18-20]. 

3.3. Activation o f  the carbon paste surface 

Among the various activation procedures, we 
select the method of  Motta and Guadalupe used 
for biosensors [27] (cycling the electrode through- 
out the oxidative potential region at a relatively 
high scan speed during a determined time (ta, 
activation time)) because this procedure is com- 
patible with the requirements of  routine analysis. 
The procedure was made directly in the support- 
ing electrolyte, and the potential scan was ex- 
tended by 0.9 V more positive than the actual 
anodic potential limit. Processing activation in 
basic solutions can appear quite surprising: how- 
ever, recent studies [10,28] have demonstrated that 
electrochemical graphitic oxide can be formed in 
basic solutions, but is unstable only in highly 
basic media (pH > 12); furthermore, different po- 
tential regions must also be considered [28]. Con- 
sidering the results of recent studies [10], the 
model developed by McCreery [29] thus needs to 
be reconsidered for a more effective understand- 
ing of  the activation process. In such conditions, 
it is not unusual to examine the effect of  activa- 
tion on CPE in the various electrolytes studied in 
Table 1, whose pH values range between 0.1 and 
9.3. 

Upon activation, the equilibrium potential of  
the electrode becomes more positive, the reduc- 
tion current is enhanced and the reversibility of  
the Ag(I)/Ag system increases. However, as indi- 
cated by Fig. 7, the silver oxidation signals show 
enhancements of  ip, and back-ground currents, so 
that the signal/noise ratio is lowered. A possible 
explanation is that the electrochemically oxidized 
CPE is reduced at Ed and that the corresponding 

reoxidation component (quinone formation), the 
paraffin removal, porosity and edge effects en- 
hancements more greatly affect the background 
signal than the silver one. The same conclusion is 
obtained with some variations, for the various 
(acidic, neutral and basic) electrolytes studied in 
Table 1; the value of the signal-to-background 
ratio depends upon the nature of the medium and 
the value of  the activation time. Consequently as 
a general conclusion, the activation (as used in the 
conditions mentioned) of the CPE surface is un- 
necessary and quite unfavourable in the ASV 
technique, by opposition with chemical reoxida- 
tion as visualized by, f.i., potentiometric stripping 
analysis [23]. 

3.4. Method validation 

The method is evaluated by determining the 
Ag(I) and Cu(II) contents of  two NBS reference 
materials: the gelatine multicomponent Trace Ele- 
ment Reference Materials TEG  50 B and TEG  50 
C. Observing the NBS recommendations, a sam- 
ple aliquot (/> 250 mg, dried) is treated with 6 ml 
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Fig. 7. Partial cyclic voltammetric measurements for [Ag(I)] = 
8 ~tg 1 - l  in 0.10 M NH3-0.10 M NH4+: (A) without activa- 
tion; (B) after activation of 30 min; (C) after an additional 
activation time of 240 min; (D) after another additional activa- 
tion time of 240 min. Activation: cycling between + 0.30 and 
+ 1.20 V at 0.5 V s - 1, stationary conditions. ASV conditions: 
E o = --0.550 V, t d =60 s, t r = 30 c, stirring rate: 3000 rev 
min L 



C. Labar, L. Lamberts / Talanta 44 (1997) 733 742 

Table 2 
Comparison between measured and certified Ag(1) and Cu(II) concentrations in reference materials 

741 

Material Element Certified value ( p p m )  Measured values (ppmF Mean (ppm) RDS (ppm) 

TEG 50 B Cu 49__+2 51 52 53 50 50 51.2 1.9 
Ag 56 _+ 7 61 61 60 58 56 59.2 3.3 

TEG 50 C Ag 51 _+ 2 50 52 53 49 48 50.4 2.8 

Operating conditions: CPE 74:26; E d = -0.550 V; t d = 45 s; t,. - 30 s; stirring rate: 3000 rev rain ' 1.0 × 10 4 M H C I O  4. 

of a 2:1 volume mixture  of H N O  3 (Ul t rapure  
Grade,  Merck): water at + 80°C under  reflux for 
approxirnatively 1 h; after cooling the solut ion is 

diluted to l0 ml and  2 ml al iquots are mixed with 
the suppor t ing  electrolyte (HC104) and  analysed 
by the s tandard  addi t ion  method.  

Table  2 illustrates the results obta ined;  the cor- 
relat ion between the certified and  measured  Ag(I) 
and  Cu(II)  concent ra t ions  is good, for a total  

measurement  t ime of + 10 min.  The final value 
was the mean  of five replicate measurements .  

4. Conclusion 

Trends  in electrochemical s tr ipping analysis to- 
day make  great use of C M C P E s  and  ASV. How- 
ever, few applicat ions appear  in the rout ine 
de te rmina t ion  of  trace elements. By widening the 

choice of suppor t ing  electrolytes and  selecting 
more precisely the electrochemical parameters  by 

pseudo-vo l tammograms ,  a classical CPE is com- 
parable  in many  ways with the more elaborate  
sensors and  methodologies.  I f  this electrode shows 
an inherent  lack of  selectivity, the direct (poten- 

tiostatic) p reconcent ra t ion  mode  still presents 
un ique  advantage  in rout ine analysis: low analysis 

time, low-cost ins t rumenta t ion ,  friendly procedure 
and avoidance of matr ix  exchange and /o r  exotic 
electrolytes (as is generally the case for C M C P E  
and  adsorptive stripping). The dynamic  range of 

the method is 0.05 lag 1 ~ and  this can be ex- 
tended to 400 tag 1 ~ for a total  analysis time 
between 30 s and  10 min.  The reproducibi l i ty  lies 
between 2 and  5% for five replicate measurements .  
Act iva t ion  of  the CPE appears unnecessary and  
only a first s tabil izat ion period of 20 min  maxi-  
m u m  is needed. 
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Abstract 

The separation and determination of Co(III), Ni(lI), V(V) and Fe(III) chelates with 2-(2-benzothiazolylazo)-5-(3- 
sulfopropyl)aminophenol (BTASPAP) by reversed-phase ion-pair HPLC was investigated. In the presence of the 
oxidant potassium iodate, BTASPAP reacts with Co(III), Ni(II), V(V) and Fe(III) to form stable, negatively charged, 
water-soluble chelates. The chelates were separated on a Cls siloxane bonded phase and eluted within 7 min with 
acetonitrile-acetate-water (36:1:63 v/v) containing 0.2 mol 1 - I  acetic acid-sodium acetate buffer (pH 3.0) and 1.0 
mmol l-1 tetrabutylammonium bromide. The detection limits of Co(III), Ni(II), V(V) and Fe(III) at 565 nm are 0.3, 
0.8, 0.3 and 1.0 ng (signal-to-noise ratio = 2), respectively. The method was applied to the determination of Co, Ni, 
V and Fe in four samples of standard alloys. © 1997 Elsevier Science B.V. 

Keywords: Metal chelates; Reversed-phase ion-pair high-performance liquid chromatography 

I. Introduction 

Precolumn derivation HPLC is not only a sensi- 
tive but also a selective and rapid method for the 
separation and determination of metal  ions. Many 
spectrophotometric reagents have been widely 
used in HPLC,  such as 2-(5-bromo-2-pyridylazo)- 
5-diethylaminophenol(5-Br-PADAP) [1], 4-(2-py- 
ridylazo)resorchinol (PAR) [2], 2-pyridyl-fl-azon- 
aphthol (PAN) [3] and others [4-6]. However, the 

* Corresponding author. 

use of  thiazolazo reagents for the separation and 
determination of metal ions by means of HPLC 
has seldom been reported [7]. 2-(2-benzothiazoly- 
lazo)-5-(3-sulfopropyl)aminophenol (BTASPAP) 
is a sensitive spectrophotometric reagent. 

OH 

 : N----N  >NHCH2CH2CH2SO,H 
which can react with many metal ions, such as Fe, 
Co, Ni, V, Cu and Zn [8,9] to form stable, nega- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02061-9 
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tively charged, water-soluble, purplish red com- 
plexes, has been used in spectrophotometric deter- 
minations of these metal ions [8,10]. The 
spectrophotometric determination of any one of 
these metals ions is difficult when they are present 
together in a mixture, as a result of the spectral 
overlap of the BTASPAP complexes of these 
metal ions. The selectivity of BTASPAP is poor in 
the determination of metal ions by spectrophome- 
try. Precolumn derivatization HPLC, which com- 
bines the high sensitivity of spectrophotometric 
reagents with the selectivity of HPLC, is a highly 
sensitive and selective method for the simulta- 
neous determination of some metal ions. This 
paper reports for the first time the use of BTAS- 
PAP as a precolumn derivatization reagent to 
separate and determine Co(III), Ni(II), V(V) and 
Fe(III). 

The reported reversed-phase HPLC methods 
for the separation and determination of heavy 
metals using chelating reagents such as PAR, 
5-Br-PADAP and 2-(2-thiazolylazo)-5-dimethy- 
laminophenol (TAM), have the disadvantage 
that they require the mobile phase to contain 
a high proportion of an organic solvent or sur- 
factant owing to the poor water solubility of 
their chelates. In contrast, the BTASPAP 
chelates of metal ions are very water soluble, 
and therefore they can be separated from each 
other with a mobile phase containing a lower 
proportion of organic solvent. The BTASPAP 
chelates approach described here has the ad- 
vantages of high sensitivity, good resolution 
in a short analytical time and good column effi- 
ciency. 

2. Exper imenta l  

2. I. Apparatus 

A Pye Unicam PU4015 HPLC system (Philips, 
Cambridge, UK) with a Spherisorb ODS Ct8 
column (5 pm particle size, 250x4.6 mm 
i.d.), equipped with a PU 4025 UV-Visible detec- 
tor and an SP4290 integrator (Beijing, China) was 
used. 

2.2. Chemicals 

Stock solutions of Co(III), Ni(II) and Fe(III) in 
1 tool 1-~ nitric acid were prepared from their 
pure metals (99.99%). Stock solution of V(V) was 
prepared by dissolving the desired amount of 
divanadium pentoxide (V205) (99.99%) in water 
containing few drops of nitric acid. Working solu- 
tions of Co(III), Ni(II), V(V) and Fe(III) of 5.00 
mg 1-~ each by dilution. Solution 1.0 mmol 1- 
of BTASPAP (synthesized as desented earlier [11]) 
was prepared in water containing 40% (v/v) ace- 
tonitrile. The mobile phase was acetonitrile-ac- 
etate-water (36:1:63, v/v) containing 0.2 mol 1-i 
acetic acid-sodium acetate buffer (pH 3.0) and 
1.0 mmol 1 1 tetrabutylammonium bromide 
(TBA Br). All reagents used were of analytical- 
reagent grade and doubly distilled water was used 
for all solution preparations. 

2.3. Procedure 

2.3.1. Preparation o f  standards 
A set of solutions containing different concen- 

trations of Co(III), Ni(II), V(V) and Fe(III) ions 
were prepared in 10 ml volumetric flasks with 2.0 
ml of acetic acid-sodium acetate buffex: solution 
(pH 3.0), 1.0 ml of 0.4% (w/v) potassium iodate 
(KIO4) solution and 3.0 ml of 1.0 mmol 1 - t  
BTASPAP solution, then heated for 7 min at 
70°C and, after cooling, diluted to volume with 
doubly distilled water. After thorough mixing, the 
solutions were allowing to stand for 20 min and 
filtered through a 0.45 pm filter membrane. At a 
column temperature of 40°C, 20 /~1 of the pre- 
pared test solution were injected on to the column 
and the complexes were eluted with acetonitrile- 
acetate-water (36:1:63 v/v) containing 0.2 tool 1- 
acetic acid-sodium acetate buffer (pH 3.0) and 
1.0 mmol l-~ TBABr at a flow-rate of 1.0 ml 
rain -~. The peak heights were measured at a 
detection wavelength of 565 nm. 

2.3.2. Sample preparation 
A known amount of accurately weighed alloy 

sample (0.1 g) was dissolved in about 15.0 ml of 
hydrochloric acid (1:1), the resulting solution was 
evaporated nearly to dryness, a few drops 37.5% 
nitric acid were added and the excess of nitric acid 
was removed by heating. The solution was trans- 
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ferred in to a 100 ml volumetric flask and diluted 
to the mark with water, then the experiments were 
continued in the same manner as for the prepara- 
tion of standards. 

3. Results and discussion 

3.1. Preco lumn  derivatizat ion condit ions and 

detection wavelength 

In the requisite medium in the presence of the 
oxidant KIO4, BTASPAP reagent reacts with 
Co(III), Ni(II), V(V) and Fe(III) to form stable, 
negatively charged, water-soluble, purplish red 
chelates. The ratios of Co(III), Ni(II), V(V) and 
Fe(III) to BTASPAP are 1:2, 1:2, 2:3 and 1:2, 
respectively. The negative charges of the chelates 
for Co(III), Ni(II), V(V) and Fe(III)-BTASPAP 
are 1, 2, 4, and 1, respectively. 

The optimum conditions for chromogenic reac- 
tions of BTASPAP with these metal ions were 
studied in detail by the spectrophotometric as 
shown in Table 1. We found by experiment that 
Co(III) reacted initially with BTASPAP to form 
the Co(II)-BTASPAP complex in the presence of 
only air at room temperature, the Co(II)-BTAS- 
PAP complex was gradually oxidized by oxygen in 
air to form the stable Co(III)-BTASPAP complex 
and strong oxidants and higher temperature could 
accelerate the oxidation. Under optimum HPLC 
conditions, Co(II)-BTASPAP and Ni(II)-BTAS- 
PAP complexes could not be separated. If the 
Co(II)-BTASPAP complex was oxidized to the 
stable Co(III)-BTASPAP complex, the complete 
separation of Co(II)-BTASPAP and Ni(II)-BTAS- 
PAP complexes could be achieved by changing the 
HPLC separation conditions. 

For precolumn derivatization reactions, the op- 
timum conditions were 5.0 ml of acetic acid-solium 
acetate buffer (pH 3.0), 3.5 ml of 1.0 mmol 1 
BTASPAP, 1.0 ml of KIO 4 solution and 3/Lg each 
of the four metal ions per 10 ml. After the solution 
had been heated for 7 min at 70°C, all the metal 
ions complexes were stable for at least 24 h. 

The absorption spectra of the four complexes 
are shown in Fig. 1. The wavelength of maximum 
absorption for the Co(III), Ni(II), V(V) and Fe(III) 
complexes and the reagent were 570, 560, 585, 580 
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and 528 nm, respectively. A optimum wavelength 
of 565 nm was chosen for the determination. 

3.2. Chromatographic separation conditions 

3.2.1. Selection of organic solvents in mobile 
phase 

The effects of acetonitrile-water and methanol- 
water as mobile phases on the separation of Co, 
Ni, V and Fe were studied. It was found that 
acetonitrile-water was the most suitable mobile 
phase. The effect of the ratio of acetonitrile to 
water on capacity factor (k') is shown in Fig. 2. 
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O i ~ / , 
, I 
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0 .0  ~ . . . . .  
530 550  570 590 610 630 650 670  

X / n m  

Fig. 1. Absorption spectra. Derivatization conditions: 10.0 ml 
HAc-NaAc buffer (pH 3.0), 5 ml 1.0 mmol 1 - l BTASPAP, 1.0 
ml KIO4/25 ml. (1) 5.0 pg/25 ml Co(III); (2) 5.8 ,ug/25 ml 
Ni(II); (3) 5.0 pg/25 ml V(V); (4) 7.0 ,ug/25 ml Fe(III); (5) 
BTASPAP. Spectra 1 -4  measured vs. reagent blank and 5 vs. 
water blank. 
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Fig. 2. Effect of content of acetonitrile on capacity factor, k '  
(1% acetone, 0.8 mmol 1-  ~ TBABr and pH 3.0 were fixed). (1) 
Co-BTASPAP; (2) Ni-BTASPAP; (3) V-BTASPAP; (4) Fe- 
BTASPAP. Concentrat ion of metal ions = 3.5 #g/10 ml. 
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pH 

Fig. 3. Effect of pH of the mobile phase on k '  (acetonitrile-wa- 
ter-acetone (36:63:1 v/v), 0.8 mmol 1-~ TBABr, 20% HAC- 
NaAC buffer). (1) Co-BTASPAP; (2) Ni-BTASPAP; (3) 
V-BTASPAP; (4) Fe-BTASPAP. 
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I I  

9 I 
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5 m E  

3 3 
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'o ,.o 2o ;o 
TBABF / mmot l - '  

Fig. 4. Effect of the concentration of TBABr in the mobile 
phase on k '  (acetonitrile-water-acetone (36:63:1, v/v), pH 3.0 
20% HOAC-NaOaOAC buffer). (1) Co-BTASPAP; (2) Ni- 
BTASPAP; (3) V-BTASPSP; (4) Fe-BTASPAP. 

The k' values of the four metal ion complexes 
decreased gradually with increase in the content of 
acetonitrile in the mobile phase. A 1% addition of 
acetone to the mobile phase was the most favorable 
for improving the chromatographic peak shapes 
and enhancing the peak heights. Acetonitrile-ace- 
tone-water (36:1:63, v/v), separated the Co(III), 
Ni(II), V(V) and Fe(III) complexes in the least 
time. 

3.2.2. Effect of  the pH of mobile phase 
To prevent the four complexes from decompos- 

ing on the column, the mobile phase had to contain 
requisite amount of inorganic buffer. When the pH 
of the mobile phase was much lower than 3.0, it 
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would destroy the column, and if the pH was higher 
than 5.0 or lower than 3.0, the complexes would be 
unstable and decompose, with a decrease in 
chromatographic peak heights. With an increase in 
the pH of mobile phase, the k' values of the four 
metal ions only showed small changes. We examined 
the effect of the pH of the mobile phase on the 
retention volumes of the complexes only over a small 
pH range, as shown in Fig. 3. Based on the results 
we adopted pH 3.0 in subsequent work. 

3.2.3. Effect of added ion-pair reagent 
For better separation of the four metal ion 

complexes, an ion-pair reagent was added to the 
mobile phase. Three ion-pair reagents, 
tetramethylammonium bromide (TMABr), 
cetyltrimethylammonium bromide (CTMABr) and 
tetrabulylammonium bromde (TBABr) were 
examined for improving the separation of the 
complexes. The results showed that TMABr could 
not improve the separation of the chelates and the 
use of CTMABr could extend the retention times 
of the chelates. It was found that TBABr was the 

t I min 

Fig. 5. Seperation of  Co , N i - ,  V i -  and Fe BTASPAP 
complexes by HPLC under the opt imun conditions. (1) V 
BTASPAP; (2) N i - B A S P A P ;  (3) C o - B T A S P A P ;  (4) F e -  
BTASPAP. 

Table 2 
Linear regression analysis of  metal ion concentration (/tg 
ml -1)  and chromatographic peak height (mm) 

Metal ion Linear equa- Linear regression coefficient 
tion" 

Co H = 18.7[Co] 0.9978 

+ 0.079 
Ni H = 11.4[Ni] 0.9999 

+ 0.086 
V H = 22.2[V] 0.9992 

0.109 
Fe H = 8.61[Fe] 0.9916 

- 0 . 1 1 7  

~'H = peak height: [Co], [Ni], [V] and [Fe] concentrations of 
Co(III), Ni(II), V(V) and Fe(lll), respectively. 

Table 3 
Effect of  foreign ions 

Foreign ion added Amount  of  foreign 
ion tolerated (/~g) 

K +, Na +, SO 4 .C1 100000 
F , Br -  80 000 
Citrate, tartrate 45 000 
Ca 2+, Mg 2+, Ba 2+, Sr z~ 15 000 
Mo(VI), W(VI), A13+, Hg -'+ (in 1500 

presence of NH4F ) 
Cd 2~ . Pb 2+, Cr ~ ~, Nb(IV) 500 
Ta(V), Zr(IV) 500 
Zn 2~ , Cu 2 + 100 
Ti(IV) 5O 

most suitable ion-pair reagent. The k' values of the 
four complexes increased slowly with increasing 
content of TBABr, as shown in Fig. 4. The optimum 
concentration range of TBABr was 0.8--1.0 mmol 
1 i 

3.3. Separation of the Co, Ni, VandFe complexes 

The developed procedure gave excellent resolu- 
tion with sharp and symmetrical peaks of Co, Ni, 
V and Fe complexes, as shown in Fig. 5. Their 
linear regression equations and regression coeffi- 
cients are given in Table 2. The linear ranges for 
Co, Ni, V and Fe are 0-0.8, 0-1.5, 0-0.6 and 0-1.2 
/~g ml-  1, respectively and the detection limits are 
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0.3, 0.3, 0.8 and 1.0 ng, respectively (signal-to-noise 
ratio = 2). 

3.4. Effect of  foreign ions 

The potential interference of  numerous ions was 
studied by spectrophotometry. Different amounts 
of ionic species were added to a mixture of  Co, Ni, 
V and Fe containing 3 iLg/25 ml of each. The 
starting amount of  each foreign ion added was 100 
mg, and if interference occurred the amount of  the 
foreign ion were gradually reduced until 
interference ceased to occur. The tolerated limits 
were taken as the concentrations within which the 
errors caused were not greater than _+ 5% in the 
determinations. 

The tolerance limits are given in Table 3. All of 
the foreign ions in Table 3 have higher allowable 
amounts by the spectrophotometric method. In 
fact, none of the foreign ions gave a peak at 565 
nm, but they consumed more BTASPAP reagent. 

3.5. Analyses of  some standard samples 

The method was applied to the determination 
of Co, Ni, V and Fe in four standard alloys. The 
results are given in Table 4 together with the 
certified values, and demonstrate the good accura- 
cies and precisions of the results obtained with the 
procedure proposed. 
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Abstract 

A modified graphite electrode was produced by adsorption the bis(diisopropyloxythiophosphone)disulphide {(i- 
PrO-)2P(S)S-}2 under vacuum. Its electrochemical characteristics in flowing stream were described. The modified 
electrode has been used for simultaneous determination of Cu(II), Ag(I) by flow injection anodic stripping 
voltammetry. © 1997 Elsevier Science B.V. 

Ke3,words: Anodic stripping voltammetry; Chemically modified electrode; Copper; Flow injection analysis; Silver 

1. Introduction 

Chemically modified electrodes enlarge the 
scope of  electroanalytical determinations. They 
improve the selectivity and the sensitivity of  anal- 
ysis. This is due to different ligands immobilized 
on their surfaces by various methods [1-3]. Dif- 
ferent organic ligands have been used for graphite 
electrodes modification aiming at the simulta- 
neous determination of  inorganic ions (for exam- 
ple copper and silver). 

Some authors have immobilized dithiocarba- 
mate ligands on platinum and graphite electrode 
[4,5], but they have determined only copper in the 
presence of  nickel, lead and zinc. It is proposed a 
paste graphite electrode for simultaneous determi- 

* Corresponding author. 

nation of  copper and silver [6]. The poor repro- 
ducibility of  the electrode's surface is the main 
problem here. 

It is known from the literature that the organic 
ligands which have a disulphide group ( S - S - )  
extend amazingly by the selectivity of extractive 
spectrophotometrical determination of Cu(II) and 
Ag(I) [7]. Their synthesis was described for the 
first time in [8,9]. There the alkaline salts of  the 
ditiophosphonate acids are oxidized by slight oxi- 
dizers according to the equation: 

2(ROz)P(S)SK + Ox2 

= (RO)zP(S)S - S(S)P(RO)2 + 2Red (1) 

where R is alkyl or aryl. 
A modified graphite electrode produced by ad- 

sorption of bis(diisopropyldithiophosphate) 
disulfide is described. Its application to flow 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)02070-X 
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injection analysis (FIA) of metal ions is presented 
as well. 

The equipment used includes a potentiostat-gal- 
vanostat 'Bi-Pad'; a generator of lineal voltage 
'Servovit'; a recorder 'Sefram' (Tacussel, France), 
a peristaltic pump (P-1 Sweden), a flow voltam- 
metric cell (home made [10]) and an injection 
valve (home made [13]). It is important to under- 
line that the working part of the graphite elec- 
trode is of 0.6-0.8 mm diameter and its length is 
of 1.4-1.8 mm. 

The following reagents were used: potassium 
diisopropyldithiophosphate {(i-PrO)zP(S)SK} 
p.a., and bis(diisopropyloxythiophos- 
phone)disulphide {(i-PrO-)z-P(S)S-}2 which has 
been triply recrystallizated from ethyl alcohol. 
The concentration of the standard solution of 
Cu(II) and Ag(I) are of 1 g 1 - 1. All other reagents 
used were of an analytical grade (Merck). Doubly 
distilled water was used for solutions preparation 
and dilution. 

ture range the reagent was melted, the vacuum 
pump was turned on and a residual pressure of 
13.3 HPa was created. In this way the thermal 
destruction of the modifier was avoided. The 
modification was carried out for 3 h at the same 
pressure and the same temperature. The electrode 
was then taken out of the melt and left over it at 
the same temperature and pressure for 30 min for 
homogenization of the coating. 

2. Design of the analytical module 

The flow injection system, created in our labo- 
ratory, is shown in Fig. 1. The electrochemical 
characteristics of the modified electrode were 
studied on varying of the type of the flow carrier 
and its rate and the parameters of electrochemical 
apparatus. The experiments were carried out in a 
flowing stream of a solution (0.2 M KNO3/10 -3 
M HNO3). 

I.I. Procedures 

1. I. 1. Preparation of  a reagent for modification. 
It has been prepared, according to the described 

Eq. (1), by dissolving potassium diisopropy- 
ldithiophosphate in doubly distilled water and has 
been oxidized with iodine solution. In this way the 
synthesizing disulphide has been recrystallisated 
into ethyl alcohol to get a product with a purity 
p.a. which has been controlled by chromato- 
graphic analysis. 

1.I.2. Graphite electrode production. 
The graphite electrode was prepared from spec- 

troscopically pure graphite manufactured by 
Czechoslovak Ceramics Corporation, Praha, 
Czehia. The electrode's body was shaped to fit the 
dimensions pointed above by metal cutting ma- 
chine and then glued to plastic holder. 

I. 1.3. Electrode modification. 
The prepared electrode was placed in a vacuum 

vessel where a definite amount of the modifying 
reagent had been initially introduced. The system 
was then sealed and put into a water bath which 
was heated up to T=  90-95°C. At this tempera- 

3. Results and discussion 

Cyclic voltammetry has been applied Fig. 2 
shows cyclic voltammograms of graphite elec- 
trodes modified in different ways. 

The electrode modified under vacuum (curve 1) 
is characterized by the widest working range ( -  
0.6- + 0.7 V) and the least residual current. It can 
be used for quantitative determination of ions of 
the precious metals because their anodic peaks 
appear in this range of potentials. The modified 
reagent favours the electrode's properties (curve 
1) by decreasing the value of the residual current 

I . . . . .  I 

J I °uttp~| ,~9 s 2 

Fig. 1. Flow injection system. (1) Flow carrier; (2) peristaltic 
pump; (3) pulse damping system; (4) injection valve; (5) 
flowthrough cell, (6) potentiostat-galvanostat, (7) recorder; (8) 
reference electrode (SCE); (9) auxiliary electrode--platinum 
spiral; and (10) working electrode--MGE. 
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07 2 3 

0.7 ~ 1  ~ O. lv..~2 V 

Fig. 2. Polarization curves for graphite electrode. (1) Graphite 
electrode modified under vacuum; (2) modified by dipping in a 
melt of the reagent; (3) modified by glycerine solution of the 
reagent; (4) pure graphite electrode in a flow carrier 0.2 m 
KNO3; and (5) a graphite electrode modified in vacuum, in a 
flow carrier 0.1 M HNO3; flow rate 1.3 ml min 1; linear 
sweep potential rate 1 V min-r 

when compared with that of  a pure graphite 
electrode (curve 4). Curve 5 corresponds to a 
graphite electrode modified under vacuum, but 
the flow carrier used is 0.1 M H N O  3. Curve 5 
shows also that the cathodic range becomes more 
narrow which is due to the disulfide reduction in 
presence of H +. 

3.1. Selectivi ty and sensitivity 

The electrochemical behaviour of  bis(diiso- 
propyloxythiophosphone)disulphide {(i-PrO- 
)2P(S)S-}2 on a mercury dropping electrode was 
described in detail [11]. It is reasonable to assume 
that the disulphide immobilized of the graphite 
electrode will have the same behaviour in the 
process of  the electrochemical analysis in accor- 
dance with the following scheme: 

{(i-PrO)2P(S)S}2ads + 2e = 2{(i-PrO)zP(S)S-}~ds 
(2) 

2{(i-PrO-)zP(S)S }~ds + Me"+ 

= 2 { (i-PrO)2P(S)S } Meads (3) 

{(i-PrO-)2P(S)S} Meads -- 2e 

= Me ''~ + {(i-PrO-)2P(S)S-}z,ds (4) 

The capabilities of  modified graphite electrode 
(MGE) in respect to its sensitivity and selectivity, 
under the conditions of  the flow injection analysis 
by anodic stripping vol tammetry were tested by 
injections of  samples containing the metal ions of  
interest. The results of  those determinations are 
shown in Fig. 3. 

Curves 1 and 2 show the sensitivity of  a 
modified and unmodified graphite electrodes, re- 
spectively in the anodic stripping vol tammetry 
analysis of  the mercury ions present in the sample. 
The difference sensitivity in this is obvious. The 
modified electrode's sensitivity is two and a half 
times that of  the unmodified electrode under the 
same experimental conditions. It is due to the 
complexation effect of  the modifier which pro- 
vides a stronger analytical signal than that ob- 
served at the unmodified graphite electrode. 
Curve 3, in the same figure can be treated as an 
anodic stripping voltammetric characteristics ob- 
tained on the oxidation of the products deposited 
upon the M G E  during the electrolysis of  the 
sample solution containing copper and silver ions. 
The two well outlined peaks, at potentials of  
- 0 . 2 3  V for copper and - 0 . 0 9  V for silver, 
coincide with values for the single peaks of  copper 
or silver ions, correspondingly on the same M G E  
under identical experimental conditions. Curve 4 
refers to the oxidation of the products deposited 
on the unmodified graphite electrode during the 
electrolysis of  the sample containing copper and 
silver ions. An intensive peak with a maximum at 
a potential of  - 0 . 2  V is observed here. This 
intermediate value indicates that the separation 
under the conditions of  FIA ASV is impossible. It 
follows that the modified graphite electrode shows 
a high selectivity towards this couple and a joint 
determination of both elements is possible. Thus, 
it can be used for quantitative analysis. 

1 ~ - 0 . 5  / / ] . 0 . 5  
2 -O'~ 3 0 - z 2 7  .5 

30 . 0. 
3 

O. 12V 

Fig. 3. ASV polarization curves of graphite electrodes. Ed~ p 
--0.5 V; Carrier flow rate {0.2 M KNO3/10 3 M HNO3}-0, 
13 ml rain- t; sample volume injected--- 800 lal: tde p 10 rain: 
concentration of the elements, l ppm. 



752 Z.L Denchev et al./Talanta 44 (1997) 749 753 

2.5 

2.0 

1.5 

1.0 

0.5 

Ag 

I I P I I I I I_ I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1,0 1.1 Vfml.min "l 

F i g .  4. D e p e n d e n c e  o f  s t r i p p i n g  p e a k  o n  f l o w  r a t e  o f  c o p p e r  

and silver. Edep= --0.5 V; tdep= 10 rain; sv=800 ~1; VE= 
33.3 rnV rain ~; flow carrier--0.2 M KNO3/10 3 M H N O 3 ;  

concentration of analyzed ions 1 ppm. 

3. I. 1. Optimization parameters of  the FIA by 
modified graphite electrode 

The basic parameters which may be optimized 
allow to find the most suitable conditions for a 
quantitative analysis. The analytical signal de- 
pending on the flow carrier rate should be fol- 
lowed. Fig. 4 shows analytical signals at different 
flow carrier rates. 

The analytical signal is optimal for both ana- 
lyzed cations at low flow carrier rates (0.10 0.25 
ml min ~). The reasons for the signal decrease 
with the flow carrier rate increase, is explained in 
the following way. The amount of  the electrolysis 
products decreases practically with the increase of  
the flow rate because most of it is carried away by 
the flow prior to the electrolysis itself. Another 
factor of  the FIA is the analytical signal depen- 
dence on the injection sample volume. For  the 
anodic stripping voltammetric analysis the sample 
volume which will be injected in to the system 
depends on the analyte concentration, flow carrier 
rate and the time of electrolysis. For  our determi- 
nations the injection sample volume is between 
800 and 1000 pl the deposition time is of  10 min, 
the electrolysis potential is of  - 0 . 5  V, flow car- 
rier rate is of  0.13 ml min-1 ,  linear sweep rate is 
of 33.3 mV s 

The range used was determinated in the follow- 
ing way: a series of standard solutions containing 

both of the analyzed ions with different concen- 
trations (0.10, 0.25, 0.50, 0.75 and 1 ppm) were 
prepared. The volume of the sample injected was 
800 pl, the flow carrier rate (0.2 M KNO3/10- 3 
M HNO3) was kept constant at 0.13 ml min 1 so 
that the electrolysis time was within of  10 rain and 
the deposition potential was - 0.5 V (SCE). After 
this period the flow carrier rate was increased to 
1.3 ml rain ~ and the linear sweep potential with 
rate of 33,3 mV s J was performed. The obtained 
anodic peaks are in the interval from - 0.5 to 0.7 
V. Their height was measured in [aA and the 
dependence of the current on the analyzed ele- 
ments concentration was followed. From time to 
time an empty sample solution was injected to the 
system aiming at the elimination of the hindering 
effect. Each analysis was carried out five times. 
Then the data for the calibration line were treated 
statistically [12]. The obtaining correlation coeffi- 
cients of  both curves are r = 0.999 for the copper 
and r = 0.998 for the silver. The equations of each 
line a r e  ip = 0.044 + 3.42 Ccu and ip = 0.022 + 
2.20 CAg, respectively L.O.D.cu = 0.05 ppm and 
L.O.D.Ag = 0.06 ppm. 

Application of  modified graphite electrode to 
flow injection stripping voltammetry analysis of 
synthetic mixtures, containing copper and silver 
ions. 

The synthetic mixture analysis was carried out 
in the following way. Three samples of different 
contents of  side ions were prepared from an initial 
standard solution which had a concentration of 
l g l  - I .  

The modified graphite electrode was inserted 
into the flow cell, the flow carrier was started 
(0.13 ml rain-1 rate) and the cyclic voltam- 
mogram in the interval from - 0 . 6  to 0.7 V was 
recorded. Then the indicator electrode potential 
was reduced to - 0 . 5  V, the sample solution was 
injected and electrolysis was conducted for 10 
rain. After the corresponding deposition time lin- 
ear sweep potential with a rate of 33.3 mV s 
was applied. The anodic peaks recorded were 
measured in pA and the analyzed ions concentra- 
tion was found from the calibration plot. The 
results are given in Table 1. 

The hindering elements studied were selected 
because they could deposit and give respective 
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Table 1 
A FI ASV with MGE of synthetic mixture containing 250 ppb silver ions and 250 ppb copper ions (n = 5: P - 95%) 

753 

Added Silver Copper 

x +_ t~ S r RSD% x :% t~ S, RSD% 

TI, In, Sn, Bi, Pb, Cd 
10 ppm from each elements 
20 ppm from each elements 
30 ppm from each elements 

250 _+ 10.3 4.2 1.7 250 + 8.7 3.5 1.4 
250 + 16.5 6.7 2.7 250 + 10.3 4.2 I.(~ 
250 _+ 17.0 6.8 2.7 250 _+ 13.1 5.3 2. I 

peaks in the potent ia l  range of interest. Table  1 
shows that  the modified graphite electrode did not  
react with them and  therefore bo th  metal  ions can 
be s imul taneously  de termined in their presence. 

The modified graphite electrode was tested in the 

de te rmina t ion  of  silver ions content  in shampoos,  
The results are compared  with the data  from 
emission spectral analysis with inductively couple 
p l a s m a - - T a b l e  2. 

It is seen from Table  2 that  bo th  methods  have 
one and  the same precision and  reproducibil i ty.  

4. Conclusion 

A modified graphite electrode was prepared 

using a new reagent bis(di isopropyloxytiophos-  
phone)disulphide.  A method  for its modif icat ion 
by heat t rea tment  under  vacuum was applied. A 
firm, homogeneous  film of a modifier was ob- 
tained on the graphite surface. The advantages  of  

the modified electrode when compared  with the 
unmodif ied one, in respect to its electrochemical 

characteristics and  behaviour  towards the cop- 
per silver couple were shown. The modified 

Table 2 
An analysis of shampoo for silver content (n = 5) 

Sample FI-ASV ICP-AE 

ppm RSD% ppm RSD% 

Ch 20 Ag 4.48 8.87 4.66 8.20 
G 20 Ag 3.99 4.00 4.17 4.28 

graphite electrode was used for champoo  analysis 
and the results obta ined  were compared  with 

those from ICP-AE.  
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Abstract 

Solubility of nickel(II), copper(II), and chromium(III) hexafluoroacetylacetone and chromium(Ill) acetylacetone 
chelates was measured in supercritical CO2 at two different pressures (200 and 400 arm) and 60°C. Solubility of 
fluorinated acetylacetone chelates was at least an order of magnitude higher than the non-fluorinated complexes. 
These pre-formed metal chelates as well metal diethyldithiocarbamate (DDC) and metal bis(trifl- 
uoroethyl)dithiocarbamate (FDDC) have also been extracted from aqueous environment using pure supercritical 
CO2. It was demonstrated that metal HFA chelates while exhibiting higher solubility in supercritical CO2 compared 
with metal FDDC chelates, exhibited lower extraction efficiency using the same extraction conditions. This behavior 
of metal HFA chelates is related to their stability in an aqueous environment. Direct extraction of Ni + 2 and Cu + 2 
from an aqueous matrix was also achieved via in-situ chelation using diethyldithiocarbamate and bis(trifl- 
uoroethyl)dithiocarbamate as the ligands. Bis(trifluoroethyl)dithiocarbamate proved to be a more effective ligand for 
direct extraction of metal ions from aqueous environment using supercritical CO 2. © 1997 Elsevier Science B.V. 

Keywords: Aqueous environment; Extraction; Metal chelates; Solubility; Supercritical CO2 

1. Introduction 

Metal ions and metal-ligand complexes are usu- 
ally extracted from liquid matrices via formation 
of a neutral chelate combined with solvent extrac- 
tion [1]. After complexation using a suitable lig- 
and, toxic organic solvents are required to extract 
the complex. The toxic organic solvent, often in 
relatively large volume, usually causes a haz- 

* Corresponding author. Fax: + 1 540 2313327. 

ardous environment in terms of both solvent han- 
dling and solvent disposal. 

Supercritical fluids have become an alternate 
solvent for extractions in the past decade. The 
high diffusivity, low viscosity and variable solvent 
strength as a function of density (P, T) are some 
of the attractive features of  supercritical fluids [2]. 
Extraction of hydrated metal ions using pure su- 
percritical CO 2 is not feasible due to the weak 
interaction of ionic solute and non-polar fluid [3]. 
However, metal ion extractions can be obtained 
via binding of the positive metal ion to an anionic 

0039-9140/97/$1700 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02075-9 
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organic ligand which forms a stable neutral metal 
complex provided the metal complex exhibits rea- 
sonable solubility in supercritical CO2. 

The literature regarding solubility of  metal 
chelates in supercritical CO 2 is very limited. Re- 
cently, Wai et al. [4,5] measured the solubility of  
different metal (Ni + 2, Co + 3, Cu + 2, Na +, Bi + 3, 
and Hg +2) diethyldithiocarbamate (DDC) and 
bis(trifluoroethyl)dithiocarbamate (FDDC) 
chelates in supercritical C02. It was demonstrated 
that metal F D D C  chelates have approximately 
2 - 3  orders of magnitude higher solubility than 
metal DDC chelates in supercritical CO2. Also it 
was demonstrated that the solubility of  
Cu(FDDC)2 increased significantly as the density 
of  the supercritical CO2 increased at constant 
temperature [4]. They also measured solubility of 
Hg(FDDC)2 and Hg(DDC)2 in methanol 
modified CO2. It was demonstrated that 5% 
methanol modified CO 2 enhanced the solubility of  
Hg(FDDC)2 and Hg(DDC)2 by an order of  mag- 
nitude [5]. 

Knowing this information, Laintz et al. [6] were 
able to extract quantitatively Cu + 2 ion from both 
a solid sorbent and an aqueous matrix using 
supercritical CO2 saturated with L iFDDC as a 
chelating agent. Extraction efficiency of  Cu + 2 ion 
from both matrices was greater than 95% at den- 
sity above 0.35 g/ml and 35°C. The same group 
also reported extraction of  other divalent and 
trivalent metal ions from aqueous and solid ma- 
trices. Extraction efficiencies of greater than 90% 
were reported for Cd + 2, Pb + 2, Pd + 2, Zn + 2, As + 
3, Au + 3, Ga + 3 and Sb + 3 from sand and filter 
paper using L iFDDC ligand [9]. Similar recovery 
was also obtained for extraction of Cd + 2, Pb + 2 
and Zn + 2 from aqueous solution [9]. Wai et al. 
have reported [5] extraction of  mercuric ion (Hg + 
2) from cellulose-based filter paper using 
L iFDDC as a chelating agent. Extraction effi- 
ciency of Hg + 2 was less than 12% from the dry 
filter paper. The low extraction efficiency of  mer- 
cury ion was reportedly due to strong interaction 
of  Hg + 2 with the cellulose matrix. However, by 
addition of  a small amount  of water (10 ~tl) 
directly to the matrix, extraction efficiency of  
mercury increased to 84%. When using 5% 
methanol modified CO2, the extraction efficiency 

of  Hg +2 was increased from 84 to 95%. This 
increase in extraction efficiency was mostly due to 
enhanced interaction between the solute and the 
modified solvent. 

Extraction of similar heavy metals from differ- 
ent matrices has been achieved using again super- 
critical CO2 saturated with LiFDDC. Liu et al. [8] 
reported extraction of  Co +3, Cd +2, Zn +2 and 
Cu +2 from solid matrices (sand, soil and filter 
paper). Recovery of  ions ranged from 70 to 100%. 
They reported that metal impurities in the stain- 
less steel extraction vessel can form a metal 
chelate with the ligand and positively affect per- 
cent recovery of  analytes. They suggested using a 
non-metal containing apparatus such as polyether 
ether ketone (PEEK). Recently Wang et al. [10] 
used different dithiocarbamates such as tetrabuty- 
lammonium dibutyldithiocarbamate (TDBDTC), 
tetrabutylammonium diethyldithiocarbamate 
(TDEDTC),  sodium diethyldithiocarbamate 
[Na(DEDTC)] and ammonium pyrollidinecarba- 
mate (APDTC) ligands for in-situ chelation and 
SFE of  Zn + 2, Cd + z and Pb + 2 from aqueous 
media. It was demonstrated that extraction effi- 
ciency of  Zn-DBDTC is much greater than Zn- 
D ED TC or Zn-PDTC. The high extraction 
efficiency of  Zn-DBDTC was related to the high 
solubility of the chelate. Solubility ratios of  Zn- 
DBDTC/Zn-DEDTC and Zn-SDDTC/Zn-  
PDTCin SF CO2 were measured to be 20 and 139, 
respectively. 

Beside dithiocarbamates, other ligands such as 
tetra-butyl-substituted dibenzobistriazolo-crown 
ether have been used for extraction of  similar 
heavy metal ions (Cd +2, Co +3, Pb +2, Ni +2, 
Mn +2, Au +3 and Zn +2) from sand and filter 
paper [7]. Extraction efficiency of  most metal ions, 
except Au + 3, from wet matrices was less than 4% 
using 5% methanol modified CO2. The efficiency 
of  extracted Au + 3 from wet filter paper using 5% 
methanol modified CO 2 was 79%. Bistriazol- 
crown ether was also used for extraction of  Hg + 2 
[7]. It was demonstrated that 5% methanol 
modified CO2 saturated with a bistriazol-crown 
ether can extract only 78% of Hg +2 from sand, 
while the same fluid after addition of 10 ~tl water 
to the sample improved extraction efficiency to 
more than 95%. 
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The objective of our study was first to mea- 
sure solubility of different metal acetylacetone 
and metal hexafluoroacetylacetone complexes in 
supercritical CO2. Second, obtain extraction effi- 
ciency of different pre-formed metal acetylace- 
tone, metal hexafluoroacetylacetone, metal 
diethyldithiocarbamate, and metal bis(trifl- 
uoroethyl)dithiocarbamate chelates from an 
aqueous environment using pure CO2. No re- 
sults have been reported regarding solubility or 
extraction efficiency of Cr + 3, Ni + 2, and Cu + 2 
acetylacetone or hexafluoroacetylactone chelates 
from an aqueous environment using supercritical 
CO2. Finally we were interested to learn if metal 
ions (Ni +-~, and Cu +2) could be extracted from 
an aqueous environment via in-situ chelation us- 
ing supercritical CO2. 

2. Experimental 

2.1. Apparatus 

A Suprex (Pittsburgh, PA) Prepmaster 
equipped with an Accutrap TM, variable flow re- 
strictor, and a 10 ml extraction vessel modified 
for use with aqueous samples [11-13] was used 
for all extractions. The stainless steel frits which 
were part of the fitting seals were removed in 
order that 1/16 inch stainless steel tubing (0.01 
inch i.d.) could pass through either end of the 
vessel. The stainless tubing inserted through the 
top of the vessel extended to within 1 cm of the 
bottom, and vice versa. Standard 1/16 inch 
fittings and ferrules (Valco, Houston, TX) were 
used to obtain reliable seals. 

A Suprex 200A supercritical fluid chromato- 
graphic pump, Waters (Milford, MA) 6000 high 
performance liquid chromatographic pump, a 
Micropump (Concord, CA) recirculating pump, 
a 6 port-2 position valve, a 4 port-2 position 
valve, and Kratos Spectroflow 757 UV ab- 
sorbance detector were used for all on-line solu- 
bility measurement. A 0.5 ml stainless steel 
extraction vessel was used for solubility determi- 
nation. 

2.2. Reagents 

Bis(acetylacetonato)nickel(II) Ni(AcAc)2, 
tris(acetylacetonato)chromium(III) Cr(AcAc)3, 
bis(acetylacetonato)copper(II) Cu(AcAc)2, 
bis(hexafluoroacetylacetonato)nickel(II) Ni(- 
HFA)2, bis(hexafluoroacetylacetonato)copper(I I) 
Cu(HFA)2, copper nitrate hydrate, chromium ni- 
trate hydrate, nickel nitrate hydrate, and sodium 
diethyldithiocarbamate (NaDDC) were pur- 
chased from Aldrich (Milwaukee, WI). Lithium 
bis(trifluoroethyl)dithiocarbamate (LiFDDC) was 
prepared according to a procedure outlined in 
the literature [14]. Bis(diethyldithiocarbam- 
ato)nickel(II) Ni(DDC)2, bis(diethyldithiocar- 
bamato)copper(II) (Cu(DDC)2, and 
bis(bis(trifluoroethyl)dithiocarbamato)nickel(II) 
Ni(FDDC)2 and bis(bis(trifl- 
uoroethyl)dithiocarbamato)copper(II) 
Cu(FDDC)2 were synthesized according to a 
procedure outlined in the literature [6]. HPLC 
grade methanol and chloroform were purchased 
from EM Science (Gibbstown, N J). SFE/SFC 
grade CO2 (helium head pressure) was used for 
both supercritical fluid extraction and solubility 
studies and was obtained from Air Products and 
Chemical Co. (Allentown, PAL 

2.3. Solubility measurement  apparatus 

Fig. 1 shows the apparatus and positions of 
valves at each step for measuring solubility of 
organic and inorganic compounds under super- 
critical conditions. In each measurement, the 0.5 
ml extraction vessel was filled with metal 
chelate. Next, the system was pressurized to 200 
atm using pure CO2. After pressurization of the 
system, the three way valve was closed and the 
recirculating pump was activated (A). The func- 
tion of the recirculating pump was to ensure 
complete saturation of supercritical fluid with 
the chelate of interest. After 30 rain of equili- 
bration, the 4 port-2 position valve with 1 gl 
sample loop was rotated such that the solubi- 
lized chelate in supercritical CO2 was directed 
from the 1 gl loop to the liquid chromato- 
graphic (LC) system (B). The LC flow then 
washed the chelate from the injection loop 
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Fig. 1. Schematic diagram of apparatus for measuring solubility of inorganic compound in supercritical fluid. 

through the column to a multi-wavelength UV 
absorbance detector operated at 280 nm for AcAc 
and HF A complexes and at 416 nm for DDC and 
FDDC complexes. By employing a second valve 
(6 port-2 position valve), a stream of carbon 
dioxide could then be passed through the sample 
loop to remove the chromatographic mobile 
phase from the loop, thus avoiding modification 
of  supercritical fluid composition (C). Next, the 4 
port-2 position valve was rotated to the load 
position and the procedure was repeated (D). 
Replicate determinations were made on each 
metal chelate to ensure reproducibility of  the sys- 
tem. After measurement of analyte solubility at 
200 atm, the system was pressurized to 400 atm 
and the same experiments were repeated. 

2.4. SFE procedure 

For  each extraction, 5 ml of  distilled water was 
added directly to the modified extraction vessel. 
Next, 200 gl of  individual metal chelate standard 
with a concentration range of 15-22 gg gl ~ was 
spiked directly in to the distilled water. The sys- 
tem was operated at either 200 or 400 atm and 
60°C for  10 min static and 30 min dynamic period 
using pure supercritical CO2 at flow of 2 ml 
min ~. For  studies of in-situ chelation, 200 ~tl of 
metal salt standard with a concentration range of 
6 -8  gg gl was spiked into the vessel containing 5 
ml of distilled water saturated with chloroform 
followed by addition of  excess chelating ligand. 
The sample was then extracted under the same 
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Table 1 
Solubility of different metal fl-diketone and metal dithiocarbamate chelates in supercritical CO2 at different conditions 

Chelate Mole 1 1, 200 atm, 60°C Mole 1-1, 400 atm, 60°C aMole 1 1, 100 or 150 atm, 60°C 

Ni (HFA)  2 
Cu(HFA)2 
Cr (HFA)  3 
Cr(AcAc) 3 
N a ( F D D C )  
N a ( D D C )  
C u ( F D D C ) 2  
Cu(DDC)2  
N i ( F D D C ) 2  
Ni (DDC)2  
C o ( F D D C ) 3  
Co(DDC)3  
Bi(FDDC)3 
Bi(DDC)3 
H g ( F D D C ) 2  
Hg(DDC)2  

( 8 . 0 ± 0 . 1 ) ×  10 -3  
(8.7 ± 0.2) x 10 -2  

> 8 . 0 ×  10 -2  
(2.0_+ 0.04) x 10 3 

(9.9 + 0.2) x 10 3 
(8.5 ± 0 . 1 ) x  10 -2  

> 8 . 2 x  10 -2 

(3.5 ± 0.2) x 10 -~ 
(4.7 + 0.3) x 10 4 
(1.5 -- 0 .1 )x  10 -4  
( 9 . 1 + 0 . 3 ) × 1 0  4 
(1.1 +0 .2 )  x 10 6 
(7.2_+ 1.0) x l 0  4 
(8 .5_+1.0)×10 7 
(8.0 _+ 0.6) x 10 4 

(2.4 ± 0.4) x 10 ~' 
(7.3 -+ t.0) x 10 4 
(9.0 -+ 0.6) x 10 6 
(5.0 + 0.4) x 10 3, 

(8.2 + 0.6) x 10 o, 

a F rom Ref. [4,5]. 
*Pressure 150 atm. 

conditions specified previously. The extracts were 
then collected in 5 ml of a 50/50 mixture of 
methylene chloride/methanol at ambient tempera- 
ture. The analysis of the sample extracts for each 
metal was performed by atomic absorption spec- 
troscopy (using either a nitrous oxide or acetylene 
flame) by REIC Laboratory (Beaver, WV). 

3. Results and discussions 

3. I. Solubility measurements 

Solubility of Ni(HFA)2, Cu(HFA)2, Cr(HFA)3, 
and Cr(AcAc)3 was determined using the appara- 
tus described in the Section 2. Table 1 shows the 
solubility of each analyte in CO2 at 200 and 400 
atm and 60°C. Due to low solubility of Cu(A- 
cAc)2  and Ni(AcAc)2 in supercritical CO2 and 
their poor chromatographic behavior [15], solubil- 
ity measurements of these chelates via our system 
were not feasible. Even, increasing pressure from 
200 to 400 atm did not drastically effect solubility 
of Ni(AcAch or  C u ( A c A c ) 2 .  It is important to 

note here that solubility of Cr(HFA)3 in supercrit- 
ical CO2 was very high. It is believed that during 
our solubility measurement saturation of fluid was 

not achieved (due to limited mass of Cr(HFA)3) 
since no chelate remained in the extraction vessel 
upon completion of the experiment. Therefore it 
is expected that solubility of Cr(HFAh is greater 
than or equal to that reported here. The solubility 
of Cr(HFA) 3 in pure CO2 at either 200 or 400 atm 
was at least an order of magnitude higher than 
the corresponding non-fluorinated complex. Also 
results showed that solubility of all metal HFA 
chelates was at least two order of magnitude 
higher than solubility of those metal FDDC 
chelates (Ni(FDDC)2, Cu(FDDC)2, Co(FDDC)3, 
NaFDDC, Bi(FDDC)3, and Hg(FDDC)2) re- 
ported previously by Wai et al. [4,5]. 

Table 2 
Percent recovery of different metal acetylacetone complexes 
from an aqueous environment using supercritical CO2. Extrac- 
tion period: 10 min static and 30 rain dynamic with flow of 2 
ml min-  

Metal complex % Recovery, 200 % Recovery. 400 atm 
atm 

Ni(AcAc)2 2 (55) a 1.5 (3) 
Cu(AcAc)2 12 (66) 9 (18) 
Cr(AcAc) 3 66 (10) 82 (1) 

Extraction temperature: 60°C. 
a %  R S D  for triplicate extractions are noted in parentheses. 



760 M. Ashraf-Khorassani et al. / Talanta 44 (1997) 755- 763 

3.2. Recovery of metal acetylacetone complexes 
from water 

Extraction efficiency of  Ni + 2, Cu + 2, and Cr + 3 
acetylacetone complexes from an aqueous matrix 
was obtained at two different pressures (200 and 
400 atm) at 60°C. Table 2 shows the recovery of 
each analyte at the different pressures. Recovery 
of  Ni(AcAc)2 from water at either 200 or 400 atm 
was less than 2%, while recovery of  Cu(AcAc)2 
from water using the same extraction conditions 
was less than 12%. The low recoveries and poor  
precision in extraction efficiency of  chelates can 
be explained by either the low solubility of  metal 
chelates in supercritical CO2 or changes in compo- 
sition of  the chelates at low pH's caused by CO2 
passing through water thus producing carbonic 
acid. Hedrick et al. have demonstrated extraction 
of phenols and organic bases from aqueous ma- 
trices. They observed strong interaction of basic 
compounds with aqueous acidic matrices [16-18]. 
Similar results were reported by Combs et al. [13] 
on a series of phenols in buffered aqueous solu- 
tions. Ni(AcAc)2 and Cu(AcAc)2 are known as 
kinetically labile complexes. Therefore, it is possi- 
ble that these labile complexes lose one of  the 
anionic ligands bonded to the metal and which 
makes the resulting cationic complex less ex- 
tractable in supercritical CO2 as shown below. 

[MLn]°'~L + [ML~n _ l)] + 

Recovery of  Cr(AcAc)3 increased from 66 to 
82% by increasing COz pressure from 200 to 400 
atm. The Cr(AcAc)3 exhibited higher solubility in 
supercritical CO2 compared with Ni(AcAc)2 and 
Cu(AcAc)2, thus, accounting for the higher ex- 
traction efficiency from an aqueous environment. 
Also, Cr(AcAc)3 is known as a kinetically inert 
complex which means that the complex is not 
prone to hydrolysis or ligand displacement. 

3.3, Recovery of metal hexafluoroacetylacetone 
complexes from water 

Table 3 shows the extraction efficiency of  Ni(- 
HFA)2, Cu(HFA)2, and Cr(HFA)3 samples from 
an aqueous environment. Percent recovery of  Ni(- 
HFA) 2 at either 200 or 400 atm was less than 

Table 3 
Percent recovery of different metal hexafluoroacetylacetone 
complexes from aqueous environment at different pressures 
using supercritical CO, 

Metal complex % Recovery, 200 % Recovery, 400 atm 
atm 

Ni(HFA)2 6.4 (35) a 11 (40) 
Cu(HFA)2 49 (1) 51 (9) 
Cr(HFA)3 61 (10) 52 (9) 

Extraction conditions: same as Table 2. 
"% RSD for triplicate extractions are noted in parentheses. 

12%. Recovery of  Cu(HFA)2 and Cr(HFA)3, 
however, increased to above 50% at both pres- 
sures. The higher percent recovery of HFA com- 
plexes, compared with AcAc complexes, is due to 
enhanced solubility of fluorinated complex com- 
pared with non-fluorinated complex in supercriti- 
cal CO2. It was expected that full recovery of all 
chelates from water could be obtained since all of  
the H F A  complexes in this study exhibited high 
solubility in supercritical CO2. However, it was 
concluded from our solubility measurement and 
extraction efficiency results that the stability of 
these complexes was very much dependent on the 
extraction environment. It is believed that car- 
bonic acid produced during the extraction pro- 
motes partial dissociation of the H F A  complexes 
to yield less soluble species via acid catalyzed 
hydrolysis. Similar factors may have also caused 
poor  precision in the extraction recovery. Further 
studies are being pursued to show these effects. 

3.4. Recovery of metal diethyldithiocarbamates 
from water 

The results from extraction of both pre-formed 
Ni(DDC)2 and Cu(DDC)2 chelates from an 
aqueous environment and the recovery of Ni + 2 
and Cu +2 from an aqueous matrix by in-situ 
chelation using supercritical CO2 under various 
conditions are given in Table 4. Extraction effi- 
ciency of  Ni(DDC)2 from water after 30 min at 
both pressures was 5.9 and 8.4% respectively, 
which was lower than the extraction efficiency of  
Cu(DDC)2 using the same extraction conditions 
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(e.g., 10% at 200 atm and 38% at 400 atm). The 
low recovery and poor precision in the extraction 
efficiency of metal DDC complexes from water 
can be explained by the low solubility of DDC 
chelates in supercritical CO 2. Ni(DDC)2 and 
Cu(DDC)2 possess solubility of 8.5 x 10-7 and 
1.1 x 10- 6, M respectively, in supercritical CO2 at 
100 atm and 50°C [4]. The higher extraction effi- 
ciency of Cu(DDC)2 maybe due to its higher 
solubility in supercritical CO2. A stepwise extrac- 
tion for 120 min of Cu(DDC)2 and Ni(DDC)2 
chelates spiked separately into water is shown in 
Fig. 2. The profiles obtained for the extraction of 
Cu(DDC)2 and Ni(DDC)2 suggest a solubility 
limited process. Therefore, an extended extraction 
time was deemed necessary to achieve a quantita- 
tive extraction of these chelates. 

Similar results were obtained when excess DDC 
ligand was added to the water for direct in-situ 
chelation and extraction of Ni + 2 and Cu + 2. Ex- 
traction efficiencies of Ni + 2 and Cu + 2 via in-situ 
chelation were less than 20% after 30 rain of 
extraction (Table 4). A stepwise extraction profile 
of both Ni(DDC)2 and Cu(DDC)2 , at 400 arm 
and 60°C, formed by in-situ chelation can be 
observed in Fig. 3. Total extraction of each in-situ 
chelate after 120 min equalled 48% for Ni(DDC)2 
and 42'70 for Cu(DDC)2, while total recovery of 
spiked pre-formed Cu(DDC)2 from water after 90 
min was 109%. The lower recovery and poor 
precision in the supercritical CO 2 extraction of 
Ni(DDC)2 and Cu(DDC) 2, obtained by in-situ 

120 

~, loo 

80 > 

6o 

20 

6 0 ,  

~' so 
4o 

o 
30  

iv' 2O 

o 

Table 4 
Percent recovery of  Ni(DDC)2 and Cu(DDC)2 pre-formed 
complexes and Ni +2 and Cu +2 via in-situ chelation from 
aqueous environment using supercritical CO2 S0 - 

40 -  
Metal DDC % Recovery, 200 % Recovery, 400 atm 

atm >o 30 

~, 20-  
Ni(DDC) 2 6 (97) a 8 (37) .-e 10 
Ni(DDC) 2, in- - 11 (18) 

situ 0 

Cu(DDC) 2 10 (26) 38 (6) 
Cu(DDC)> in- 5.6 (35) 20 (20) 

situ 

No measurement  was obtained. 
'~ % RSD for triplicate extractions are noted in parentheses. 
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Fig. 2. Extraction profile for Cu(DDC)2 and Ni(DDC)2 com- 
plexes spiked separately into the water. Extraction conditions: 
400 atm, 60°C, 2 ml m i n -  ~ liquid CO2, 

chelation can be explained by the fact that di- 
ethyldithiocarbamate ligand may decompose to 
produce CS2 at low pH's. Our previous studies 
have demonstrated that the pH of aqueous solu- 
tions can easily drop to below 4 by continuous 
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Fig. 3. Extraction profile for Cu + 2 (A) and Ni + 2 (B) ions via 
DDC in-situ chelation from water. Extraction conditions: 400 
atm, 60°C, 2 ml rain ~ liquid CO,. 
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Table 5 
Percent recovery Ni(FDDC)2 and Cu(FDDC)2 pre-formed 
complexes and Ni +2 and Cu +2 via in-situ chelation from an 
aqueous environment using supercritical CO2 

Metal F D D C  % Recovery, 200 % Recovery, 400 
atm atm 

Ni(FDDC)2 93 (7) a 103 (9) 
Ni(FDDC)2, in- - -  101 b 

situ 
Cu(FDDC)2 95 (6) 94 (8) 
Cu(FDDC)2,  in- - -  90 b 

situ 

- - N o  measurement  was obtained. 
*% RSD for triplicate extractions are noted in parentheses. 

b Only two measurements  were obtained due to limited mass  
of  ligand. 

bubbling of SF CO2 through water [13]. Thus, if 
a large portion of the ligand in solution has 
decomposed during extraction, quantitative re- 
covery of metal ion will not be possible since all 
metal ion would have not been fully chelated. 
As evidence for decomposition of DDC, a 
strong odor of CS2 was noticed during extrac- 
tion. 

3.5. Recovery of bis(trifluoroethyl)dithiocarbamate 
complexes from water 

Table 5 shows the recovery of both pre- 
formed metal FDDC complexes and Ni +2 and 
Cu + 2 via in-situ chelation from water. Quantita- 
tive recovery of both pre-formed Ni(FDDC)2 
and Cu(FDDC)2 at both 200 and 400 atm and 
60°C was obtained. The increased metal com- 
plex solubility allowed quantitative recovery to 
occur in a short time period. Laintz et al. [6] 
have reported similar results. They concluded 
that high extraction efficiency of metal FDDC 
was related to large solubility of metal FDDC 
complexes in supercritical CO2 and their high 
formation constant. In-situ chelation studies 
were performed by adding excess FDDC ligand 
directly to the aqueous extraction vessel contain- 
ing Ni ÷2 or Cu +2. After 30 min of extraction 
at either 200 or 400 atm, quantitative recovery 

of the metals was obtained. It was demonstrated 
that bis(trifluoroethyl)dithiocarbamate is the 
most effective ligand tested in this study for ex- 
traction of Ni +2 or Cu +2 from water. Unlike 
extraction of metal ions via in-situ chelation us- 
ing DDC as a ligand, no decomposition of 
FDDC occurred during in-situ chelation of 
metal ions. 

4. Conclusion 

Solubility of Ni +2, Cu +2, and Cr +3 hex- 
afluoroacetylacetone, and Cr + 3 acetylacetone 
were measured in pure supercritical CO2. Solu- 
bility of fluorinated chelates (e.g. Cr(HFA)3) was 
at least an order of magnitude higher than the 
non-fluorinated (e.g., Cr(AcAc)3) complexes and 
two orders of magnitude higher than metal 
FDDC complexes. Due to the low solubility of 
Ni(AcAc)2 and Cu(AcAc)2 in supercritical CO 2 
and their poor chromatographic behavior, solu- 
bility measurements of these chelates was not 
feasible. Results from extraction efficiency of 
metal chelates from water demonstrated that 
fluorination of the ligand improved extraction 
efficiency by increasing volatility and solubility 
of the complex. However, stability of the ligand 
under supercritical conditions and aqueous 
acidic environments is very important. Extrac- 
tion efficiency of metal DDC and metal FDDC 
showed quantitative recovery of chelate is feasi- 
ble. However, longer extraction time is required 
to obtain quantitative recovery of metal DDC 
complexes. Also it was demonstrated that metal 
ions dissolved in aqueous solution can be ex- 
tracted by supercritical CO2 via in-situ chelation. 
However the extraction efficiency of ions is very 
much dependent on the type of ligand used as 
the chelating agent. Finally it was demonstrated 
that higher solubility of metal chelates in pure 
CO 2 does not necessarily mean a higher extrac- 
tion efficiency of chelates. Extraction efficiency 
of chelates not only depends on their solubility 
in supercritical CO2, but also depends on the 
matrix in which the chelates are located and the 
stability of the chelates in the surrounding envi- 
ronment. 
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Abstract 

A spectrophotometric flow-injection method for determining copper(II) has been developed, tt is based on the 
catalytic effect of copper(If) on the oxidative coupling of N-phenyl-p-phenylenediamine with m-phenylenediamine in 
the presence of hydrogen peroxide. Pyridine and ammonia as activators increased the absorbance for the copper(lI)- 
catalyzed coloration, and the dye formed was stabilized by adding a non-ionic surfactant. The working range of the 
method was 0.1 2.0 ng ml - ~ of copper(II) with a relative standard deviation 2.4% at a sampling rate of 30 h -  
Interference from iron(III) was effectively suppressed by citric acid. Copper in natural water samples can be 
determined easily. © 1997 Elsevier Science B.V. 

Keywor&': Flow-injection photometric method; Catalytic reaction: Copper(II) determination: N-Phenyl-p-phenylene- 
diamine: m-Phenylenediamine 

I. Introduction 

The application of catalyzed reactions to the 
trace analysis of metal ions is very attractive. By 
using an appropriate indicator reaction, 
nanogram and/or subnanogram amounts of a 
metal ion acting as a catalyst can be determined. 
The presence of  ligands as activators increases the 
rate of the catalyzed reaction. High sensitivity 
and/or selectivity of catalytic methods can be 

* Corresponding author. 

achieved [1,2]. Furthermore, a surfactant having 
the ability to form organized assemblies can con- 
trol reaction pathways and change reaction mech- 
anisms [3]; its addition to the reaction system can 
improve sensitivity. 

There have been many batchwise methods for 
the catalytic determination of copper, based on 
catalysis of various redox reactions [4 18]. These 
methods are able to determine the element at sub- 
and/or nanogram per ml levels; especially, by 
oxidative coupling of 3-methyl-2-benzothiazoli- 
none hydrazone (MBTH) with N-ethyl-N-(2-hy- 

()()39-914(J,'97,,'$17 00 C 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)02096-6 
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droxy-3-sulphopropyl)-3,5-dimethoxyaniline 
which, in the presence of hydrogen peroxide, al- 
lowed as little as 2 pg m l - i  of copper(II) to be 
determined [18]. However, their analytical condi- 
tions should be strictly controlled and the proce- 
dures are time-consuming. 

Flow-injection analysis is an important tech- 
nique in the development of kinetic-based meth- 
ods, because control of the reagent addition and 
the reaction time is easy [2]. Thus, catalytic meth- 
ods offer better reproducibility and sampling fre- 
quency as well as higher sensitivity by the aid of 
flow-injection mode. Some indicator reactions cat- 
alyzed by copper(II) were applied to flow-injec- 
tion systems [19-21]. The oxidation of thiosulfate 
with iron(III) was employed for the determination 
of 0-180 ng ml - 1 of copper [19]. Satoh et al., [20] 
reported a flow-injection determination for copper 
based on the catalytic effect on the oxidative 
coupling of MBTH with N,N-dimethylaniline by 
hydrogen peroxide. The detection limit of this 
method was 0.05 ng ml - 1 of copper(II). A chemi- 
luminescent reaction of 1,10-phenanthroline with 
hydrogen peroxide was adapted to the flow-injec- 
tion determination of ultratrace levels of cop- 
per(II) [21]. 

In the previous paper [22], we have developed a 
catalytic flow- injection method for the determina- 
tion of 0.5-30 ng ml-  l of iron using an oxidative 
coupling of N-phenyl-p-phenylenediamine 
(PPDA) with m-phenylenediamine (PDA) in the 
presence of hydrogen peroxide and poly- 
oxyethylene(20) sorbitan monooleate (Tween 80) 
as a surfactant. This indicator reaction was also 
catalyzed by trace amounts of copper(II). Fur- 
thermore, pyridine and ammonia acted as activa- 
tors in the copper(II)-catalyzed reaction system. 
This paper describes the highly sensitive flow-in- 
jection photometric determination of copper(II) 
based on catalysis of the coloration system of 
PPDA, PDA and hydrogen peroxide. In order to 
obtain higher sampling frequency and prevent the 
adsorption of the reaction product on the inner 
wall of the reaction coil, Tween 80 was also added 
to the present system. The interference of iron(Ill) 
was effectively eliminated with citric acid as a 
masking agent. Copper(II) in the range 0.1-2.0 ng 
ml-1 can be determined with a sampling rate of 
30 h -I  . 

2. Experimental  

2. I. Reagents  

All solutions were prepared from analytical 
grade reagents and deionized water purified with a 
Millipore Milli-Q system. 

A copper(II) standard solution (1.0 mg ml- l )  
was obtained from Wako Junyaku, Japan. The 
working standard solutions were prepared daily 
by diluting the standard solution with 0.1 mol 1 - l 
hydrochloric acid. 

N-Phenyl-p-phenylenediamine hydrochloride 
(PPDA) obtained from Aldrich was used as re- 
ceived. A 1.0 x 10 - 3  mol 1 -~ PPDA solution 
containing 0.5% w/v polyoxyethylene(20) sorbitan 
monooleate (Tween 80) was prepared, m- 
Phenylenediamine dihydrochloride (PDA) was 
purified by recrystalization from hydrochloric 
acid and a 1.0 x 10 - 2  mol 1-1 PDA stock solu- 
tion was prepared. A hydrogen peroxide solution 
(0.5 mol 1-1 ) was prepared by dilution of a 
commercial solution (30%, Mitsubishi Gasu Ka- 
gaku) with water. Acetic acid (1.0 tool 1-1), 
pyridine (1.0 mol 1-1), ammonia (2.0 mol 1-1) 
and citric acid (0.1 mol 1-~) stock solutions were 
also prepared. 

A working mixed solution of PDA (3.0 x 10 3 
mol 1-1), acetic acid (0.1 mol I 1), ammonia (0.5 
mol 1 - l) and citric acid (2.0 x 10 - 3 mol 1 - l) was 
prepared by mixing the stock solutions; the pH of 
the mixed solution was adjusted to about 5.6 with 
1.0 and 0.1 mol 1 i hydrochloric acid. 

2.2. Apparatus 

A schematic diagram of the flow-injection sys- 
tem used for the determination of copper(II) is 
shown in Fig. 1. All connecting lines and reaction 
coil were made from 0.5 mm i.d. Teflon tubing. 
Carrier and reagent solutions were propelled by 
two double-plunger micropumps (Sanuki Kogyo, 
DMX-2400T). Sample solutions were introduced 
into the flow-line by a sixway injection valve 
(Sanuki Kogyo SVM-6M2) with a loop. The reac- 
tion coil was immersed in a circulating ther- 
mostated bath (Toyo LH-1000C). A 
spectrophotometer (Soma Kougaku S-3250) with 
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a 10-mm micro flow-cell (8 #1) and a recorder 
(Nippon Denshi Kagaku V1250) were used for 
detecting and recording the absorbance of the 
reaction product. An Hitachi 200-10 double- 
beam spectrophotometer with 10-mm cells and a 
Toa Model HM-5S pH meter were also used. 

2.3. Procedure 

Carrier (R1, 0.1 tool -L hydrochloric acid) and 
reagent solutions in the reservoirs R2 (hydrogen 
peroxide), R3 (PPDA and Tween 80) and R4 
(PDA, acetic acid, pyridine, ammonia and citric 
acid) were pumped into the analytical line at a 
flow rate of 1.0 ml min ~ (Fig. 1). An aliquot of 
the sample solution (215 1ll) was introduced into 
the carrier stream by a loop-valve injector (S), 
and then merged in the reagent solutions. The 
color formation of PPDA with PDA took place in 
the reaction coil (RC, 8 m) submerged in the 
thermostated bath at 55.0+0.1°C. The ab- 
sorbance of the colored product was continuously 
monitored at 620 nm. 

3. Resul t s  and discuss ion 

PPDA reacts with PDA to form a blue dye in 
the presence of hydrogen peroxide. The dye pro- 
duced is thought to be N-phenyl-N'2',4'-di- 
aminobenzene-l,4-benzoquinone diiminonium ion 
and has a absorption maximum at 620 nm in the 

S 
R1 ~ i . . . . . . . . . .  .]7 . . . . . . . . . . . . . . . .  i 

R2 :: i 

R3 

R4 ~ t ............................ ~ I . . . .  1 

Fig. 1. Flow diagram for the determinat ion of  copper(I l l .  RI ,  
carrier 10.1 tool 1 i HCI); R2, 0.5 tool I ~ H202: R3, mixture 
of  1 .0x  10 ~ mol I t PPDA and 0.5% w/v Tween 80; R4, 
mixture of  3 . 0 x  10 3 mol 1 ~ PDA, 0.5 m o l l  ~ ammonia ,  
0.2 mol 1 ~ pyridine and 2.0 x 10 3 mol 1-~ citric acid; P, 
m ic ropump (1.0 ml min i): S, sample injector valve (215 it1); 
RC, reaction coil (8 in); T, thermstated bath  (55°C); D, 
detector (620 nm); Rec, recorder; and W, waste (pH 4.6 4.7). 

0.08  
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0 .06  . - ~ - f -  
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Fig. 2. Effect of  pyridine concentrat ion on the uncatalyzed ( 1 ) 
and catalyzed (2) reactions. Condit ions as in Fig. 1 except for 
pyridine concentrat ion.  Cc.~.ll ~, 2.0 ng ml ~. 

presence of Tween 80, as described previously 
[22]. The rate of coloration is catalytically acceler- 
ated by trace amounts of copper(II) in the slightly 
acidic medium. 

3.1. Choice of actiwttor and surlilctant 

The catalytic action of metal ion can be 
modified with an activator. It yields better sensi- 
tivity and lower limit of detection in a catalytic 
method [1,2]. Ammonia was used as an activator 
and an alkaline in the present system, because it is 
known as an actiwttor for the copper(Ill-cata- 
lyzed reaction [5]. By using the present flow sys- 
tem, the effect of other ligands such as pyridine, 
2,2'-bipyrine (bpy) and 1,10-phenanthroline 
(phen) on the catalyzed reaction were examined in 
the presence of ammonia: these ligands enhanced 
the catalytic activity of copper(II). However, bpy 
and phen acted as activators for iron(Ill) which 
interfered with the copper(lI) determination. 
Thus, pyridine was chosen as an activator for the 
copper(ll)-catalyzed reaction. Fig. 2 and Fig. 3 
show the effect of pyridine and ammonia concen- 
trations on the uncatalyzed and catalyzed reac- 
tions. The peak heights increased with increasing 
the concentrations of these ligands. The concen- 
trations of pyridine and ammonia were fixed at 
0.2 and 0.5 tool 1 ~, respectively. 

As descried previously [22], the presence of a 
surfactant at concentrations above the critical mi- 
celle concentration (CMC) accelerated the cata- 
lyzed reaction and stabilized the dye produced. In 
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addition, the surfactant suppressed the adsorption 
of the dye on the inner surface of Teflon tubing. It 
led to higher sensitivity and sampling frequency. 
Cationic and non-ionic surfactants were examined 
since sodium dodecylsulphate (SDS) was observed 
to precipitate from the reaction system. The tested 
surfactants were tetradecyltrimethylammonium 
bromide (TTAB), tetradecyldimethylbenzylammo- 
nium chloride (zephiramine, TDBAC), hexade- 
cyltrimethylammonium bromide (HTAB), 
hexadecylpyridinium chloride (HPC), poly- 
oxyethylene(23) dodecanol (Brij-35), polyoxy- 
ethylene(9.5)p- l, 1,3,3,- tetramethylbutylephenol 
(Triton X-100), polyoxyethylen(20) sorbitane 
monolaurate (Tween 20) and Tween 80. In the 
presence of cationic surfactants such as TTAB, 
TDBAC, HTAB and HPC, peak heights for the 
catalyzed reaction were almost constant and/or 
decreased with increasing surfactant concentra- 
tion. On the other hand, the presence of non-ionic 
surfactants such as Brij-35, Triton X-100, Tween 
20 and 80 at concentrations above the CMC 
increased peak heights and decreased peak tailing. 
In the present copper(II)-catalyzed coloration sys- 
tem, 0.5% w/v of Tween 80 was used. 

3.2. Effect of  reaction variables 

The flow manifold and chemical variables were 
optimimized for the determination of copper(II). 
The baseline and the peak height increased with 
longer reaction time, i.e., lower flow rates and 
longer coil. The baseline was due to the uncata- 
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Fig. 3. Effect of total ammonia  concentration on the uncata- 
lyzed (1) and catalyzed (2) reactions. Conditions as in Fig. 1 
except for ammornia concentration. Cc,(m, 2.0 ng m l -  ~. 
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Fig. 4. Effect of pH on the uncatalyzed (1) and catalyzed (2) 
reactions. Conditions as in Fig. 1 except for reaction pH. 
Ccu(m, 2.0 ng ml ]. 

lyzed reaction and the peak height was due to the 
catalyzed reaction. The higher the height of base- 
line, the poorer its stability. The flow rate of 
streams and the reaction coil length were selected 
as 1.0 ml min-1 and 8 m, respectively, for the 
procedure. The peak height and peak width in- 
creased with increasing sample volume. A 215-/tl 
sample solution was injected into the flow-line. As 
the reaction temperature was elevated, the higher 
rates of uncatalyzed and catalyzed reactions were 
observed. Considering sensitivity and baseline sta- 
bility, the reaction coil was kept at 55°C. 

Fig. 4 shows the effect of pH on the copper(II)- 
catalyzed reaction over the range 2 6; a maxi- 
mum peak height is obtained in the pH range 
4.6-4.7. The reaction mixture in the coil was 
adjusted in this pH range. Acetic acid was chosen 
as a buffer because the acid up to 0.2 mol 1- ~ did 
not affect the peak heights. The concentration of 
acetic acid was fixed at 0.1 mol 1 ] for the 
procedure. 

The effects of PPDA, PDA and hydrogen per- 
oxide concentrations were examined. An increase 
in the PPDA concentration caused an increase in 
the rate of uncatalyzed and catalyzed reactions. 
The concentration of PPDA was selected at 1.0 × 
10 3 mol 1 ~ because of baseline stability due to 
the uncatalyzed reaction. With the increase in the 
PDA concentration, the rate of the catalyzed reac- 
tion increased, but it reached its maximum at 
concentrations above 2.0x 10 -3 mol 1 -~. A 
3.0 x 10 3 mol 1 -I  of PDA solution was used. As 
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the hydrogen peroxide concentration increased, 
the heights of  baseline and peak also increased. A 
0.5 mol 1 l of  hydrogen peroxide concentration 
was selected being considered with the height of  
baseline. 

3.3. Calibration graph 

The calibration graphs for copper(II)  were 
prepared by the recommended procedure. The 
relationship between peak height and copper(II)  
concentration was linear from 0.1 to 2.0 ng 
ml ~. The detection limit for a signal to noise 
ratio of  two was 0.05 ng ml ~. The reproduci- 
bility was satisfactory; the relative standard de- 
viations for ten determinations of  1.0 and 2.0 
ng ml ~ of copper(II)  were 2.4 and 1.6%, re- 
spectively. The sample throughout was about  30 
h i 

3.4. Effect qf" diverse ions 

Iron(I l l )  also catalyzed this indicator reaction 
described previously [22]. Some complexing 
agents such as citric acid, diphosphate and mal- 
onic acid, which did not act as activators for 
iron(III), were examined in order to eliminate 
the interference of the element. Among them, 
citric acid was found to be the most effective 
masking agent for iron(III). At citric acid con- 
centrations above 1.0 x 10 3 mol 1 l, 100 ng 
ml -1 iron(IlI) can be effectively masked in the 
determination of 1.0 ng ml --I copper(II). A 
concentration of 2.0 x 10- 3 tool 1-~ citric acid 
was used as a masking agent for iron(III). 

Table 1 summarizes the tolerance limits of  
other diverse ions on the determination of 1.0 
ng ml ~ copper(II)  in the presence of  citric 
acid; an error of  5% are considered. Most of  
ions examined did not interfere with the cop- 
per(II) determination in concentrations up to at 
least 100-fold excesses. Chromium(VI) at the 
amount  of 100 ng ml 1 gave positive interfer- 
ence; it did not interfere at amounts below 10 
ng ml ~ The levels of  these metal ions nor- 
mally presented in the natural water samples 
were tolerable. 

3.5. Application 

To evaluate the applicability of  the proposed 
flow-injection method, it was applied to the deter- 
mination of  copper in river, lake and seashore 
water samples. These samples were filtered 
through a 0.45-/~m Millipore filter and then con- 
centrated hydrochloric acid was added to the 
filtrates (about pH 1). These filtrates were injected 
into the flow line after appropriate dilution; both 
calibration curve and standard addition methods 
were carried out. The results are summarized in 
Table 2. The values obtained from the calibration 
curve and the standard addition methods are in 
good agreement with each other. For the filtrates 
except for seashore waters, an aliquot of  50 ml 
was digested with nitric and perchloric acids be- 
cause some copper species in the samples did not 
catalyze the indicator reaction [5]. As can be seen 
in Table 2, the copper contents in the digested 
samples were larger than those without digestion; 
reactive and non-reactive copper species in the 
fresh water samples could be found. 

4. Conclusions 

A simple and rapid catalytic flow-injection 
method is proposed for the determination of cop- 
per(II) at levels as low as 0.05 ng ml ~, based on 

Table 1 
Tolerance limits for diverse ions in the determination of 1.0 ng 
ml i copper(II) 

Tolerance limit/ Ion added 
ng ml t 

1 O0 000 

10 0 0 0  

1 0 0 0  

100 

10 

Ba(ll), Hg(ll), K(I), Na(l), Sr(II), BO~ , 
C10 4 ,  CO~ , NO3 , PO43 , SO] , 
Tartrate 
As(Ill), Ca(IlL Cd(II). Mg(ll), Mn(ll),  
Pb(I1L Se(IV), Sn(ll), Sn(IV), Te(IV), 
Br - ,  F 
Ag(l), As(V), Ce(IIl), Ce(IV), Co(H), 
Cr(lll),  Mo(VI), Ti(IV), W(VI), Zn(ll),  
l , N O 2 ,  Oxalate 
Al(lIl), Bi(lII), Fe(II), Fe(lll). Ni([l), 
V(lV), V(V) 
Cr(VI) 
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Table 2 
Determination of copper in river, lake and seashore water 
samples 

Sample" Copper in sampleb/ng ml -  

(I) c OD d Acid digestion c 

River water 
Shiomi- 0.57_+ 0.02 0.54_+ 0.0! 
gawa 
Hosyouji- 0.56 + 0.03 0.59 _+ 0.01 
gawa 
Shinkamo- 3.07 _+ 0.05 2.97 _+ 0.08 
gawa 

Lake water 
Koyama-ike 1.15 _+ 0.03 1.24 __+ 0.08 
Mizushiri- 2.71 _+ 0.08 2.86 _+ 0.07 
ike 
Togo-ike 0.79 _+ 0.04 0.75 + 0.02 

Seashore 
water 
Utai 2.78 _+ 0.05 2.68 + 0.09 
Houjou 1.86 _+ 0.03 1.79 + 0.04 
Yonago 0.98 _+ 0.07 0.95 _+ 0.02 

1.10 _+ 0.02 

1.57 + 0.04 

4.96 + 0.01 

3.07 _+ 0.03 
6.93 _+ 0.05 

4.41 _+ 0.02 

m 

L 

Collected at Tottori Prefecture, Japan. 
b Corrected for addition (n = 3). 
c Calibration curve method. 
d Standard addition method. 

its ca t a ly t i c  effect  on  the  c o l o r - f o r m i n g  sys tem o f  

P P D A ,  P D A  a n d  h y d r o g e n  pe rox ide ,  T h e  pres-  

ence  o f  pyr id ine ,  a m m o n i a  a n d  T w e e n  80 in the  

r e a c t i o n  sys tem led to  h ighe r  sens i t iv i ty  a n d  sam-  

p l ing  f r equency .  T h e  se lec t iv i ty  o f  the  m e t h o d  was  

i m p r o v e d  by a d d i n g  c i t r ic  acid.  T h e  m e t h o d  was  

successfu l ly  used  fo r  the  d e t e r m i n a t i o n  o f  r eac t ive  

and  n o n - r e a c t i v e  c o p p e r  species in n a t u r a l  w a t e r  

s amples  wi th  and  w i t h o u t  ac id  d iges t ion .  D u e  to  

easy o p e r a t i o n  and  inexpens ive  i n s t r u m e n t a t i o n ,  

the  p re sen t  m e t h o d  s h o u l d  be  useful  fo r  m o n i t o r -  

ing  n a t u r a l  wa te r .  

References 

[1] D. Perez-Bendito and M. Silva, Kinetic Methods in Ana- 
lytical Chemistry, Horwood, Chichester, 1988. 

[2] T. Kawashima and S. Nakano, Anal. Chim. Acta, 261 
(1992) 167. 

[3] D. Perez-Bendito and S. Rubio, Trends Anal. Chem., 12 
(1993) 9. 

[4] S. Nakano, M. Tanaka, M. Fushihara and T. 
Kawashima, Microchim. Acta [Wien], I (1983) 457. 

[5] S. Nakano, H. Ihara, M. Tanaka and T. Kawashima, 
Microchim. Acta [Wien], 1 (1985) 445. 

[6] E. Casassas, A. Izquierdo-Ridorsa and L. Puignou, Ta- 
lanta, 35 (1988) 199. 

[7] A. Velasco, M. Silva and M. Valcarcel, Anal. Chim. Acta, 
229 (1990) 107. 

[8] T. Kamidate, K. ltoh and H. Watanabe, Anal. Sci., 6 
(1990) 769. 

[9] R. Marin Saez, F.J. Lopez Benet and M.J. Mezquita 
Cases, Analusis, 18 (1990) 358. 

[10] M. Kamaya, I. Ohuri, K. Kaga, E. Ishii and T. Mu- 
rakami, Fresenius Z. Anal. Chem., 338 (1990) 918. 

[11] E. Gomez, J.M. Estela and V. Cerda, Thermochim. Acta, 
165 (1990) 225. 

[12] V.P. Dedkova and E.A. Likhonina, Zh. Anal. Khim., 46 
(1991) 193. 

[13] M.L. Lunar, S. Rubio and D. Perez-Bendito, Talanta, 39 
(1992) 1163. 

[14] F.H. Hernandez, M.T. Castillo, J.V. Sancho and J. Bel- 
tran, Analusis, 20 (1992) 275. 

[15] A. Katayama, K. ltoh, M, Furukawa, T. Kamidate and 
H. Watanabe, Nippon Kagaku Kaishi, (1992) 318. 

[16] C. Sanchez-Pedreno, J.A. Ortuno and J. Martine-Rode- 
nas, Fresenius J. Anal. Chem., 344 (1992) 100. 

[17] S. Nakano, M. Hayashi and T. Kawashima, Anal. Sci., 9 
(1993) 695. 

[18] S. Ohno, N. Teshima, T. Watanabe, H. Itabashi, S. 
Nakano and T. Kawashima, Analyst, 121 (1996) 1515. 

[19] S. Kawakubo, T. Katsumata, M. Iwatsuki, T. Fukasawa 
and T. Fukasawa, Analyst, 113 (1988) 1827. 

[20] K. Satoh, N. Iwamura, N. Teshima, S. Nakano and T. 
Kawashima, J. Flow Injection Anal., 10 (1993) 245. 

[21] M. lshii, M. Yamada and S. Suzuki, Bunseki Kagaku, 35 
(1986) 373. 

[22] S. Nakano, K. Tsujii and T. Kawashima, Talanta, 42 
(1995) 1051. 



E L S E V I E R  Talanta 44 (1997) 771 780 

Talanta 

Simplex optimisation of conditions for the determination of 
antimony in environmental samples by using electrothermal 

atomic absorption spectrometry 

I r i s  K o c h  a, C h r i s t o p h e r  F .  H a r r i n g t o n  a, K e n n e t h  J.  R e i m e r  b, W i l l i a m  R .  C u l l e n  a'* 

" University of British Columbia, Department of Chemistry, 2036 Main Mall, Vancouver, British Columbia V6T IZI, Canada 
h Environmental Scienees Group, The Royal Military College of Canada, Kingston, Ontario K7K 5LO, Canada 

Received 15 April 1996; received in revised form 12 September 1996; accepted 12 September 1996 

A b s t r a c t  

Analysis of the total antimony in plant material was unsuccessful using the electrothermal atomic absorption 
spectrometry (ETAAS) conditions recommended by the instrument manufacturer. For this reason, an optimisation 
procedure utilising the Plackett-Burman method, simplex optimisation and visualisation of the generated response 
surface via principal components analysis, was carried out. The Plackett Burman method was used to eliminate four 
of the initial variables chosen. Four variables (atomisation temperature, atomisation time. ash temperature and 
modifier concentration) were subsequently optimised using the composite modified simplex method and the results 
were visualised as a contour diagram, after reduction to two principal components. The optimised conditions were 
used for the analysis of both an acid digested pine needle standard reference material (NIST 1575) and a pond weed 
sample, collected from a contaminated site at Yellowknife Bay, Yellowknife, NWT, Canada. The total concentration 
of antimony present in the pine needles was statistically indistinguishable from the non-certified value, as was the 
value for the pond weed sample, compared with a value determined by neutron activation analysis (NAA). The results 
for the analysis of the pond weed sample by ETAAS agreed with those obtained from a subsequent analysis by 
inductively coupled plasma-mass spectrometry. © 1997 Elsevier Science B.V. 

Ke),words: Antimony; Electrothermal atomic absorption spectroscopy; Environmental samples; Simplex optimisation 
and Plackett-Burman design 

I .  I n t r o d u c t i o n  

Antimony has been found in biological, geolog- 
ical and water samples [1-4], and its toxicity has 
led the United States Environmental Protection 

* Corresponding author. Tel.: +1 604 8222938; fax: + 1 
604 8222847. 

Agency (US-EPA) to consider it and its com- 
pounds priority pollutants [5]. Common  tech- 
niques for determining the total amount  of  
antimony include: inductively coupled plasma 
mass spectrometry (ICP-MS) or atomic emission 
spectroscopy (ICP-AES) and hydride generation, 
followed by different atomisation methods such as 
electrothermal or flame heated quartz tube atomic 

0039-9140/97/'$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)021 01-7 
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T a b l e  1 

P l a c k e n - B u r m a n  des ign  (n = 

Des igna t i on :  

12) f o r  the  d e t e r m i n a t i o n  o f  s igni f icant  va r i ab l e s  to  op t imise  b y  us ing  s implex  o p t i m i s a t i o n  

C o d e  Var i ab l e  L o w e r  level ( - )  U p p e r  level ( + )  

D t  D r y  t ime (s) 30 70 

D T  D r y  t e m p e r a t u r e  (°C) 60 90 

A t  A s h  t ime (s) 1 3 

A T  A s h  t e m p e r a t u r e  (°C) 1000 1300 

A t t  A t o m i s a t i o n  t ime (s) 1 3 

A t T  A t o m i s a t i o n  t e m p e r a t u r e  (°C) 1800 2300 

A t R  A t o m i s a t i o n  r a m p  (° s ' )  260  1400 

M C  M o d i f i e r  c o n c e n t r a t i o n  ( rag 1-1 Pd)  a 100 700 

D D u m m y  N o  c h a n g e  N o  c h a n g e  

D D u m m y  N o  c h a n g e  N o  c h a n g e  

D D u m m y  N o  c h a n g e  N o  c h a n g e  

Matrix: 

E x p t  D t  D T  A t  A T  A t t  A t T  A t R  M C  D D D 

1 - T b  q_  __  - [ -  - 7  - 7  - -  - -  - -  - 7  - -  

2 --  + -7 -- + + -7 --  --  -- + 

3 + --  + + -- -7 + + --  --  -- 

4 -- + --  -7 + -- -7 + + -- --  

5 --  --  + -- + + -- -7 -7 + --  

6 - - - + - + + - + + + 

7 + -- -- -- + -- + + - + + 

8 + + -- -- -- + -- + + -- + 

9 + + + - - - + - + + - 

I0 -- + + + -- -- -- + -- -7 + 

11 -7 --  + + -7 - --  - + --  + 

12 . . . . . . . . . . .  

a E x p e r i m e n t s  were  ca r r i ed  o u t  wi th  a c o n s t a n t  in jected v o l u m e  o f  10 gl. 

b , + ,  a n d  ' - '  s y m b o l s  c o r r e s p o n d  to  the  u p p e r  a n d  l o w e r  levels o f  va r i ab l e  va lues ,  as def ined  by  the  p r eced ing  table.  

absorption spectroscopy (HG-QT-AAS) [1-3]. 
The preconcentration of antimony hydride in a 
graphite furnace, followed by atomisation has 
recently been developed as another method of 
analysis [6,7]. 

All these methods give low detection limits, but 
ICP based methods are expensive for routine 
analysis. Hydride generation may not give 100% 
recovery when non-hydride forming species are 
present in the sample and is labour intensive. 
Electrothermal atomic absorption spectroscopy 
(ETAAS) is a widely used analytical tool for the 
determination of many trace metals, including 
antimony, in a wide variety of sample matrices 
[8-11]. The use of ETAAS for the determination 
of total antimony is cost effective and simple, but 

no formal optimisation of conditions has been 
reported for plant samples. 

The very first studies [12] on the graphite fur- 
nace technique showed that the sample matrix has 
a pronounced effect on the absorbance signal 
observed for a particular element. These effects 
often lead to systematic errors when determining 
metals in complex organic matrices and result 
from substances not being fully volatilised prior 
to atomisation of the metal. Optimisation of in- 
strumental conditions is therefore a prerequisite 
for development of an environmental analytical 
protocol using electrothermal AAS. 

Until recently it was usual to optimise a system 
using a one-factor-at-a-time-approach, in which 
each variable but one is held at a low level and 
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Table  2 

P l a c k e t t  Bu rman  design (n = 8) for the de t e rmina t ion  of  add i t i ona l  

Des ignat ion:  

s ignif icant  var iab les  to op t imise  by using s implex  op t imi sa t ion  

C o d e  Var iable  Lower  level ( - ) Uppe r  level ( + ) 

Dt  Dry  t ime (s) 30 70 
DT Dry t empera tu re  (°C) 60 90 

At  Ash t ime (s) 1 3 

D D u m m y  N o  change  No  change  

AT Ash t empera tu re  (°C) 800 1400 

AtT  A t o m i s a t i o n  t empera tu re  (°C) 1800 2300 

D D u m m y  No  change  No change  

Matr ix :  

Expt.  D t  DT At  D AT ArT D 

1 + ~' + + - + - - 

2 - + + + - + 

3 - - + + + + 

4 + - - + + + - 

5 - + - - + + + 

6 + - + - + + 
7 + + - + - + 

8 . . . . . . .  

' + '  and  ' - '  symbols  co r respond  to the upper  and  lower  levels of  var iab le  values,  as defined by the preceding  table.  

the response is evaluated at the lower and the 
upper level of the factor being tested. Each vari- 
able is treated in turn, until the response is max- 
imised or minimised, depending on the system. 
This approach is far from adequate because there 
is no guarantee that an optimum response will be 
found, it requires a large number of experiments 
to be carried out and the presence of inter-rela- 
tionships between the variables (e.g., modifier 
concentration and ash temperature) means that 
the optimum obtained will depend on the initial 
conditions chosen. Factorial experiments, in 
which all the factors are varied simultaneously 
according to a pre-set design, have also been used 
to optimise analytical systems. However, this ap- 
proach is highly dependent on the levels of each 
factor and thus, it works best when some prior 
knowledge of the system is available. It also re- 
quires a large amount of experimentation when 
more than three variables are investigated. 

Simplex optimisation is a highly efficient, multi- 
factor, empirical feedback, optimisation proce- 
dure, that does not require the large number of 
experiments nor the initial variable information 

that is necessary with the two methods outlined 
above. This procedure 'homes in' on the optimum 
response region by driving the experiments in the 
direction of steepest ascent of the response sur- 
face. The optimum thus obtained is generally a 
local optimum, but some assurance that it is the 
overall optimum can be obtained by repeating the 
search from different starting conditions to see if 
the same conditions are reached. 

Simplex optimisation is now routinely used as a 
method of maximising a response [13,14] or re- 
ducing interferences [15,16] in the analysis of trace 
elements. In the present work the use of the 
instrument manufacturer 's recommended operat- 
ing conditions [17] for the determination of anti- 
mony by ETAAS were completely unsuccessful, 
yielding no absorbance 
tions were: dry at 75°C 
60 s, then at 120°C for 
s, ramp to 2000°C in 1 

maximum. These condi- 
for 5 s, then at 90°C for 
10 s, hold at 120°C for 2 
s (maximum ramp rate), 

atomise at 2000°C for 3 s, clean at 2000°C for 1 s. 
A two stage approach was used to optimise the 

experimental conditions used for the determina- 
tion of antimony in plant material. The first part 
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Table 3 
Range and stepsize of the variables being optimised by the composite modified simplex method 

Variable Lower limit Upper limit Stepsize ~ 

Atomisation temperature (°C) 
Atomisation time (s) 
Ash temperature (°C) 
Modifier concentration (mg l- ,)b 

1400 2700 100 
0 4 1 

800 1600 50 
100 900 100 

aSame units as variables. 
bExperiments carried out with a constant injected volume of 10/LI. 

of the investigation involved the use of the Plack- 
ett-Burman method to screen a number of poten- 
tial variables to select the most appropriate to 
optimise using the composite modified simplex 
method [18,19]. The principle advantages of this 
approach are that information concerning the sig- 
nificance of each variable is obtained (Plackett- 
Burman method) and the optimum conditions are 
efficiently reached, with less experimentation than 
would be necessary if none of the variables had 
been eliminated. Additionally, visualising the re- 
sponse surface eliminates the need for univariate 
searches around the optimum, which are often 
carried out to check that the optimum is correct. 
These goals are not possible using a one-step-at-a- 
time-approach, or a factorial experiment. 

To check the accuracy of the developed 
methodology the concentration of antimony in a 
pine needle standard reference material (SRM), 
NIST 1575, was determined. The pond weed sam- 
ple was acid digested and methanol extracted and 
these samples were statistically compared with 
results obtained by ICP-MS, as well as by neutron 
activation analysis (NAA). 

2. Experimental 

2. I. Reagents 

Concentrated nitric and hydrochloric acids 
(both double sub-boiling distilled, Seastar Chemi- 
cals Inc., Sidney, BC), concentrated sulphuric acid 
(Analytical grade, BDH Chemicals, Toronto, 
ON), and glacial acetic acid (Reagent grade, 
Fisher Scientific, Nepean, ON). Hydrogen perox- 
ide (30%) (Assurance grade, BDH Chemicals, 

Toronto, ON), D-tartaric acid (Reagent grade, 
Allied Chemical Canada Ltd., Canada), palla- 
dium nitrate (Pd(NO3)2.2H20, Reagent grade, 
Sigma Chemical, St. Louis, MO), citric acid (Cer- 
tified, Fisher Scientific, Fairlawn, N J). 

Water was purified to a final resistivity of better 
than 1 M ohm (Barnstead Mega-Pure system, 
Barnstead/Thermolyne, Dubuque, IA). Methanol 
(HPLC grade, Fisher Scientific, Nepean, ON). A 
methanol/water (1/1 v/v) solvent mixture was 
used to extract the aqueous antimony species. 
Antimony metal (Certified, Fisher Scientific, Fair 
Lawn, N J) and 1000 mg 1 1 indium (Spec- 
troscopy standard, High-Purity Standards, 
Charleston, SC). 

The freeze dried pine needle standard reference 
material 1575, was obtained from the National 
Institute of Standards and Technology (NIST, 
Washington, DC). The pond weed sample (Poto- 
mogetan pectinatus) was collected from a site con- 
taminated with mine tailings (Yellowknife Bay, 
NWT, Canada) as described previously [20] and 
freeze dried. The pine needle SRM (NIST 1575) 
was chosen as a representative standard reference 
material because it contains an uncertified anti- 
mony concentration of 0.2 mg kg 

2.2. Preparation of samples and standards 

The pine needles (1575), and pond weed were 
dried to constant weight and then acid digested. 
Acid digestions were carried out in duplicate by 
adding 3 ml of concentrated nitric acid, 3 ml of 
30% hydrogen peroxide, and 1 ml of concentrated 
sulphuric acid to a 250 ml round bottom flask 
containing pine needles (0.5 g) or pond weed 
(0.25-0.40 g) and refluxed for 3 h as described 
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Table 4 
Simplex experiments and responses 

Expt. no. Atomisation temp. Atomisation Ash temp. (°C) Modifier conc. (mg Point type b Response ~ (ab- 
(°C) time (s) I L)~ sorbance) 

l 1800 0 1400 500 I 0.103 
2 1800 3 800 500 I 0.(t56 
3 2200 0 1000 90(t l 0.085 
4 2400 0 1400 200 I 0.179 
5 2400 3 1400 200 1 0.026 
6 2100 0 1100 500 R 0.145 
7 2700 0 1050 200 R 0.139 
8 2500 0 1600 100 R 0.000 
9 2300 0 800 600 C 0.116 

10 2700 0 1050 100 R (I.138 
11 2600 0 1600 100 R 0.000 
12 2400 0 1050 400 C 0.155 
13 2100 0 1450 500 R 0.264 
14 1800 0 1600 600 E 0.055 
15 1700 0 1600 700 R 0.048 
16 2400 0 1200 300 C 0.217 
17 2300 0 t600 300 R 0.(t/19 
18 2200 0 1250 500 C 0.204 
19 2000 0 1600 500 R 0.043 
20 2300 0 1200 400 C 0.167 
21 2000 0 1300 700 R 0.105 
22 2300 0 1400 300 C 0.266 
23 d 2200 0 1350 400 F (t.280 
24 2000 0 1250 600 R 0.129 
25 2300 0 1350 300 C 0.258 
26 2300 0 1350 400 F 0.262 
27 2300 0 1450 300 R 0.214 
28 2200 0 1400 400 C 0.270 
29 2000 0 1550 500 R /I.128 

" Constant volume of 10 pl. 
b Initial (I), reflection (R), contraction (C), extension (E) and fil (F). 

Response is mean of 3 determinations. 
d Optimum conditions. 

elsewhere [21]. An additional pine needle digestion 
was carried out by heating 1 g of material with 
the above acid/hydrogen peroxide mixture, in a 
vial on a hot plate, at 90°C for 3 h. After the 
digestions were complete, the partially evaporated 
samples were diluted to 5 ml (pine needles) and 10 
ml (pond weed) using deionised water. 

Extraction of the pondweed was carried out by 
sonicating 0.5 g dry material with 10 ml 
methanol/water (1/1 v/v) for two samples, and 10 
ml 0.2 M acetic acid for one sample. The sample 
and solvent were sonicated for 20 rain, the mix- 
ture was centrifuged at 3000 rpm for 10 min. and 

the supernatant was decanted. This was repeated 
five times and the combined extracts were evapo- 
rated under reduced pressure to dryness and made 
up to 5 ml with water. 

A stock solution of 1000 mg 1 ~ antimony 
solution was prepared by dissolving 0.1000 g anti- 
mony metal in aqua regia and diluting to 100 ml 
with 1% D-tartaric acid. The 50 and 25 /~g 1 
solutions for use in the standard additions deter- 
minations were prepared fresh daily from the 
stock. 

The palladium modifier solution was prepared 
by dissolving 0.1083 g palladium(II) nitrate dihy- 
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Table 5 
t values for 12 and 8 variable designs used in the P lacke t t -Burman experiments 

Variables Dt DT At AT Att  AtT AtR MC 

12 - 1.58 2.55 - 0 . 9 7  1.74 -4 .46*  - 0 . 8 3  - 2 . 4 6  3.49* 

8 - 0 . 5 4  - 0 . 7 9  - 2 . 3 4  14.90" - -  18.20" - -  - -  

* Indicates that  the variable is significant at the 95% confidence level. 

drate in 0.5 ml of concentrated nitric acid and 
diluting to 100 ml with 2% citric acid solution to 
give a 1000 mg 1 i Pd solution. This stock solu- 
tion was then diluted further with 2% citric acid 
solution to give the various concentrations needed 
for the experiments. 

Indium solution was used as an internal stan- 
dard in the ICP-MS determinations and was pre- 
pared by diluting an appropriate volume of a 200 
/~g 1 - I standard solution so that the final concen- 
tration was 10/~g 1-1 in each sample. 

2.3. Instrumentation 

An atomic absorption spectrometer (Varian 
Techtron Model 1275, Australia) fitted with an 
auto-sampler, graphite furnace and programmer 
(GTA-95) was used throughout this work. The 
antimony hollow cathode lamp (SpectrAA, 
Varian, Australia) was operated at 10 mA with a 
slit corresponding to a spectral bandwidth of 0.2 
nm and the 217.9 nm line was monitored. Contin- 
uous background correction was by a deuterium 
lamp (Varian, Australia). Pyrolytically coated 
graphite tubes (Varian, Germany) were used. 

The ICP-MS measurements were carried out 
using a VG PlasmaQuad 2 turbo plus instrument 
(VG Elemental, Fisons Scientific Equipment, 
Winsford, Cheshire, UK), operated at 1350 W RF 
power. Cooling, auxiliary and nebulizer gases (Ar) 
were at flow rates of 13.82, 0.69 and 1.00 1 min-  l, 
respectively. Masses were monitored in the 
peak jumping mode by using m/z 115 (In) and 121 
(Sb). 

A real sample (pond weed digest diluted four 
times with deionised water) was used for the 
optimisation procedure outlined below. This sam- 
ple was chosen, rather than an antimony stan- 
dard, so that matrix and species dependent effects 

could be minimised and the antimony signal max- 
imised. 

The OPTIMA3 computer program [18,19] was 
used for the simplex calculations and the genera- 
tion of experimental conditions. The principal 
components analysis was carried out by using 
Systat ® 5.03 for windows (SYSTAT, Inc.). Both 
of these programs were run under Windows ® 3.1, 
on a DELL 466/M personal computer. 

NAA was carried out as described elsewhere 
[20,22]. 

2.4. Plackett- Burman experiments 

The initial variables chosen to be screened using 
the Plackett-Burman method were: dry time (Dt), 
dry temperature (DT), ash time (At), ash tempera- 
ture (AT), atomisation ramp (AtR), atomisation 
time (Art), atomisation temperature (AtT) and 
modifier concentration (MC). This allowed for the 
use of three dummy variables and so had 3 df (see 
Table 1). Initial experiments carried out using 
longer ash and atomisation times (up to 15 and 7 
s, respectively) resulted in a short graphite tube 
lifetime (60 firings), thus limits for these variables 
were chosen to minimise tube deterioration. The 
limits for all the variables were chosen so as to 
show a change in measured absorbance, which 
was the response measured, rather than to reflect 
conditions usually used for ETAAS. 

After the first design was carried out, three 
variables (atomisation ramp, atomisation time 
and modifier concentration) were kept constant, 
whilst the effect of the other five variables were 
investigated using a n = 8 design (two dummy 
variables, 2 df) (see Table 2). The matrix designs, 
adapted from the method of Jones et al. [23], 
accompany the designations of variables in Table 
1 and Table 2. 
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2.5. Simplex optimisation 

The composite modified simplex (CMS) optimi- 
sation method described previously [18,19] was 
employed during this work. Having screened out 
the variables that did not have a significant effect 
on the response, the remaining four factors (atom- 
isation temperature, atomisation time, ash tem- 
perature and modifier concentration) were 
optimised to provide the maximum antimony ab- 
sorbance signal from a pond weed digestate. The 
upper and lower limits used in the CMS proce- 
dure as well as the stepsize for each variable are 
given in Table 3. 

Five initial experiments were conducted and the 
conditions for each factor, as well as the resulting 
absorbance, were entered into the OPTIMA3 
computer program. The next set of experimental 
conditions were generated and carried out, and 
the response was entered. The simplex progressed 
via a series of reflections, expansions, contractions 
or fit points, towards the optimum absorbance 
(see Table 4). The process was continued until the 
S.D. of the five highest responses was less than the 
value of the stepsize of the absorbance (0.010), 
three times sequentially. To prove that the opti- 
mum values determined were not due to a local 
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Fig. 2. Contour diagram showing the response surface for the 
first optimisation. 

region of maximum response, the procedure was 
repeated with different starting conditions; the 
same optimum conditions were found. 

2 0 - - r -  , , 
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Fig. 1. Birnbaun plot for the second Plackett-Burman, show- 
ing the significance of the two variables atomisation tempera- 
ture and ash temperature. 

2.6. Visualisation of the response surJ~tce 

The experimental results were analysed by using 
principal components analysis, as described in 
detail and with examples by Molinero [24]. 
Briefly, principle components analysis was used to 
reduce the four variables from the simplex optimi- 
sation to two new variables (principle components 
1 and 2). The scores of these principle compo- 
nents give coordinates for all the experimental 
vertices. Thus, the vertices of the simplex previ- 
ously represented by n variables, are now repre- 
sented by two variables, and the responses are 
plotted against these variables, to generate the 
response surface. The relative significance of the 
effects of the original variables on the reponses 
can be evaluated by considering the loading of 
each variable on each principle component, which 
indicates to what degree each principle compo- 
nent is influenced by each of the original vari- 
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Table 6 
The optimised furnace program, used for quantitation of antimony in plant samples (400 mg 1 l or 4/~g Pd as modifier was used) 

Step no. Temperature (°C) Duration (s) Gas flow (1 min-t Ar) Function 

1 90 30 3 Dry/ramp 
2 120 10 3 Dry/ramp 
3 1350 1.9 3 Ash/ramp 
4 1350 2 3 Ash/hold 
5 1350 1 0 Ash/gas off 
6 2200 0.5 0 Atom/ramp ~ 
7 2200 3 3 Clean 

a 2000oc S-1 ramp from 1350 to 2200°C, integration during this step. 

ables. This approach  provides visual informat ion 
on the op t imum and the response surface, which 
is not  possible with the simplex search alone. The 
response surface can be studied to determine more  
informat ion  such as the presence or  absence o f  
ridge features or  local maxima.  It also helps to 
show other  factor  levels that  could provide better 
experimental condit ions in terms of  lower temper- 
ature operat ing conditions, or  less modifier, thus 
resulting in a more  cost effective procedure.  

3. Results and discussion 

3.1. P lacke t t -  Burman experiments 

The results for  the first P l a c k e t t - B u r m a n  ex- 
periment  were used to obtain a min imum t value 
o f  3.18 for a 95% confidence interval. Only the 

Table 7 
Concentration of antimony (rag kg-l dry weight) in Pine 
Needles (NIST 1575) after analysis by ETAAS 

Sample ETAAS analysis ± Comparison to 
S.D. a S R M  b 

Total digest 1 c 0.220 ± 0.012 nsd d at 98% 
Total digest 2 0.208 _+ 0.019 e nsd at 95% 
Total digest 3 0.231 _+ 0.044 nsd at 95% 

a Precision expressed as S.D. based on five analytical repli- 
cates, except where indicated. 
b Antimony concentration (0.2 mg kg-~). 
c Hot plate digestion. 

nsd: not significantly different at confidence level indicated. 
e Four analytical replicates. 

atom±sat±on time and modifier concentra t ion give 
t values above this and so are the only significant 
variables at this confidence level (Table 5). Birn- 
baun  plots can be used to confirm or  help clarify 
results obtained f rom such experiments, as ex- 
plained in more  detail elsewhere [23]. Briefly, devi- 
ance o f  points f rom a straight line indicate large 
variable effects [14]. In this instance, the Birnbaun 
plot (not shown) gives essentially a straight line 
and therefore does not  help with the further inter- 
pretat ion o f  this experiment. 

The second P l a c k e t t - B u r m a n  experiment was 
carried out  by holding three factors constant  and 
hence utilised five o f  the original variables and 
two dummies  (2 df). The atom±sat±on time and 
modifier concentra t ion shown to be impor tan t  by 
the first experiment were held constant  at 0 s and 
500 mg 1-1, respectively, in the hopes that  any 
other  significant variables might  be revealed. The 
ramp rate was observed in these and preliminary 
experiments to give max imum results at higher 
speeds, as noted by Pergantis et al. [11] in their 
opt±re±sat±on for arsenic. Ins t rumental  constraints 
limited the ramp to 2000°C s - I  and this value 
was used for  all subsequent experiments. 

The results for the second experiment produced 
a min imum t value at the 95% confidence interval 
o f 4 . 3  and the t values for the two variables, ash 
and atom±sat±on temperature were greater, indi- 
cating that  these variables have a significant effect 
on the an t imony response. The Birnbaun plot in 
Fig. 1 shows that  the ash and atom±sat±on temper- 
atures deviate f rom a straight line because o f  large 
variable effects, which confirms the significance o f  
these variables. 
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Table 8 
Comparison of the concentrations of ant imony (mg kg L dry weight) in pond weed samples from Yellowknife, NWT,  Canada 

Sample Determined by ETAAS ± SD a Determined by ICP-MS + SD b Compar ison c 

E x t r a c t  I d 0.28 ± 0.04 0.222 + 0.003 nsd at 95% 
Extract 2 0.26 4- 0.02 e 0.221 + 0.002 nsd at 95% 
Extract 3 0.28 ± 0.02 0.179 4- 0.003 nsd at 98% 
Total digest 1 39 4- 5 32.6 f nsd at 98%, 
Total digest 2 40 Jr 5 41.8 f nsd at 95% 

Determination by optimised ETAAS and ICP-MS. 
" Precision expressed as S.D. based on five analytical replicates, except where indicated. 
b Two analytical replicates except where indicated. 

nsd: not significantly different at confidence level indicated. 
d Acetic acid/water extraction. 
e Four analytical replicates. 
"No replication. 

Four variables: atomisation time, atomisation 
temperature, ash temperature and modifier con- 
centration, were subsequently optimised by using 
the composite modified simplex procedure (CMS). 

3.2. Simplex optimisation 

A total of 29 experiments were carried out and 
the maximum response was reached after 23 ex- 
periments (see Table 4). The optimum parameters 
were found to be: atomisation temperature, 
2200°C; atomisation time, 0 s; ash temperature, 
1350°C; and modifier concentration, 400 mg 1-1. 
The simplex analysis was repeated from different 
initial conditions and the maximum response was: 
atomisation temperature, 2200°C; atomisation 
time, 0 s; ash temperature, 1450°C; and modifier 
concentration, 400 mg 1 ~. These conditions were 
reached after 22 experiments from a total of 27. 
The conditions from the first optimisation are 
considered to be better for routine use, because 
the lower ash temperature is less destructive to the 
graphite cuvette. 

The response surfaces generated from both 
searches are not identical, but the characteristic 
ridge feature of high absorbance is present in both 
(see Fig. 2 for the response surface generated from 
the first simplex). The results for the principle 
components analysis (PCA) indicate that the first 
and second principle components (PC) retain 43.8 
and 31.5°/,,, respectively of the original variance of 
the data. This is similar to values reported in 

previous work [24]. The results also demonstrate 
that the atomisation temperature and modifier 
concentration have the greatest influence on the 
first PC, whereas ash temperature has the greatest 
influence on the second PC. Generation of the 
response surface also eliminates the need to carry 
out univariate searches around the optimum to 
establish that it is correct. 

Therefore, after carrying out the simplex opti- 
misation twice, from two different starting condi- 
tions and then analysing each response surface 
using principle components analysis, it was felt 
that further univariate investigates of the opti- 
mum were unnecessary. 

3.3. Analysis of samples by using the optimised 
temperature program 

The optimised procedure (Table 6) was used to 
determine the antimony concentration in pine 
needle SRM and pond weed, by using ETAAS 
and the method of standard additions. The results 
obtained for analysis of the pine needles are 
shown in Table 7, along with a comparison to the 
reference value. The concentrations for pine 
needles, with an average observed concentration 
of 0.220 mg kg ~, do not differ significantly from 
the non-certified concentration of 0.2 mg kg ~. 

The pond weed sample is from a contaminated 
site near a gold mine in the Northwest Territories, 
Canada. The concentration of antimony in this 
sample was determined by ICP-MS to verify the 
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values obtained by E T A A S  and the results are 
given in Table 8. The results for  the two methods  
do not  differ significantly, as shown by the statis- 
tical comparison.  The concentra t ion o f  an t imony  
for  each digestion does not  differ significantly 
(95% level) f rom the value determined by neut ron  
activation analysis o f  41.2 mg kg -~ .  

The aqueous  phase soluble an t imony  species 
were extracted f rom the pond  weed sample with 
1/1 methanol /water  (V/V), so that  further analysis 
by speciation techniques such as H P L C - I C P - M S  
or H G - G C - M S  [24] can be carried out. However,  
pr ior  to this it is impor tan t  to establish the total 
an t imony concentrat ion,  bo th  hydride and non-  
hydride forming,  present in the extract. Al though  
the values obtained for  the methanol /water  ex- 
tracts after analysis by E T A A S  and ICP-MS do 
not  differ statistically, consistently lower values 
for the ICP-MS results were observed. This is 
p robably  due to matrix or  solvent effects, as the 
E T A A S  analyses were carried out  by using the 
method  of  s tandard additions, whereas the ICP-  
MS analyses were carried out  using external cali- 
brat ion with aqueous standards.  

By the analysis o f  the S R M  and the methanol /  
water extract the optimised E T A A S  procedure  for 
the determinat ion of  an t imony  has been shown to 
overcome any interferences due to the sample 
matrix and any differences due to the different 
an t imony species present. In addition, the method  
can be used for  any total an t imony  determina- 
tions in samples o f  plant  origin. 
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Abstract 

Effects of competing ions, Fe 2 +/Fe 3+ and Al 3 +, o n  E u  3 + complexation with an aquatic fulvic acid (FA), have 
been investigated using an ion exchange technique. The influence of different concentrations (10-6 10--4 M) of the 
competing ions on the distribution coefficient for Eu was measured, and the overall complex formation function, ~ov, 
was resolved for the Eu systems with Fe and A1. All systems showed pH-dependent/~o~-functions. The presence of 
10 - 4  M concentration of competing ion reduced the resolved complex formation function (log flo,) for Eu 
complexation with fulvic acid by 0.6 and 0.4 log units at pH 5 for Fe and A1, respectively. This indicates that Fe has 
a more perturbing effect on Eu-FA complexation than AI. In similar competition studies Sr and Eu were found not 
to perturb each others complexation with fulvic acid, suggesting therefore that the two metals probably bind to 
different sites on the fulvic acid molecule. © 1997 Elsevier Science B.V. 

Keywords: Competing ions; Europium; Fulvic acid; Ion exchange technique 

I. Introduction 

Humic substances are ubiquitous in natural wa- 
ters and have significant effects on metal specia- 
tion and mobility in aquatic environments [1]. The 
metal complexes formed with humic substances 
are influenced by pH, ionic strength, concentra- 
tions of  metal and humic matter and presence of 
competing ions. Few studies that investigate the 
effects of  competing metals have been carried out 
[2 5]. The influence of Ca 2 + [2-4], Mg 2+ [2,3] 
and Cd 2 + [5] on Cu 2 + binding by naturally oc- 
curring dissolved organic matter are some of the 
few investigations where competition effects are 
considered. Usually in these studies only minor 

effects are observed. In a more recent work A13 + 
was found to compete with Cu 2 + for binding sites 
in a fulvic acid [6]. 

The overall objective of this study has been to 
quantify the perturbing effects of  Fe, AI and Sr 
on the Eu-FA complexation. Europium was cho- 
sen as a model element for trivalent radionuclides 
that might be released into the environment from, 
e.g. radioactive waste in geologic deposits [7]. 
Aluminium and Fe are common metals in the 
environment, and therefore likely competitors. 
Aluminium can be found in fresh waters in the 
concentration range of  10 -6 10 .4  M and Fe in 
the concentration range of 1 0  7 - - 1 0  - 4  M [1]. 
Strontium is present in radioactive waste and its 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-91 40(96)02102-9 
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competition with Eu is therefore of interest. The 
conditions of the experiments (e.g. FA concentra- 
tion, ionic strength) were chosen to resemble the 
experimental conditions in an earlier paper [8] in 
order to facilitate a meaningful comparison 
(Table 1). It has not been the goal to determine 
the selectivity coefficients for Eu, A1 and Fe over 
the ion-exchange resin. 

2. Experimental 

2. I. Mater ia l s  

A well-characterised aquatic fulvic acid (FA), 
extracted from the surface water of  a bog area 
(Bersbo, Sweden), was used in all experiments. 
The potentiometric properties of the FA molecule 
have previously been described by assuming five 
predominant acid sites [9]. The Fe and A1 content 
of  the Bersbo FA was 0.18 and 1.87 mg g-~, 
respectively (by Atomic Absorption Spectropho- 
tometry). Other characteristics of the Bersbo FA 
are given elsewhere [8,9]. 

Radionuclides (152Eu and 85Sr; from Amer- 
sham) and analytical grade chemicals with Milli-Q 
water were used for all solutions. The non-ra- 
dioactive Eu and Sr were prepared from Eu20  3 
and Sr(NO3) 2 (Merck), respectively, and the A1 
and Fe mixtures from A1C 3 × 6H20 and FeC12 × 
4H20. The sodium form of a Dowex 50WX8 
(mesh 50-100) cation exchange resin was used as 
adsorbent (see below). A radiometer p r iM 82 
standard pH-meter (precision + 0.02 pH units) 
and a pH-combination glass electrode, G K  
2401C, were employed for pH determinations. 
Calibration was carried out with two buffer solu- 
tions and the pH values are given as concentra- 
tions. Radioactivity measurements were made 
using a LKB (Wallac) 1282 Compugamma coun- 
ter. 

2.2. Procedures 

The ion exchange distribution experiments were 
carried out batch-wise by a radiotracer technique 
(152Eu and 85Sr). The additional competing ions 
(Fe, A1, Eu or Sr) were non-active (no radio- 

tracer), and the activities in the solutions with and 
without competing ions were compared. The ion 
exchange procedure for studies of  metal complex- 
ation with humic substances, and the mode of 
computation of the overall complex formation 
function, flov, from the distribution coefficient, D, 
have been outlined in a previous work [8]. 

Constant ionic strength (0.10 M NaC104), con- 
stant total concentration of FA (120 mg 1-1, 
corresponding to a total acid capacity of 5.6 × 
10 -4  eq 1-1 and 6.9 × 10 -5 M with Mn = 1750) 
and constant concentrations of the complexed 
elements Eu and Sr were selected. The competing 
elements (Fe, A1, Eu or Sr) were added without 
absolute exclusion of  air, and therefore some of  
the Fe would be oxidised to the trivalent state in 
the absence of FA and consequently Fe(III) hy- 
drolysis products will form with increasing pH. 
Since FA is known to reduce Fe(III) to Fe(II) it is 
expected that the Fe(II) will be maintained in the 
divalent state in the FA systems, even in the 
presence of air [10-14]. The metal and metal-FA 
solutions were pH adjusted with HC10 4 or NaOH 
and left to equilibrate for 20 _+ 3 h prior to addi- 
tion to the ion exchange resin. This mode of pH 
adjustment is different from the one used in an 
earlier paper [8], where the pH was adjusted after 
aliquots of  bulk solutions had been added to the 
resin. The pH adjustment was altered to accom- 
plish an equilibrium between metal ions and lig- 
ands before the ion exchange reaction with the 
resin. The pH values that were determined after 
the equilibrium with the resin were used in calcu- 
lations of log D and log flov. Samples of 5 ml were 

Table 1 
Experimental systems 

(a) Complexing metal Eu, 5.0 × 10 - 9  M (including 152Eu) 

Ligand FA, 5.6x 10 4 eq 1 -I (120 mg 1 i) 
Competing metal Fe; 10 6, 10 4 M 

Sr; 10 s 10-6, 1 0 - 4  M 
Ion exchange resin 1.0 g l-t 

(b) Complexing Sr, 3.0 )< 10 6 M (including 8SSr) 
metal 
Ligand FA, 5.7× 10 - 4  eq 1-1 (122 mg l -I) 
Competing metal Eu; 10 8, l0 6 10-4 M 
Ion exchange resin 10.0 g I -~ 
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Fig. 1. The effect of  different Fe and A1 concentrations on the distributions of  Eu over a cation exchange resin in the absence and 
presence of FA. [] Eu; II, E u + F A ;  (a) Fe(10 - 6  M), ~ Eu; • E u + F A :  (b) AI(10 6 M), A Eu; • E u +  FA, (c) Fe(10 4 M), 
© Eu; • E u +  FA; and (d) AI(10 - 4  M), + E u ;  - E u + F A .  

transferred from each container to three tubes 
(duplicate samples and one control with no 
resin). The tubes were equilibrated for 20 + 3 h 
on a shaking-table ( ~  110 rpm) at ambient 
temperature (20+  I°C). After equilibrium, the 
pH of  each metal-resin mixture was determined. 
The mixture was centrifuged for about 10 
min at 2000 rpm ( ~ 3 5 0  g), and 1 ml of the 
clear solution was withdrawn for radioactivity 
measurement. Duplicate samples were" taken. 
The experimental systems are summarised in 
Table 1. 

3. Results and discussion 

The distribution of  Eu over the ion exchange 
resin is illustrated in Fig. 1. Data from the Eu and 
E u + F A  series (without competing ions) are 
given in all diagrams for comparison. The distri- 
bution coefficient, D, was independent of  pH in 
the pH-range 3 -9  for Eu in the absence of FA. 
This observation differs form an earlier observa- 
tion where log D decreased with an increase in pH 
[8]. The discrepancy in the results is attributable 
to the difference in the method of pH adjustment. 
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In the Eu + FA series the distribution coefficient 
decreased from 2.8 log units in the pH range 3 -6  
to a constant value of  0.8 log units at pH > 6. 

3.1. The effects of  Fe on the Eu distribution 

The effects of  Fe at 10 - 6  and 10 4 M, respec- 
tively, are shown in Fig. la and c. In the presence 
o f  10 _6 M Fe the distribution coefficient of  Eu 
was the same as in the absence of  Fe in the pH 
range of  3 to 5.5. However, at p H > 5 . 5  the 
decrease in log D (0.1 to 0.4 log units) was in- 
creasing with an increase in pH (Fig. la); i.e. 
more Eu stayed in solution in presence of 10 6 M 
Fe at pH > 5.5. The Fe would be present predom- 
inantly in the trivalent state, and the decrease may 
be caused by the formation of  colloidal Fe(OH)3 
that can adsorb Eu and keep it in solution. Stud- 
ies of  Eu adsorption on colloidal Fe(OH)3 have 
previously shown a pronounced Eu adsorption at 
pH > 5 [15]. The present centrifugation procedure 
to separate the ion exchange resin from the solu- 
tion would not be sufficient to completely sepa- 
rate colloids from the true solution [15]. 

For  the higher Fe concentration (10 -4 M) the 
distribution coefficient was increasing at pH > 5 
6 (Fig. lc). This increase reached a maximum of  
2.2 log units at a pH around 7. This would be due 
to aggregation of colloids and the formation of  
solid Fe(OH)3 which together with the resin can 
serve as the adsorbing surface for Eu. Addition- 
ally, the increase in log D at higher pH could be 
attributable to the interaction of the solid 
Fe(OH)3 with the ion exchange resin to produce a 
new surface with a higher affinity for Eu. Calcula- 
tions of  the amount of solid Fe(OH)3 at the two 
total concentrations (10 - 6  and 10 4 M Fe) indi- 
cate that at the low concentration the solid phase 
would be only approximately 0.01% (pH-range 
5-9)  of the weight of the ion exchange resin, 
while at the higher concentration the correspond- 
ing value would be 1.0% for the same pH range 
( a s s u m i n g  Ksp = 4 x 10 -38) [16]. 

3.2. The effbcts of  Al  on the Eu distribution 

Aluminium seemed to influence the adsorption 
of  Eu on the resin in a similar way as Fe (Figs, 1 b 

and d). In absence of  FA 10 6 M A1 decreased 
log D of  Eu by 0.3 log units in the pH interval 3 
to 9. At the higher A1 concentration (10 -4 M) a 
sharp increase in the distribution coefficient was 
obtained at pH > 6 (Fig. ld), with a maximum of  
2.1 log units at a pH around 7.5. The effect was 
similar to that of  Fe(10 4 M). A plausible expla- 
nation to the increase can be the formation of 
solid AI(OH)3 (similar to the formation of  
Fe(OH)3) that can act as an adsorbent for the Eu. 
Calculations indicate that the formation of  solid 
AI(OH)3 at the low A1 concentration would be up 
to 0.007% (pH-range 5.5-9) of the weight of  the 
ion exchange resin. For  the higher concentration 
in the same pH range the formation of  AI(OH)3 
would be 0.7% of the resin weight (assuming 
K s p = 2  × 10 -32) [16]. 

3.3. The effects of  competing metals on Eu-FA 
and Sr-FA complexation 

No difference in distribution coefficient was 
discernible for the Eu-FA system in the presence 
of  10-6 M Fe (Fig. l a). This could imply that 
10 6 M Fe does not affect the complexation of  
Eu with FA. However, it could also imply that 
since there is excess of FA both Fe and Eu can be 
complexed without effecting each other. At the 
higher concentration of  Fe (10-4 M) there was a 
slight increase in logD (0.1 to 0.6 log units) 
between pH 4 and 7 which may be explained by 
the competition of Fe for the FA binding sites 
(Fig. lc). 

In the presence of FA at the lower A1 concen- 
tration (10 6 M) no influence was discernible 
(Fig. lb), just as for Fe at the same concentration. 
With FA and 10-4 M A1 in the system there was 
a slight increase in log D (0.i to 0.4 log units) in 
the pH range 4 - 7  (Fig. ld). 

In another competition study the influence of  Sr 
on the Eu-FA complex, but also the influence of 
Eu on the Sr-FA complex, were investigated (Fig. 
2). In one set of experiments inactive Sr 2+ was  

added to active Eu 3+ plus FA solution, in a 
typical ion exchange experiment as described ear- 
lier [8]. In the other set inactive Eu 3 + was added 
to active Sr 2 + plus FA solution, in a similar ion 
exchange distribution experiment. In the case of 
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Fig. 2. The effect of different Sr concentrations on the distri- 
bution of Eu and the effect of different Eu concentrations on 
the distribution of Sr, over a cation exchange resin in the 
presence of FA. 0 E u +  FA; • Eu+  Sr(10-8 M)+  FA; [] 
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E u - F A  c o m p l e x a t i o n  Sr  a f fec ted  the  o b s e r v e d  

log  D o f  E u  on ly  w h e n  its c o n c e n t r a t i o n  was  

inc reased  to  1 0 - 4  M, sugges t ing  tha t  c o m p e t i t i o n  

was  o n l y  s igni f icant  at t ha t  c o n c e n t r a t i o n  level.  

W h e n  Eu  ac ted  as the  c o m p e t i n g  ion  no  effects  o f  

i nc rea s ing  c o n c e n t r a t i o n  were  n o t i c e d  fo r  the  dis- 

t r i b u t i o n  o f  Sr  on  the  i on  e x c h a n g e  resin.  Th i s  

ind ica tes  tha t  ne i the r  E u  n o r  Sr in f luences  the  

o t h e r s  c o m p l e x a t i o n  wi th  F A .  

T h e  r e l a t i onsh ip  b e t w e e n  the  ove ra l l  c o m p l e x  

f o r m a t i o n  func t ion ,  flov, a n d  p H ,  c a l cu l a t ed  f r o m  

d i s t r i b u t i o n  d a t a  are  s u m m a r i s e d  in T a b l e  2. I r o n  

Table 3 
Comparison of formation constants for iron, aluminium and 
europium fulvic acid complexes 

Metal ion pH logfl (1 eq ~1 Reference 

Fe(ll) 4.5 5.4 [17] 
6.0 5.6 
3.5 5.06 [181 
5.0 5.77 

AI(III) 2.35 3.7 [19] 
n.g. a 5.44 [2(I] 

Eu(Ill) 4.5 6.90 [21] 
4 6.65 [22] 
6 8.15 
4 7 5.10 
2 .7  6.5 6 [231 
3.0 6.06 [8] 
3.5 6.43 
4.5 7.17 
5.0 7.54 
6.O 8.28 

fl implies both conditional stability constants and overall 
complex formation functions. 
a n.g., not given. 

at  1 0 - 4  M d i s tu rbs  the  E u - F A  b i n d i n g  m o r e  t h a n  

A1 at the  s a m e  c o n c e n t r a t i o n  in the  p H  in te rva l  4 

to  6, e.g. log  flov = 4.60 fo r  F e  a n d  4.86 fo r  A1, as 

c o m p a r e d  wi th  the  o r ig ina l  va lue  o f  5.22. A t  a 

c o n c e n t r a t i o n  o f  1 0 - 6  M b o t h  F e  a n d  A1 seem to 

d i s tu rb  the  E u - F A  b i n d i n g  to  an  equa l l y  l ow 

degree ,  logfl , ,v  = 5.03 a n d  5.04 fo r  Fe  a n d  A1, 

respec t ive ly .  

I t  is diff icul t  to  m a k e  a m e a n i n g f u l  c o m p a r i s o n  

o f  the  s tabi l i ty  c o n s t a n t s  o f  Fe,  A1 a n d  Eu  c o m -  

plexes  wi th  fu lv ic  ac ids  because  o f  a n u m b e r  o f  

Table 2 
The overall complex formation function, flov, for five E u + F A  systems described by polynomials (120 mg 1 ~ FA, I=0.10 M 
NaC104 M) 

System pH r n log flov (PH) b log []~, IpH = 5) 

Eu+FA 3 9 0.997 
Eu+Fe(10 -6 M)+FA 3 9 0.998 
Eu+AI(10 -6 M)+FA 3-7 0.998 
Eu+Fe(10 -4 M)+FA 3-7 0.992 
Eu+AI(10 -4 M)+FA 3 7 0.996 

30 10.683--6.267 pH+2.000(pH)2-0.2452(pH)3+0.01043(pH) 4 5.22 
28 15.159-10.084 pH+3.109(pH)2-0.3813(pH)3+0.01637(pH) 4 5.03 
30 22.221-16.804 pH+5.359(pH) z 0.7000(pH)3+0.03259(pH) 4 5.04 
30 5.593-1.233 pH+0.2861(pH) 2 0.01584(pH) 3 4.60 
30 7.225-2.257 pH+0.5341(pH) 2 0.03544(pH) 3 4.86 

r, correlation coefficient and n, number of experimental points. 
b For the best fit of the polynomials (indicated by r) to the experimental points all given decimal points of the coefficient must be 
used. 
c As an example the log flo, function described with a polynomial is used for calculating log flo, at pH = 5. 
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factors, e.g. pH,  ionic strength, method,  mode  o f  
computa t ion  and the origin o f  the FA. However,  
in Table 3 an at tempt is made to compare  litera- 
ture values for Fe 2÷ and A13 ÷ fulvic acid com- 
plexes with the E u - F A  complexat ion data.  The 
condit ional  stability constants  for the E u - F A  
complex are in general apparent ly  greater than the 
constants  for the Fe 2 ÷ and A13 ÷ complexes. 

The condit ional  stability constant  for Fe 2÷ 
yields a mean  value o f  5.5 in the p H  interval 
3 .5-6.0,  which is considerably lower than most  
values for E u - F A  in the same p H  interval (Table 
3). However,  the concentra t ion o f  Fe ( 1 0 - 4  M) in 
the present study is much  greater than for Eu 
(5  × 10 - 9  M )  which can explain the observed 
compet i t ion f rom Fe. 

4. Conclusions 

The experimental results f rom this work  cor- 
robora te  the observat ion that  an increased p H  
augments  the complexat ion between F A  and Eu, 
but that  the Sr complexat ion is insensitive to p H  
(in the p H  range 3 - 8 )  [8]. 

I ron  and AI exhibited some influence on the 
E u - F A  complexation.  However ,  the effect was 
minor  at 10 - 6  M. The concentra t ion 10 4 M 
gave a clear effect (e.g. reduct ion o f  log flov by 0.6 
and 0.4 log units at p H  5 for Fe and A1, respec- 
tively). K n o w n  format ion  constants  for  F A  with 
Fe 2 +, m l  3 + and E u  3 + suggests that  Eu 3 + forms 
stronger complexes with F A  than Fe 2 ÷ and A13 +. 
This may  explain why as much as 10 - 4  M of  the 
compet ing ions is needed to affect a clear distur- 
bance o f  the E u - F A  complex. Ano the r  feasible 
conclusion for the high concentra t ion o f  compet-  
ing ions required is that  Eu and, Fe and AI, do 
not  necessarily complex to the same site on the 
F A  molecule. Since Sr did not  influence the Eu- 
F A  complex, nor  did Eu influence the Sr -FA 
complex, it is also postulated that  Sr and Eu 
probably  bind to different sites on the F A  
molecule. However,  these conclusions need to be 
supported by further experiments, e.g. investiga- 
t ion o f  the effect o f  different F A  concentrat ions.  
Such exercises are in progress. 
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Abstract 

A rapid and simple general complexometric method was presented for the determination of lead, cadmium and 
thallium or mercury or arsenic(V) in laboratory synthesized mixtures similar to those of some ores, minerals and 
alloys of such metals. The precision and accuracy attainable in successive titrations of Pb 2 ÷, Cd 2 ~ and T13 + or 
Hg 2+ or AsO 3 (As 5+) with 0.05 and/or 0.01 mol 1 -~ solutions of disodium ethylenediaminetetraacetate 
(Na2EDTA) and standard Pb(NO3) 2 of the same concentration using Bromo-Cresol Orange (BCO) as a new 
metallochromic indicator with visual endpoint indication were studied. For  the analysis of a three component 
mixtures of the aforementioned ions, T13+ was at first directly titrated with Na2EDTA at pH 0.5-1 (HNO3) using 
BCO as indicator. At the thallium endpoint an excess of NazEDTA was added and the pH was adjusted at pH ~ 4.8 
using hexamine-HNO3 buffer (solution A). The excess EDTA was back-titrated with standard solution of Pb(NO3) 2. 
1,10-Phenanthroline (1,10-phen) was added to release the EDTA combined with Cd 2+, while thiosemicarbazide 
(TSC) was used to liberate the EDTA from the mercury-EDTA chelate. To determine AsO] ion in such type of 
mixtures the pH of (solution A) was raised to a value of 10 using ammonia buffer. Excess standard Mg 2 + solution 
was added and the formed precipitate of MgNH4AsO 4 was separated, dissolved and its magnesium content equivalent 
to AsO43 was determined complexometrically using Eriochrome Black-T (EBT) indicator. The interference caused by 
different anions, cations and organic acids was investigated. A comparison of the indicators BCO and Xylenol Orange 
(XO) for successive titration of the studied metal ions was carried out. The proposed successive titration method was 
applied successfully to some real samples of ores, minerals and alloys of the studied metal ions and the results were 
satisfactory and agreed with those obtained by AAS. © 1997 Elsevier Science B.V. 

Keywords: Bromo-cresol orange (BCO); Cadmium; Lead; Mercury and arsenic determination: Thallium; Visual 
complexometric titration 

1. Introduction 

The toxici ty  o f  mos t  of  the inves t iga ted  ca t ions  

* Corresponding author. 

are due to the r e t a rda t ion  o f  the bra in  g rowth  and 
d a m a g e  o f  the nervous  system e.g., Pb ~+ and 
Hg  2+ [1-6] .  Some o f  them accumula te  in liver 

and  kidneys  e.g., C d  2+ [7-10] .  Other  meta l  ions 

combine  with cell m e m b r a n e  a l ter ing the pe rme-  
abi l i ty  o f  the m e m b r a n e  [6]. Some of  such meta ls  

0039-914(I/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-9140(96)02106-6 
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have also been shown to produce dangerous 
breaks in chromosomes of somatic cells, thus, 
causing mental retardation for children born to 
mothers exposed to excessive amounts of such 
metals [6] e.g., Hg 2+. Arsenate compounds find 
extensive use in agriculture as herbicides for 
weeds and pest control. The use of arsenic com- 
pounds is however limited because most of arseni- 
cals are poisonous. 

Although T13+, Hg 2+, Cd 2+, Pb 2 + and 
AsO]-  are very toxic ions, yet very little meth- 
ods have been used for the determination of 
some of them together [20]. Usually rapid and 
simple general methods for their analysis have 
encountered difficulties especially in presence of 
AsO] ion. The selection of specific physical 
conditions for carrying out such an analysis 
complicates the determination by the use of a 
group of reagents for separating mixtures and 
for the determination of such individual ions. 
KSrbl and Pfibil [11] in 1957 prepared BCO (I) 
as a new metallochromic indicator by condensa- 
tion of formaldehyde, iminodiacetic acid and 
bromo phenol red. No further work was re- 
ported to such indicator until 1970. Cherkesov 
et al. [12,13] in 1971 prepared the indicator 
again named it Bromo-phthalexon-S and studied 
its complexes with few metal ions. In 1977 Vy- 
t~as determined some values of its acid-dissocia- 
tion constants potentiometrically and 
spectrophotometrically [14]. From that time until 
now no further detailed work was reported ei- 
ther for Bromo-Cresol Orange (BCO), (I) or its 
semi-form (II). 

The aim of this work is to present a rapid and 
simple general complexometric method for the 
determination of Pb 2+, Cd 2 + and T13 + or Hg 2 + 
or AsO] if only three of such ions are present 
together in one aliquot solution successively with 
high precision and accuracy. At first some artifi- 
cial solution mixtures similar to those of such 
ores, minerals and alloys were determined by vi- 
sual endpoint indication using BCO as a metal- 
lochromic indicator followed by an application of 
the proposed procedures for real naturally occur- 
ring samples containing one or some of such 
metals. 

Br Br 

HO-~ ~OH 

  so; 

I Y= CH].-N(CHzCOOH)2 
ll Y=H 

2. Experimental 

2. I. Reagents and solutions 

A 0.05 mol 1 1 solution of disodium ethylenedi- 
aminetetraacetate (Na2EDTA) was prepared by 
dissolving the required mass of NazEDTA. 2H20 
(analytical reagent grade, BDH, Poole, Dorset, UK) 
in redistilled water and diluting to the necessary 
volume. Standard Hg(II), Cd(II) and Pb(II) nitrate 
solutions were prepared by dissolving highly pure 
(99.99%-BDH) carbonates of such metals in 
concentrated nitric acid (BDH) and diluting to the 
necessary volume with 0.5 mol 1 1 nitric acid. 
AsO 3- solution was prepared by oxidizing the 
corresponding mass of Na3AsO3 (BDH) with 
bromine water in 1 mol 1- ] nitric acid. The excess 
bromine was removed by heating the solution on 
a steam bath for 15 min until the appearance of faint 
green colour of AsO]-  ion. TI(III) nitrate solution 
was prepared by boiling the corresponding mass of 
T1203 (BDH) in concentrated nitric acid and diluting 
to the necessary volume with 1 tool 1 - 1 nitric acid. 
Na3AsO4 was standardized by precipitation as 
MgNH4AsO 4 using standard Mg(NO3)2 solution 
and back titrating the excess Mg 2 + with Na2EDTA 
using Erichrome Black-T (EBT) as indicator (pH 
10). The Na2EDTA solution ( ~ 0.05 mol 1 1) was 
standardized by the spectrophotometric titration of 
0.005 mol 1 - ] Pb(II) nitrate using XO as indicator 
in hexamine HNO3 buffer solution (pH 5, 520 nm). 
All other salts were prepared by dissolving the 
calculated mass of each salt (BDH) in the required 
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volume of redistilled water. In this work highly 
purified sample of the free acid form of BCO 
indicator obtained by liquid-liquid extraction pro- 
cedures was used [17,18]. The product formed by 
Mannich condensation at 55°C (10 h) of bromo- 
phenol red, iminodiacetic acid and paraformalde- 
hyde was extracted several times with pure 
n-butanol (organic phase) and 0.1 mol 1 1 NaHCO3 
(aqueous phase). The component in the aqueous- 
phase (Semibromo-Cresol Orange (SBCO), and 
Bromo-cresol orange (BCO)) were extracted several 
times using n-butanol (organic phase) and 0.1 mol 
1- ~ hydrochloric acid (aqueous phase). SBCO was 
isolated in the organic phase (raffinate) and BCO 
was extracted into the aqueous one. Further details 
of  separation of SBCO and BCO have been de- 
scribed elsewhere [18]. The purity of the obtained 
BCO indicator was ascertained using HPLC (LKB- 
Bromma-Switzerland) instrument using n-butanol- 
acetic acid water (4:1:2) by volumes as a mobile 
phase. For  freshly preparing a 0.01 tool 1 ~ solution 
of the BCO indicator, the corresponding masses of 
the free acid form of  the indicator was dissolved in 
redistilled water. 0.05 mol 1 - 1 solution of 1,10 phen 
and TSC (Merck, Germany) were prepared by 
dissolving the required mass of reagent in pure 
methanol. Computation of  experimental data and 
its statistical evaluation were as reported earlier 
[15,16]. If necessary, some outlier statistical tests 
such as Q-test were used to eliminate values of the 
determined metal ions, x~, showing a statistically 
significant deviation from other experimentally 
determined values [15,16]. 

2.2. Decomposit ion o1" samples 

tetrafluoride. The different cations present in the ore 
were first converted into the fluorides, which passed 
into the sulphates in contact with the less volatile 
sulphuric acid. Subsequent brief ignition at 700°C 
for 15 min converted the sulphates back into the 
oxides. The latter oxides were boiled with concen- 
trated nitric acid nearly to dryness, cooled and 
diluted to 100 ml in a volumetric flask. The sulphate 
ores e.g., anglesite (PbSO4) was treated in the same 
way after its fusion at 850°C for 30 min to convert 
the sulphate ore into PbO. The sulphides ores of 
some metals e.g., cinnabar (HgS), greenockite 
(CdS), realgar (As4S4) and orpiment (As2S3) were 
boiled with aqua regia and hydrofluoric acid until 
near dryness, cooled, diluted with redistilled water, 
filtered from the suspended sulphur and completed 
to the necessary volume with redistilled water. 
Other experimental procedures and apparatus were 
described earlier [21--24]. The proposed successive 
back-titration method for the determination of the 
elements under investigation was compared with the 
atomic absorption spectrometry (AAS). A Perkin- 
Elmer Model 2380 atomic absorption spectrometer 
(USA) was used with Pye Unicam (England) hol- 
low-cathode lamps for Pb, Cd, As, Hg and T1. 
Absorbance values were taken after an average 
integration time of 1 s. The optimum conditions 
used for the determination of the investigated 
elements were described elsewhere [25]. 

3. Results and discussion 

3.1. Successive titrations o f  Cd 2 +, Pb 2 + and 
Tl ~ + or Hg  2 ~ or AsO]  by visual endpoint 

indication using B C O  

The process of crushing, grinding (150 mesh), 
decomposition with different fusion mixtures and 
dissolution of various real samples were carried out 
as described earlier [19,20]. Some samples were 
fused with an approximately 0.5-1 g of NazCO3 at 
800°C for 1.5 h in an electric muffle furnace and 
dissolved after the described pretreatment in a 100 
ml calibrated flask. Silica must be completely 
removed in each case by treating the fused ore in 
platinum crucible with an excess of hydrofluoric 
acid and small volume of  concentrated sulphuric 
acid. The silica was expelled as volatile silicon 

Different series of samples containing different 
proportions of Cd 2 +, Pb 2 + and TI 3 + or Hg 2 + or 
AsO43 were analysed. The same procedure was 
used for real samples of  ores and alloys. In one of 
such series (series I~), 5 ml of 0.1 mol 1 ~ TI 3 +, 5 
m l o f 0 . 1  m o l l - ~  Cd 2 + and 5 m l o f 0 . 1  m o l l  
Pb 2+ solutions were transferred into a 250 ml 
conical flask containing about 85 ml of doubly 
distilled water. The mixture was adjusted to pH 
0.5-1 (according to T13 + concentration) by drop- 
wise addition of HNO3 solution (5 mol 1 1). A few 
drops of BCO indicator (10 3 mol 1 ~) to allow 
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the endpoint to be easily detected visually were 
added. The whole mixture was titrated with 0.05 
mol 1-1 Na2EDTA solution. At the endpoint the 
colour changed from bright red to lemon yellow. 
This step gave TP + only. At the TP + endpoint 30 
ml of  0.05 mol 1 - ~ Na2EDTA were added and the 
excess Na2EDTA was back-titrated versus 0.05 mol 
1- ~ Pb(NO3)2 solution after controlling the pH of  
solution to ~ 4.8 (hexamine-HNO3 buffer). At the 
endpoint the colour reversibly changed from lemon 
yellow to red. 1,10-phen (25 ml of  0.05 mol 1- 
solution) was added to the latter endpoint and the 
liberated E D T A  equivalent to Cd 2 + was titrated 
against the same Pb(NO3)2 solution. The process of  
addition of  1,10-phen and continuous stirring of  
solution should be repeated several times until 
permanent  endpoint i.e., permanent  existance of  
red colour. Pb 2+ was found by difference. The 
feasibility of  the proposed successive titration (ST) 
method for one aliquot sample containing T13+, 
Cd 2 + and Pb 2 ÷ was studied using different ratios 
of  the components.  Five series of  titrations (series 
a) were done with different molar  ratios of  the 
investigated metal ions. The results for five series 
of  parallel determinations ofT13 +, Cd 2 + and Pb 2 + 
using the proposed ST method are given in Table 
1 (series a). In another mixture containing Hg 2+ , 
Cd 2+ and Pb 2 + (series 2b)  , 1 ml of  0.1 mol 1-1 
Hg 2+ , 9 ml of  0.1 mol 1-~ Cd 2 + and 5 ml of  0.1 
mol 1 - 1 Pb 2 + solution were transferred into 250 ml 
conical flask and the whole solution was completed 
to about  100 ml with redistilled water. An excess 
of  40 ml of  NazEDTA of concentration 0.05 mol 
1 ~ were added and the excess NazEDTA was 
indirectly titrated against 0.05 mol 1 1 Pb(NO3)2 
solution using BCO indicator after adjusting the 
pH to ~ 4.8 (hexamine-HNO3).  At the endpoint 
thiosemicarbazide (TSC), 4 ml of  0.1 mol 1-1 
solution, were added to release the E D T A  equiva- 
lent to Hg 2 +. The released E D T A  was titrated with 
Pb(NO3) 2 again until the same endpoint. The 
process of  addition of TSC should be done many 
times with continuous stirring until permanent  
endpoint. 

At the Hg 2+ endpoint 1,10-phen was added to 
release the E D T A  combined with Cd 2+. Lead in 
the mixture was found by difference. The feasibility 
of  the suggested ST method for one aliquot sample 

containing Hg 2÷, Cd 2 ÷ and Pb 2+ was studied 
using five series and the results are shown in Table 
1 (series b). 

For  a third mixture containing AsO43 - (As 5+), 
Cd 2÷ and Pb 2 ÷ (series 3c), 5 ml of  0.1 mol 1-1 
AsO43 - ,  9 ml of  0.1 mol 1 - ~ Cd 2 ÷ and 1 ml of  0.1 
mol 1 - ~ Pb 2 ÷ were transferred into 250-ml conical 
flask and the whole solution was diluted in the usual 
manner.  An excess of  30 ml of  0.05 mol 1-1 of 
Na2EDTA was added. The p H  of  the solution was 
adjusted to pH 10 (NHaOH + NHnC1 buffer) and 
an excess of  10 ml of  standard 0.1 mol 1-1 
Mg(NO3)2 was added. The solution was boiled for 
15 min, cooled and filtered. The white precipitate 
of  MgNHaAsO4 was washed several times with 
doubly distilled water. AsO 3-  was determined by 
directly titrating the magnesium equivalent to 
AsO43 in the precipitate after its dissolution in 
boiling dilute nitric acid, controlling the pH to 10 
(NHaOH) using EBT indicator and adding both 
hydrazine hydrochloride and KBr to reduce the 
arsenic (V) to (III). The pH of  the filtrate solution 
after the complete separation and determination of  
AsO 3 was lowered to pH ~ 4.8 using concen- 
trated nitric acid and hexamine buffer. Both Cd 2 + 
and Pb 2 + were determined by the usual proposed 
procedure. The presence o f M g  2 + ions do not cause 
interference at such lower pH. The feasibility of  the 
proposed ST method for one aliquot sample con- 
taining AsO43 , Cd 2 + and Pb 2 + was studied using 
five series and the results are shown in Table 1 
(series c). Generally it was necessary to determine 
the value of the blank by titrating the same volume 
of a solution containing all the constituents with the 
exception of  the metal ions at the selected pH value. 

3.2. Interference of  foreign species 

It was found that N O £  and C104- at molar  
concentration of  up to 1000 times that of  T P + ,  
Hg 2÷, Cd 2+, Pb 2+ or AsO43- did not interfere. 
SO42 and C1- at 100-fold molar  concentration of 
Pb 2 + did not interfere. Iodide at the same molar  
concentration led to the complete reduction of  
T13+ to T1 + and converts Hg 2÷ to H g I ] -  com- 
plex. PO43- started to interfere when present at a 
molar  concentration at least 100 times that of  any 
of the metal ions studied. Higher concentrations of  
PO43 - (more than 100-fold) led to the formation of 
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Table 1 
Statistical evaluation and tests of experimental data for five series of successive titrations of Cd 2+, Pb 2+, and TP + or, Hg 2+ or 
AsO] -  by visual detection of end-point using BCO and/or EBT indicators, pH = 0.5-1 for TP +, 4.8 for Hg 2+, Cd 2+ and Pb 2+ and 

10 for AsO] CN~2EDT A = C p b ( N O 3 ) 2  = 0.05 and/or 0.01 tool 1 ~, The number of titrations in a series (n) = 5 

Series No. Metal ion C~ mmol per Metal taken, la Mean, _'~ mg s~/mg s~, (%) Recovery (%) Itli ~ 
100 ml mg per 100 ml per 100 ml (.f~_l~)x/~ 

la TP + 0.50 102 103 a 0.9 0.9 101 2.48 
Cd 2 ~- 0.50 56.2 55,8 b 0.4 0.7 99.3 2.24 
Pb 2 ~ 0.50 104 104 c 0.9 0.7 100 2.48 

2a TI 3+ 0.10 20.4 20.0 0.4 2.(1 98.0 2.24 
Cd 2~ 0.50 56.2 55.5 0.6 1.1 98.8 2.61 
Pb 2 ~ 0.90 186 186 0.5 0.3 100 0.00 

3a T13~ 0.50 102 103 0.9 0.9 101 2.48 
Cd 2+ 0.9 101 101 0.9 0.9 100 0.00 
Pb 2 + 0.10 21.0 20.5 0.5 2.4 97.6 2.24 

4a TP ~ 0.90 184 183 0.9 0.3 99.5 2.48 
Cd ~+ 0.10 11.2 10.8 (1.4 3.7 98.2 2.24 
Pb 2 ~ 0.50 104 104 0.6 0.6 100 0.00 

5a Tt 3+ 0.25 51.1 50.5 0.5 1.0 98.8 2.68 
Cd 2+ 0.50 56.2 55.5 0.6 1.1 98.8 2.61 
Pb 2+ 0.75 155 154 0.9 0.6 99.4 2.48 

lb Hg 2+ 0.50 100 100 0.4 0.4 100 0.00 
Cd 2+ 0.50 56.2 56.0 0.3 0.5 99.6 1.49 
Pb 2+ 0.50 104 104 0.6 0.6 100 0.00 

2b Hg 2+ 0.10 20.1 20.0 1).7 3.5 99.5 0.32 
Cd 2+ 0.50 56.2 55.6 0.5 0.9 98.9 1.79 
Pb 2+ 0.90 186 185 0.9 0.5 99.5 2.24 

3b Hg 2~ 0.50 100 99.5 0.8 0.8 99.5 1.40 
Cd 2+ 0.90 101 100 0.9 0.9 99.0 2.48 
Pb 2+ 0.10 20.7 20.2 0.8 4.0 97.6 1.40 

4b Hg :~+ 0.90 181 180 0.9 0.5 99.5 2.48 
Cd 2+ 0.10 11.2 10.8 0.5 4.6 96.4 1.79 
Pb 2+ 0.50 104 103 0.9 0.9 99.0 2.48 

5b Hg ::+ 0.25 50.2 49.5 0.5 1.0 98.6 3.13 
Cd ::+ 0.50 56.2 55.5 0.4 0.7 98.8 3.90 
Pb 2+ 0.75 155 155 0.6 0.4 100 0.00 

lc As s+ 0.50 37.5 37.0 e 0.6 1.6 98.7 1.86 

Cd ::+ 0.50 56.2 56.0 0.5 0.9 99.6 0.89 
Pb -'+ 0.50 104 1(13 1.0 1.0 99.0 2.24 

2c As ̀ + 0.90 67.4 68.0 0.6 0.9 101 2.24 
Cd :!+ 0.10 11.2 11.0 0.6 5.5 98.2 0.75 
Pb z ~ 0.50 104 103 0.9 0.9 99.0 2.48 

3c As e+ 0.10 7.5 7.2 0.5 7.0 96.0 1.34 
Cd :'-+ 0.50 56.2 56.0 0.7 1.3 99.6 0.64 
Pb ''+ 0.90 187 187 0.8 0.4 100 0.01~ 

4c As 5+ 0.50 37.5 38.0 0.3 0.8 101 3.73 
Cd ::+ 0.90 101 102 0.9 0.9 101 2.48 
Pb ::+ 0.10 20.7 20.2 0.9 4.5 97.6 1.24 

5c As ~+ 0.75 56.2 56.0 0.5 0.9 99.6 0.89 
Cd z * 0.25 28.1 28.0 0.4 1.4 99.6 1/.56 
Pb :z+ 0.50 104 104 0.4 0.4 100 0.00 

+, It]~ for the comparison of the determined experimental mean with the standard 
of freedom) is equal to 2.7816. 
a Endpoint from bright red to yellow. 
b Endpoint from yellow to red. 

Pb was determined by difference. 
d Titrated concentration of metal ion. 
e Endpoint from wine red to blue (EBT). 

given value, I-t for P = 0.05 and n = 5 (4 degrees 
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turbidity that spoiled the titration completely. Cit- 
ric, tartaric and acetic acid at molar  concentrations 
of  up to 1000 times that of  TP +, Hg 2 +, Cd 2 +, Pb 2 ÷ 
and AsO43 did not interfere. Formic acid at the 
same concentration interfered owing to the com- 
plete reduction of T13 ÷ to T1 + and Hg 2 ÷ to Hg +. 
Mg 2 +, Ca 2 +, Sr 2 + and Ba 2 + did not interfere at 
such lower pH. Zn 2 +, Co 2 +, Mn 2 +, AI 3 +, Ni 2 +, 
Cu 2 + and Fe 2 ÷ interfere at equal molar  concentra- 
tion to Cd 2+ in the mixture. Fe 3 +, Zr  4+, Bi 3 + 
,Ti 4÷, Th 4+ and Sc 3 + interfere at equal molar  
concentration to TP ÷ in the mixture. Fortunately 
most  of  interfering cations are rarely found in T13 +, 
Hg 2÷, Cd 2 +, and Pb: ÷ mineral, but iron is only 
sometimes present with As 5 + ores and minerals and 
could be easily masked by triethanolamine (pH 10). 

3.3. Successive titrations o f  Cd 2 +, Pb 2 + and 
Tl 3 + or H g  2+ or A s O J -  by visual endpoint 

indication using X O  

As for BCO, five series of  successive titrations 
were performed with molar  ratios of  TI 3 + :Cd 2÷ 
:Pb 2 +, Hg 2 + :Cd 2 + :Pb 2 + and Cd 2 ÷ :Pb 2 ÷ :AsO43 - 

of  1:5:9, 5:9:1, 9:1:5 and others for each mixture 
using XO as indicator in order to obtain a reason- 
able comparison of  the accuracy, precision and 
detection limits with the two indicators. The exper- 
imental procedure was the same for both indicators. 
The results of  five series of  parallel determinations 
for each mixture of  the three investigated ions are 
shown in Table 2. The statistical evaluation showed 
that the detection limit (2s + blank) [26,27] is nearly 
the same for both indicators. The detection limit per 
100 ml of  solution is 2 mg for T13 +, 1.2 mg for Cd 2 +, 
3 mg for Pb 2+, 2.8 mg for H f  + and 1.4 mg for 
As 5 +. Comparison between the experimental mean 
value of  each metal ion (for both indicators) with 
the given standard value, g, by applying the null 
hypothesis of  It[~ for P = 0.05 and n = 5 in order to 
estimate systematic error was carried out. 

F rom Table 1, it is found that for BCO indicator 
[tll = 0.00-2.68 for all the three metals with the 
exception of  mercury and cadmium in series 5b, and 
arsenic in series 4c for which have [t[1 = 3.13, 3.9 and 
3.73, respectively. This means that mercury and 
cadmium in series 5b and arsenic in series 4c are 
subjected to systematic error (the null hypothesis of  

[t[1 for P = 0.05 and n = 5 for the specified metals 
in these series are rejected). For  all the other metals 
ions the null hypothesis ofltll for P = 0.05 and n = 5 
is retained where the calculated experimental values 
of  It[1 are less than the tabulated value ([t[, -- 2.78) 
[16]. F rom Table 2, it is found that for XO indicator 
It[t = 0.00-2.48 for all three metals in different 
series with the exception of lead in series 4a and 1 b 
and cadmium in series 5b. This means that these 
metals ions in these series are the only determina- 
tions subject to systematic error. For  all other metal 
ions determined the null hypothesis of  Itl, for 
P = 0.05 and n = 5 is retained, which can be ex- 
plained as mentioned before. 

Comparison between the experimental means for 
the two studied indicators was carried out using the 
null hypothesis of  Itl2 for P = 0.05 and n = 10 (Table 
2). It  was found that for both indicators It[2 = 0 .0-  
2.20 for all the three metals ions with the exception 
of  thallium in series 4a, lead in series 4a, 5a, I b and 
2b. This means that the observed experimental 
values of  It[2 are less than the tabulated value 
(Itlz -- 2.31) [16] and Itl2 is retained for all determi- 
nations with the exception of  the referred to series 
for thallium and lead. In the latter series the null 
hypothesis of  ]t]z for P = 0.05 and n = 10 is rejected 
and the determined metals in these cases have 
unacceptable means or recoveries compared with 
the other accepted series (Table 2). 

Comparison between the experimental means for 
the two studied indicators to estimate random 
errors of  the two sets of  data (Table 1 and Table 
2) was carried out using the two-tailed F-test [16]. 
F rom Table 2, it is clear that all the experimental 
F4.  4 values are between 0.16 and 5.06 for all the 
series of  determinations. These values are less than 
the tabulated value of  F4,  4 for P = 0.05 and n = 10 
(9.6) [16]. This proves that there is no significant 
difference between the two standard deviations at 
P = 0.05 for both BCO and XO indicators or that 
the two indicators give the same precision have in 
such determinations. In addition, all series are not 
subject to random errors for both investigated 
indicators. 

The success of  this ST method depends on the fact 
that Pb 2 ÷ ion does not react with neither 1,10-phen 
nor TSC and can be determined easily by difference. 
Also, Cd 2 + ion does not react with TSC in case of  
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Hg 2+ determination. The sequence of  determina- 
tion of metal ions should be adopted exactly to have 
perfect results. Trials to determine Hg 2+ using KI 
instead of  TSC as demasking reagent for EDTA did 
not succeed specially in presence of  1,10-phen in the 
second step for the determination of Cd 2 ÷ where 
a white turbidity was found. The use of  Pb(NO3)2 
instead of Zn(NO3)2 as titrant proceeded easily 
because it was found that Zn 2 ÷ ion reacted with 
1,10-phen present in the titrating solution and no 
endpoint was observed or the solution was over 
titrated. The ST method is preferred for AAS in the 
fact that, it is relatively rapid, has no standard 
curves and conditions and of  little interference. 

3.4. Application of the proposed successive titration 
method 

The results of  the determination of Pb 2 +, Cd 2 + 
and TI 3 + or Hg 2 + or As 5 + in a series of  naturally 
occurring ores, minerals and alloys containing one 
or any of  three ions either together or with other 
metals are shown in Table 3. These results (average 
of three determinations of two different weighed 
samples) are in a good agreement with the values 
obtained by AAS. The relative standard deviation 
estimated using the range method [16] was found 
to be 1-2.5% for the proposed ST method. From 
the results obtained, it is clear that the titration of  
any of  the three metal ions in different real samples 
is simple and reliable and can be used with good 
reproducibility. 
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Abstract 

The evidences of spontaneous oxidation of Mn(II) by the dissolved oxygen in azide buffer medium, which is 
dependent on the N 3 / H N  3 concentration, suggested a formation of stable Mn(III) complexes due to marked colour 
changes. Spectrophotometric studies combined with coulometric generation of Mn(III), in presence of large excess of 
Mn(II), showed a maximum absorbance peak at 432 nm. The molar absorptivity increases with azide concentration 
(0.44-3.9 mol 1- 1) from 3100 to 6300 m o l -  1 1 c m -  ~, showing a stepwise complex formation. Potential measurements 
of the Mn(III)/Mn(II) system in several azide aqueous buffers solutions: 1.0 x 10-2 mol 1 1 HN3, (0.50-2.0 tool I i) 
N 3 and 5.0 x 10- 2 mol 1- l Mn(II) and constant ionic strength 2.0 mol 1- 1, kept with sodium perchlorate, leads to 
the conditional potential, E°'x, in several azide concentrations at 25.0 +_0.1°C. Considering the overall formation 
constants of Mn(II)/N3-, from former studies, and the potential, E°'s = 1.063 V versus SCE, for Mn(III)/Mn(lI)  
system in non-complexing media, it was possible to calculate the Fronaeus function, Fo(L), and the following overall 
formation c o n s t a n t s :  /~1 = 1.2 x 105 M - 1 ,  •2 = 6.0 x 10 s M - 2 ,  f13 = (2.4 + 0.7)x 1011 M - 3 ,  f14 = (1.5 + 0.5)x 1011 
M 4 and fls = (9.6 __ 0.8) x 1011 M -5  for the Mn(III)/N 3 complexes. These data give important support to 
understand the importance of Mn(II) and Mn(III) synergistic effect on the analytical method of S(IV) determination 
based on the Co(II) autoxidation. © 1997 Elsevier Science B.V. 

Kej,words: Azide; Manganese; Stability constants 

1. Introduction 

It is well k n o w n  tha t  some l igands  are able to 
stabil ize Mn( I I I )  complexes.  Ana ly t i ca l  appl ica-  
t ions,  for  instance,  come f rom the use o f  py-  
r ophospha t e s  in manganese  de t e rmina t i on  due to 
its f o rma t ion  o f  manganese ( I I I )  complexes  [1]. 

* Corresponding author. E-mail: ncoichev@quim.iq.usp.br 

The reac t ion  o f  p e r m a n g a n a t e  with the reducing 

agent  oxala te  is an interest ing example  of  par t ic i -  
pa t i on  o f  M n ( I I I )  as an in te rmedia te  in such 

redox reac t ion  [2,3]. 

F o r m e r  studies o f  manganese ( I I )  in azide 

buffers  solut ions,  N 3 / H N  3, have shown a ten- 

dency to change  co lour  o f  the so lu t ion  with a 

possible  f o r m a t i o n  o f  b rowni sh  manganese ( I I I )  
azide complexes  [4,5]. S p o n t a n e o u s  ox ida t ion  by 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)0211 2-1 
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dissolved oxygen takes place specially at azide 
concentrations higher than 1.0 mol 1-1 and it is 
markedly dependent on HN 3 concentration. We 
are concerned about the stabilization of Mn(III) 
in azide medium in order to better understand the 
role of the Mn(III)/Mn(II) system in previous 
kinetics studies on the autoxidation of Mn(II) 
induced by S(IV) and its synergistic effect on the 
similar studies of Co(II) and Fe(II) ions. These 
studies are of special relevance in environmental 
chemistry [5-10]. 

The synergistic effect of the Mn(II) and Mn(III) 
ions on the autoxidation of Co(II) induced by 
S(IV) allowed the development of an alternative 
analytical determination method of S(IV) in envi- 
ronmental samples [6,7]. The concentration of 
Co(Ill) azide complex formed was a linear rela- 
tionship with the initial S(IV) concentration. As 
the molar absortivity of Co(Ill) in 365 nm is high 
(E~22000 mo1-1 1 cm 1), it was possible to 
determined S(IV) in the range of 10- 6_ 10 4 mol 
1-1 

The present study deals with some spectropho- 
tometric characteristics of Mn(III) azide com- 
plexes. The Mn(III) was generated by anodic 
oxidation of Mn(II) in azide medium at constant 
ionic strength. The parallel potentiometric mea- 
surements allowed to obtain the redox potential 
of Mn(III)/Mn(II) system at some azide concen- 
trations in which stabilization of Mn(III) takes 
place. The potentiometric measurements in the 
MnO2/H +/Mn 2 +/Mn 3 + system, by combination 
with data on the Fe(III)/Fe(II) system, were used 
to estimate the conditional potential, E°'s, of the 
Mn(III)/Mn(II) in non complexing medium at the 
same ionic strength. Analysis of the potentiomet- 
ric data led to the equilibrium constants in the 
Mn(III)/N 3 system. 

known volume of standard sulfuric acid solution, 
boiling to remove volatile hydrazoic acid, HN3, 
followed by back titration of the remaining strong 
acid with standard sodium hydroxide solution. 

Manganese(II) perchlorate solution was pre- 
pared from direct reaction of excess carbonate 
with 6.0 mol 1-1 perchloric acid, under stirring 
for 2 days at room temperature. After filtering, 
free perchloric acid was added to adjust pH to 
5.5, in order to avoid hydrolysis. Standardization 
was carried out by complexometric titration with 
EDTA [11]. 

Sodium perchlorate solution 5.0 mol 1-1 uti- 
lized to make up the ionic strength of working 
solutions was standardized by taking small vol- 
ume solution and dried in an oven at 120°C until 
constant weight. 

Standard perchloric acid solution was added to 
the working solutions to displace hydrazoic acid 
from the azide ions. 

2.2. Working solutions 

The working solution for preparation of 
Mn(III) consisted of 100 ml of 1.0 x 10 2 mol 
1-1 HN 3, 5.0 x 10 -2 mol 1-1 Mn(II) and NaN 3 
ranging from 0.50 to 2.0 mol 1 - 1. Electrolysis was 
performed at constant current (10 mA) as a func- 
tion of time. After each period of applied current, 
the potential measurements of platinum indicator 
electrode, versus the Hg/Hg2C12 electrode, were 
done as described in former work [12]. Simulta- 
neously UV-visible absorption spectra were 
recorded with a HP-8452 spectrophotometer 
equipped with a thermostatic cell holder. All mea- 
surements were performed at 25.0_ 0.1°C. 

3. Results and discussion 

2. Experimental 

2.1. Reagents and standard solutions 

All reagents were from AR or CP specification 
from Merck or Fluka A.G. 

Sodium azide was prepared directly from the 
salt. Standardization was carried out by adding a 

3.1. Evidences o f  the spontaneous oxidation o f  
Mn(II)  in azide medium 

Fig. 1 shows the spectra changes, due to the 
spontaneous oxidation of Mn(II), by dissolved 
oxygen, in azide solutions containing Mn(II) in 
presence of some air and a small and constant 
hydrazoic acid concentration. The higher the 
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azide concentration the faster and more effective 
is the oxidation. In solutions previously bubbled 
with nitrogen the oxidation is almost non existent 
such small HN3 concentration, such as 5.0 x 10-2 
mol 1 1. The concentration of hydrazoic acid is 
also an important  parameter  in such oxidation, as 
the lowering pH favours the process. The follow- 
ing redox systems can well explain the oxidation 
power of  hydrazoic acid [13]: 

HN3 "4- 3H + + 2e ~- N 2 + N H  2 E ° = 1.96 V 
( la)  

H N 3 +  I1H + + 8 e -  ~ 3NH 2 E ° = 0 . 6 9 5 V  
(2a) 

These reactions can be better considered in the 
adequate form for the azide buffer: 

4HN~ + 2e ~--- N2 Jr- NH4 + + 3N3 (lb) 

12HN 3 + 8 e -  ~- 3NH4 + + l l N 3  (2b) 

3.2. Determination o f  the potential o f  the 
Mn(I l l ) /Mn(I I )  in non complexing medium 

An important  data to calculate the equilibrium 
constants of  Mn(III)/N3- complex is the value of  
the conditional potential, E°'s, of  the Mn(III) /  
Mn(II)  system in non complexing medium at 2.0 
mol 1-~ ionic strength in perchlorate medium. 
The difficulties to obtain it are the tendencies of  
the trivalent cation to hydrolyze [14] and to dis- 
proport ionate Eq. (3) at lower acidity medium 
[15], so it is required studies at high acidic 
medium. 

0.40-] 

350 400 450 500 
WAVELENGTH 

Fig. 1. Successive spectra, every 60 s, of Mn(II)/N 3 solutions 
in presence of dissolved oxygen with Mn(III) spontaneous 
formation. Mn(II) = 1.0 x 10 - J tool 1- ~, HN 3 = 5.0 x 10 2 
moll ~,N~ = l . 6 m o l l - t  (path length=l.00cm). 

2Mn 3 + + 2H20 ~ Mn 2 + + 4H + + MnO 2 

K ~ 109 (3) 

The literature refers to 1.5 V versus N.E.H. as the 
conditional potential of  the Mn(l I I ) /Mn(II )  sys- 
tem in 3.0 tool 1 1 perchloric acid or 7.5 mol 1 
sulfuric acid medium [16,17]. These data, in virtu- 
ally non complexing medium, can not obviously 
be used in combination with the present potentio- 
metric data in azide medium due to the very 
different experimental conditions of  both experi- 
ments, such as ionic strength and acidity. 

To calculate the conditional potential value, 
measurements were carried out initially in the 
following cell: 

HglHg2C12, NaCl(sat): 2.0M HC104, 5.0 

× 10 1 M Mn(C104)2, z[Mn 3 +]]Au (4) 

The Mn 3 + concentration was initially generated 
by coulometric oxidation up to 10-3 mol 1- 
order. Measurements of  the potential in several 
solutions led to non reproducible E °' data due to 
the low current electrode efficiency and slow oxi- 
dation of water by the trivalent cation formed. 

Another way to obtain the conditional poten- 
tial value of Mn(II I ) /Mn(II )  system at this acidity 
medium was performed by reversion of the dis- 
proportioning Eq. (2a) by adding to a solution of 
2.0 mol 1 - t  HC104 and 5 .0x  10 - 1 tool 1 
Mn(II)  a large excess of  manganese dioxide in 
order to form about  10-  3 mol 1 1 of  Mn(III) .  To 
evaluate the Mn(III)  concentration in the final 
solution, an excess of  I was added and the I 2 
formed was titrated with standard solution of 
Na2S203. Measurements of  the potential of  the 
cell (4) led to the conditional potential value of 
1.077 0.003 V versus the saturated calomel elec- 
trode (SCEt. Gold electrode is more inert than the 
platinum one and is preferentially used for mea- 
surements in highly oxidizing medium as happens 
in this Mn(I l I ) /Mn(II )  system. 

The evaluation of the conditional potential at 2 
mol 1-~ NaC104 and lower acidity was done by 
using the Fe(III) /Fe(II)  redox system as a poten- 
tiometric pilot system. Equivalent experiments 
were performed with a solution having a similar 
cell compartment ,  described by cell (4): 2 tool 1 - 
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High acidity 

(2 mol.L "l HCIO4) 

Low acidity 

(0.03 mol.L "1 HCIO4, 

2 mol.L "l NaCIO4) 

e°'s (Mn(m)tMn(XO E°'s (Fe(m)~e(n) 
vs. SCE/(V) vs. SCE/(V) 

0.559 V 
1.077 ~ ) 0.518 

'r 't 
0.014 V 0.014 V 

,I- ,l- 
0.559 V 

1.063 ( ) 0.504 

Scheme 1. Estimation of  the conditional potential value, 
E°'s = 1.063 V, for the Mn(III)/Mn(II)  system, in 2.0 mol 1 - l 
perchlorate medium based on the Fe(IIl)/Fe(II) system used as 
a potentiometric pilot system. 

HC104 0.5 mol 1 1 Mn(II), and both Fe(III) and 
Fe(II) at 5.0 x 10-3 mol 1-~ level, led to a condi- 
tional potential of Fe(III)/Fe(II) system equal to 
0.518 V versus SCE. Further experiment at lower 
acidity solution, 3.0 x 10 -2 mol 1-1 HC104 5.0 x 
10-1 mol 1 i Mn(II) and both Fe(III) and Fe(II) 
at 5.0 x 10 - 3  m o l  1 - 1  and NaC104 to make up 
the ionic strength 2.0 mol 1-1, gave the value of 
0.504 V versus SCE. This datum differs only 0.014 
V from the other condition of higher acidity and 
different ionic medium, a difference that could be 
used as a correction to estimate the E°'s for the 
Mn(III)/Mn(II) system. 

As both redox systems are constituted by the 
ratio of metal ion(III)/metal ion(II), a reasonable 
assumption is to attribute the same ratio of activ- 
ity coefficients, )'III/?H for both trivalent/divalent 
cations. On this basis, the Fe(III)/Fe(II) system 
can be used as a potentiometric pilot system 
which permits to estimated E°'s value of Mn(III)/ 
Mn(II) at the 2.0 mol I-  1 ionic strength (NaC104) 
by discounting 0.014 V from the 1.077 V value, 
becoming 1.063 V versus SCE. The Scheme 1 
shows the estimation of this conditional potential 
by using the Fe(III)/Fe(II) redox system as a 
potentiometric pilot system. As there is a marked 
change in the potential of the Mn(III)/Mn(II) 
system in azide medium, compared with a non 
complexing medium, an uncertainty of even 10 
mV resulting from this artifice is relatively small. 

3.3. Determination of  the conditional potential of  
the Mn(III)/Mn(II) in azide medium 

Fig. 2 shows the spectrophotometric data of the 

average molar absortivity at 432 nm of Mn(IIl) 
azide complexes generated coulometrically in in- 
creasing azide concentration solutions. The 
Mn(III) concentration was calculated by Fara- 
day's law. 

The results suggest that a mixture of stepwise 
complexes are formed. The average molar ab- 
sortivity tends to a constant value ranging from 
3100 to 6300 mol 1 1 cm-l ,  in azide solutions 
from 0.439 to 3.85 mol 1-~. At this wavelength 
the average molar absortivity Mn(II) azide com- 
plexes is very small and can be neglected. 

The potentiometric measurements data in the 
complexing medium were carried out with the 
following cell: 

HgIHg2C12, NaCl(sat )5.0 

x 10 2 M Mn(CIO4) 2 

, yM NaC104, xM NAN3, 1.0 

X 1 0  2 M HN3, z[Mn(III)]lPt (5) 

The measured potential, Ex, is related to the 
conditional potential, E°'x, and the Mn(III)/ 
Mn(II) concentration ratio by the following 
Nernst equation, at fixed free ligand concentra- 
tion: 

8000 
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4800 
4 
=_. 
o 
G 

3200 

1600 

0 I I I I 

0.0( 0.80 1.60 2.40 3.20 4.00 
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Fig .  2. A v e r a g e  m o l a r  a b s o r t i v i t y  o f  the  M n ( I I I ) / N 3 -  c o m -  

plexes,  a t  432  n m ,  as a f u n c t i o n  o f  free az ide  c o n c e n t r a t i o n  
( H N  3 = 1.0 x 10 - 2  m o l  l - l ) .  
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E,. = E~,! ' + 0.05916 log [Mn(III)] (6) 
[Mn(II) - Mn(III)] 

The data treatment was done, as described in a 
previous work, in order to obtain the conditional 
standard potential of the Mn(III)/Mn(II) system 
at different free azide concentration, E°'x, due to 
the formation of different complexes in the two 
oxidation states [4]. 

Measurements in lower than 0.4395 mol 1- 
free azide concentrations were not considered as 
the Mn(III) complexes system becomes unstable, 
the brownish colour fades and the potentiometric 
data drift to lower values. 

In similar experiments carried out at high acid- 
ity (0.1 mol 1 1 HN3) ' the data treatment was not 
possible due to the high contribution of the spon- 
taneous oxidation of Mn(II) by the HN 3 and by 
dissolved oxygen. 

3.4. Determination o f  the equilibrium constants o f  
the Mn(III)/N.~ complex 

Equilibrium data can be obtained by the 
Fronaeus function, Fo(L), for several ligand con- 
centrations [18] Eq. (7): 

Fo(L) = 1 + ~ fl,,[N3]" (7) 
# l =  [ 

The Fo(L) values, for each free azide concentra- 
tion, can be related to the change of E °', in non 
complexing perchlorate medium, to a less positive 
E °', in presence of the ligand Eq. (8). When the 
element is in two oxidation states, as Mn(III/  
Mn(I1) or in a similar Co(III)/Co(II) system [12], 
the E °' refers to a ratio of the Fo(L) values. Table 
1 presents several experimental potentiometric 
data of - AE °' = - (E°'x - E°'s) of the Mn(III)/ 
Mn(II) system, in the range from 0.4395 to 1.936 
mol 1 ~ of free azide concentration at 2.0 mol 1- 
constant ionic strength in NaC104. 

, F0(L)ox 
- AE ° = - (E~f - E~f) = 0.05916 tog Fo(L)~ed 

(8) 

The Fo(L)~d, referred to the complexes of  Mn(II) 
with azide, can be calculated for the several azide 
concentrations with the overall formation con- 
stants of the four stepwise complexes, fl~, deter- 
mined in our previous work [19]: 

/Talanta 44 (199~ 797-803 801 

Table 1 
Potentiometric data of  - E  ° ' =  - ( E ° x - E ° s )  of the Mn(l l l ) /  
Mn(II) system, at different free azide concentration at ionic 
strength 2.0 mol I-~ (NaC104) and 25.0 + 0.1°C 

- E ° / ( V )  [N3-]:(mol 1- i) Fo(L),~o Fo(L)o~/10,1 

0.5959 0.4395 4.407 5.210 
0.6007 0.4760 4.865 6.933 
0.6061 0.5283 5.578 9.808 
0.6119 0.5875 6.471 1.426 
0.6178 0.6492 7.505 21/.81 
0.6232 0.7076 8.586 29.37 
0.6273 0.7539 9.519 38.20 
0.6339 0.8323 11.26 58.42 
0.6375 0.8764 12.33 73.61 
0.6400 0.9087 13.16 86.59 
0.6450 0.9757 15.02 119.9 
0.6492 1.034 16.77 157.8 
0.6541 1.1/16 19.14 218.5 
0.6576 1.162 21.14 275.9 
0.6627 1.248 24.50 389.9 
0.6658 1.306 26.97 484.4 
0.6700 1.390 30.87 652.8 
0.6726 1.446 33.69 788.3 
0.6779 1.578 41.06 1182 
0.6804 1.653 45.75 1450 
0.6824 1.724 50.52 1731 
0.6858 1.877 62.04 2426 
0.6867 1.936 66.96 2712 

E~rs = 1.063 V. 

f 0 ( L ) r e d  = 1 + 4.15[Ns11+ 6.61[N3 ] 2 

+ 3.33[N3 ]3 + 0.63[N3 ]4 (9) 

The Fo(L)ox at the same free ligand concentration, 
corresponding to the Mn(III) complexes, can be 
calculated by introducing in the Eq. (8) the 
F0(L) red  , E°'x and E°'s data. 

Average ligand number estimation for man- 
ganese(III), niu, is based on AE°'/A log[N3], 
where potentials E°'xl and E°'x2 refer to the ones 
in solutions with small increments in azide con- 
centrations, [N3]~ and [N312, respectively, as de- 
scribed by Eq. (10). The average ligand number 
for manganese(II), n1i, can be calculated with de 
fin for Mn(II) /N3 system [19]. The nul values are 
in the range t¥om 3.6 to 4.4 ligands and indicates 
that at least five stepwise complexes are formed. 

n m =  (E°'x,_ - E°'xl) 

/0.05916(log[N3 ]2 - log[N3]~) + nu (10) 
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Fig. 3. Distribution diagram of the Mn(III)/N 3 complexes 
calculated with the equilibrium constants. 

plexes. Da ta  o f  fll and f12 were found to be 
1.2 x 105 M - I  and 6.0 x 108 M -2, respectively. 

Fig. 3 shows the distribution diagram o f  the 
M n ( I I I ) / N 3  complexes. The contr ibutions o f  the 
[Mn(N3)] 2+ and [Mn(N3)2] + complexes are negli- 
gible at free azide concentra t ion o f  0.5 mol  1-1 
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The potent iometr ic  data  obtained in this concen- 
trat ion range o f  the azide ions are inadequate to 
permit the equilibrium data  calculation for the 
species with less than three ligands. The reason 
for  that  is the instability o f  Mn(I I I )  complexes in 
azide concentra t ion lower than 0.4 tool 1 - l  azide 
concentrat ion.  

The conventional  graphic t reatment  o f  Fo(L) 
data  could not  be applied for the present system 
[18]. Matr ix solution o f  the weighed simultaneous 
equat ions indicated only five ligands, neglecting a 
solution for six ligands [20]. These experimental 
data  were also inadequate for  the direct calcula- 
tion o f  fll and f12, because there were no potent io-  
metric data  at lower than 0.44 mol  1 1 ligand 
concentrat ion,  due to experimental problems of  
Mn(I I I )  stabilization. The limited concentra t ion 
range o f  the ligand led to exclude the terms 
referred to fll and f12, in the matrix o f  simulta- 
neous equations. A set o f  weighed simultaneous 
equat ions was prepared and solved in a sophisti- 
cated compute r  p rogram written in Quick BASIC-  
4 .50- -Microsof t®:  the matrix solution gave the 
following data  for  the overall format ion  constants  
with 95% o f  confidence: f13 = (2.4_+ 0.7) x 1011 
M - 3 ,  f l a =  (1,5 -+ 0.5) x 1 0  II M - 4  and f l s =  
(9.6_+ 0.8) x l0 ll M 5. 

A reasonable estimation o f  fll and f12 was taken 
by extrapolat ion in a linear plot o f  the (log fln)/n 
versus n(n = 3-5) .  This procedure is based on the 
propor t ional i ty  o f  the average free energy with 
the ligand number  a t tachment  to the higher com- 
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Abstract 

The fluorescence intensity enhancement of a pyrene probe in aqueous humic acid solutions was assessed in terms 
of added lanthanide and thorium cations. Among the trivalent ions it was found that size played a role, with the small 
Lu ~ ~ ion producing the greatest increase in pyrene emission. This was attributed to its superior ability to cause 
pseudomicellization in the humic acid polymer. Slow kinetic effects were observed, leading to substantial fluorescence 
enhancement over a period of 7 h. This was ascribed to a continuous aggregation process in aqueous humic acid, 
leading to ever more viscous microenvironments for the probe molecule. *", 1997 Published by Elsevier Science B.V. 

Keywords: Cations: Humic acid: Pseudomicelles 

1. Introduction 

Recent investigations conducted in this labora- 
tory [1-5] have shown that aqueous solutions of 
certain soil humic acids respond to the addition of 
cations by the formation of molecular microdo- 
mains of  relatively low polarity [6-8]. These do- 
mains, which can be looked upon as 
intramolecular aggregates, are referred to as pseu- 
domicelles in view of their similarity to detergent 
micelles with regard to structure and polar char- 
acter. It was found that humic acid molecules 
consisting of long flexible polymers, have a ten- 
dency to coil up in the presence of cations, espe- 
cially metals. This is thought to be due to a 

* Corresponding author.  Fax: + 1 208 8856173. 

combination of charge neutralization and func- 
tional group bridging. The former arises because 
the humic acid molecule, which requires neutral to 
basic conditions for solubilization, contains nu- 
merous carboxyl and hydroxyl groups that are 
negatively charged in these solutions. Mutual re- 
pulsion among these functional groups causes the 
humic acid polymers to adopt a stretched configu- 
ration, providing few association sites for nonpo- 
lar species in solution. Upon the addition of 
cations this effect is minimized and they fold and 
shorten, forming compact structures with rela- 
tively hydrophobic interiors and hydrophilic sur- 
faces. Functional group bridging is considered to 
enhance this effect, especially with multivalent 
cations, by drawing together various groups on 
the humic acid chain. It should also be noted that 
all humic acid solutions are polydisperse, and that 

0039-9140 97:'$17.00 ~ 1997 Published by Elsevier Science B.V. All rights reserved. 
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the interaction of segments of different sizes leads 
to a degree of intermolecular aggregation that 
further augments pseudomicellization. 

Evidence for the model described above was 
derived from the fluorescence behavior of small 
nonpolar species such as pyrene and diphenyloxa- 
zole which were added to humic acid solutions. 
As would be the case with detergent micelles, 
these molecules were found to partition into the 
hydrophobic domains of the humic acid structure. 
Sequestered in this manner, they are protected 
from solution borne fluorescence quenchers (e.g., 
bromide ion) and are unaffected by the presence 
of these species. It was also found that the in- 
creased microviscosity of the humic acid pseu- 
domicelles strongly reduced dynamic quenching 
of the encapsulated fluorescent probe, producing 
an increase in fluorescence intensity upon the 
addition of salts. This is reminiscent of the effect 
of metal ions on fluorescent probes in bile salt 
solutions [9]. Fluorescence anisotropy measure- 
ments were consistent with these observations, 
showing that the rotational diffusion of humic 
acid/probe aggregates was directly linked to the 
degree of sequestration of the latter. When the 
ability of humic acids to coil up was reduced by 
photolytic cleavage of the chains, the effects de- 
scribed above disappeared. Likewise, when 
aquatic humic acids were used, which size exclu- 
sion chromatography showed to be considerably 
smaller than soil humic acids, the effects were 
absent or greatly diminished. 

2. Experimental 

The pyrene excitation and emission wavelengths 
used in this work were 240 and 373 nm, respec- 
tively. The former was chosen to minimize inter- 
ference by humic acid fluorescence. Typical humic 
acid excitation extends from 250 to 420 nm, while 
emission is strong from 380 to beyond 500 nm 
[10,11]. The emission of pyrene dissolved in a 
humic acid solution will therefore be attenuated 
and must be appropriately corrected. While humic 
acid fluorescence can be subtracted from the total 
fluorescence by the use of a blank, the inner filter 
effect remains operative and requires additional 

treatment. A correction developed by Gauthier et 
al. [12] which incorporates the absorbances at the 
wavelengths in question was implemented: 

;c dAex 10gAem 2"3sAcm orr  

2"31-1 10-aAex 1 -- 10 xAem 
(1) 

obsd 

Here Fobsd is the observed intensity, Fcorr the 
corrected intensity, Aex the absorbance at the 
excitation wavelength per cm of solution, Aem the 
absorbance at the emission wavelength cm l of 
solution, d the distance between the edge of the 
excitation beam and the inside wall of the cuvette, 
and s the width of the excitation beam (all in cm). 
The treatment corrects for absorption at both the 
excitation and emission wavelengths. 

The humic acid used in this study was deashed 
Latahco silt-loam humic acid, extracted in our 
laboratory from a local soil (Argiaquic Xeric Ar- 
gialbolls) by the procedure outlined by the Inter- 
national Humic Substances Society (IHSS, 1985). 
Its elemental analysis and characterization have 
been reported previously [2]. The humic acid was 
dissolved in 0.01 M NaOH (Fisher Scientific) to 
give a 1000 ppm stock solution. A subsequent 
dilution to 10 ppm was made with doubly deion- 
ized water. Pyrene was purchased from Sigma 
(98%), recrystallized from ethanol, and twice sub- 
limed onto a cold finger. Aqueous pyrene solu- 
tions at 1 x 10 7 M were prepared by introducing 
an aliquot of a 0.01 M pyrene solution in cyclo- 
hexane into a volumetric flask, evaporating the 
cyclohexane, adding water, and sonicating for 
2 3 h. The resulting solutions were stored in the 
dark at room temperature. Magnesium chloride 
(Baker), the hexahydrates of lanthanum chloride 
(Strem Chemicals), samarium chloride (Aldrich), 
lutetium chloride (Strem), and thorium nitrate 
(Spectrum Chemical) were used without further 
purification. The deionized water used for all so- 
lutions were brought to a resistivity of 18 Mfl cm 
by passing through a 0.22 lam Millipore filter 
system. 

Fluorescence measurements were taken with a 
Hitachi F-4500 fluorescence spectrophotometer 
equipped with a thermostatted cell holder. Slits 
were set at a 5 nm bandpass. The data reported as 
a function of salt concentration were obtained by 
adding consecutive aliquots of a concentrated salt 
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solution to a known volume of humic acid solu- 
tion containing pyrene [2]. A blank was also 
measured, which consisted of an aqueous humic 
acid solution (not containing pyrene) to which the 
same aliquots of  salt solution were added. Dilu- 
tion of the humic acid was insignificant over the 
range studied. The solutions were held at 19°C, 
open to the air. They were stirred with a magnetic 
stirrer using a stainless steel stir bar for 2 min 
after each addition of salt, and then left to equili- 
brate in the dark for 5 min before the fluorescence 
was measured. 

-|0 
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F i g .  2. V a r i a t i o n  o f  p y r e n e  f l u o r e s c e n c e  i n t e n s i t y  w i t h  T h  a ~ 

c o n c e n t r a t i o n  in a 10 p p r n  h u r n i c  a c i d  s o l u t i o n .  

3. Results and discussion 

One of the central observations in previous 
studies [2,5] was the pyrene fluorescence enhance- 
ment obtained when salts were added to aqueous 
solutions containing soil humic acids. The effect 
of  the cation followed the order Na  + < K + < 
Cs + < Mg 2+, while the anion had no observable 
influence. In the present study, cations of  the 
lanthanide series were investigated to evaluate the 
impact o f  more highly charged species and assess 
the role of  ionic size. For  comparison, Th 4 + was 
included as a tetravalent species. Kinetic aggrega- 
tion effects were also measured. 

Fig. 1. shows the change in pyrene fluorescence 
intensity upon the addition of  three lanthanide 
ions in comparison with mono- and divalent 
cations. It is clear that higher ionic charge gener- 
ally leads to greater fluroescence enhancement, 
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cation concentration / M x 105 

F ig .  1. V a r i a t i o n  o f  p y r e n e  f l u o r e s c e n c e  i n t e n s i t y  in  a 10 p p m  

h u m i c  a c i d  s o l u t i o n  c o n t a i n i n g  sal ts .  0 ,  SmCl3 ;  ~ ,  LaC13; A ,  

LuCl~ :  - - , M g C I  2 (Re f .  [2]); . . . .  , K C I  (Re f .  [2]). 

which must be ascribed to a tighter, more viscous 
interior of the humic pseudomicelles. Interest- 
ingly, however, La 3 + and Sm 3+, the larger lan- 
thanides (ionic radii 1.016 and 0.964 A, 
respectively) [13] produced effects that were little 
different from each other and from Mg 2+. LU 3 + 

(radius 0.85 A), on the other hand, gave a pyrene 
emission intensity twice as large as that of  Sm 3 +. 
In a separate experiment it was shown that 
aqueous pyrene solutions containing the various 
metal ions but no humic acid, produced no dis- 
cernible trends in emission intensity. This indi- 
cates that neither cation quenching, nor 
metal-probe sensitization was responsible for the 
variations in fluorescence in the presence of humic 
acid. The effect of  Th 4+ (radius 1.02 A) is shown 
in Fig. 2. It is evident that the extent of  pyrene 
fluorescence enchancement is considerably less, 
and that there is an initial slight decrease in 
intensity when the salt is added. To assess the 
possible influence of the anion (thorium nitrate 
was used here, while all the other salt were chlo- 
rides), a side-by-side comparison of MgC12 and 
Mg(NO3)2 was carried out. Pyrene fluorescence 
enchancement was found to be virtually identical 
for the two salts. 

It was found in earlier work that the kinetics of 
humic acid configurational adjustments can be 
slow. To evaluate the role this may play in the 
behavior of  the Th 4+ containing solution, ex- 
tended measurements were carried out for 16 h. In 
this, a single addition of T h ( N O 3 )  4 w a s  made to a 
humic acid/pyrene solution, bringing the salt con- 
centration to 5 x 10 -5 M. Repeated measure- 
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ments were then carried out as shown in Fig. 3. 
These indicated that the initial rise in pyrene 
fluorescence intensity occurred as expected and 
persisted for approximately 90 min. After this 
period, a further rise in emission intensity was 
observed, reaching a maximum level after about 2 
h. The conclusions drawn from this result are 
two-fold: (1) slow kinetics are indeed operative, 
and the pyrene probe finds a stable environment 
only after 7 h; and (2) the initial decrease in 
pyrene fluorescence intensity (Fig. 2) is unlikely to 
be affected by this. Comparisons with lanthanide 
salt kinetics were made to shed light on the long- 
term fluorescence enhancement (vide infra). 

In the above discussion it was implied that ionic 
size is a factor in the cation-assisted pseudomicel- 
lization of humic acid. The information available 
on the lanthanide ions provides their crystalline 
radius (cf. the familiar lanthanide contraction), 
and as the prime distinguishing feature it is rea- 
sonable to invoke this to explain their different 
behavior vis-/t-vis humic acid. It may be suggested 
that the small, densely charged Lu 3 + (albeit hy- 
drated) is most effective in pulling the humic acid 
into a structured cage. La 3 + and Sm 3 + are large 
and similar in size, especially when hydrated, and 
consequently interact in a similar fashion with 
humic acid. Comparison with Mg 2+ and Th 4 + is 
more tenuous since charge becomes a distinguish- 
ing factor with these ions. The crystal ionic radius 
of Mg 2+ is 0.82 A, similar to that of  Lu 3+, but 
its lower charge renders its interactions with hu- 
mic acid similar to those of the larger but more 
highly charged La 3 + and Sm 3+. Th 4 + is about 

the same size as La 3 +, but carries an additional 
charge. It is possible that it is set apart from the 
others by its very large hydrated radius [14] of  11 
A. The singly charged potassium ion clearly has a 
much smaller effect. 

The kinetics of  pyrene fluorescence in a humic 
acid solution to which Sm 3 + was added provided 
an interesting insight. Shown in Fig. 4, the time 
profile appears similar to that of the Th 4 + solu- 
tion in Fig. 3. Again the initial rise in fluorescence 
intensity after the addition of  5 x 10 -5 M SmC13 
and its persistence for about 2 h are evident. 
Then, over a period of  another 2 h, a further 
doubling of the emission intensity was observed. 
In this case, however, this was accompanied by 
the gradual formation of a visible precipitate in 
the cell. Because of  the optical configuration of  
the Hitachi 4500 fluorimeter, which excites a hori- 
zontal cross-section of  solution near the bottom 
of the cell, the precipitate settling under gravity in 
that region gave rise to the increased fluorescence. 
This indicates that the macroscopic humic acid 
aggregates carry the (already microscopically se- 
questered) pyrene down with them, lending fur- 
ther credence to the association model. 
Furthermore, a parallel can be drawn between the 
precipitation process and the results shown in Fig. 
3. No visible precipitate was observed with Th 4 +, 
but it must be remembered that the coagulation 
process of dissolved humic acid should be viewed 
as a continuum of  aggregation events, starting 
with intramolecular coiling of the polymer chains. 
It is therefore reasonable to suggest that the ag- 
gregation of  humic acid under the influence of  



R. yon Wandruszka  et a l . .  Talanta 44 11997) 805 809 809 

250 

.~. oo • • 
ff'l 
e..- '200 

150 
¢.- 

8 
100 

0 , , ,  no samarium 
w , , -  

¢D 5O .> 

0 I I I I 

0 5 10 15 20 25 

t ime/hr 

Fig. 4. Variations of pyrene fluorescence with time in a solution containing 10 ppm humic acid and 5 x 10 5 M SmCI 3. 

Th 4+, while producing no precipitate, proceeded 
to an intermediate stage. The aggregates thus 
formed slowly settled to the bottom of the cell, 
like their larger counterparts, concentrating the 
sequestered pyrene in that region. 

4. Conclusions 

Ionic size and charge appear to exert a com- 
bined effect on the ability of cations to cause 
pseudomicellization in dissolved humic acid, with 
higher charge densities being more effective. 
Macroscopic and microscopic coagulation pro- 
cesses proceed slowly, taking 7 h to reach a final 
state of aggregation. 
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Abstract 

Two preconcentration methods has been developed for simultaneous determination of zirconium and hafnium by 
energy dispersive X-ray fluorescence (EDXRF). The first method is a liquid-solid extraction procedure with the use 
of an anionic exchange resin modified with xylenol orange. The second is a precipitation procedure carried out in the 
presence of lanthanum. Both methods permit significant enhancement of sensitivity in comparison with direct 
measurement in the aqueous phase. The applicability of both procedures for the preconcentration of Zr and Hf prior 
to their determination by EDXRF was demonstrated by analyzing synthetic mixtures and a sample of zirconium ore. 
The results obtained with the use of the modified resin show relative standard deviation of about 4% and good 
agreement with those obtained by spectrographic analysis. © 1997 Published by Elsevier Science B.V. 

Kevwordx: Hafnium; Preconcentration; X-ray fluorescence; Zirconium 

I. Introduction 

The simultaneous determination of zirconium 
and hafnium is one of the most  difficult problems 
of analytical chemistry, because the close similar- 
ity of their chemical properties hinders the use of  
classical analytical methods [1-5]. Colorimetric 
techniques do not have any interesting application 
due to unavailability of  specific chromogenics 
agents. The principal contribution of  these tech- 
niques is reduced to the existence of  several differ- 
ential methods, based on differences between 
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zirconium and hafnium complexes under different 
acidic conditions [6] or in the presence of specific 
masking agents [7]. 

The classic configuration of flame atomic ab- 
sorption or emission techniques shows little appli- 
cation for this determination due to the 
heat-resistant characteristics of  both species and 
the high complexity of  the emission spectra [1-4]. 
The use of more energetic atomization systems 
(i.e., plasma, arc and spark) permits more suitable 
results only for determination of the concentra- 
tion ratios [1]. Absolute determinations can be 
performed by using special calibration methods, 
typically chemometric tools for correction of mu- 
tual spectral interferences [1]. The individual de- 

rights reserved. 
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termination of zirconium in silicate rocks by in- 
ductively-coupled plasma emission spectrometry 
were reported by Uchida et al. [8]. However, the 
results show poor precision (relative standard de- 
viation, RSD, between 14 and 38%). 

Due to the great spectral resolution of the 
instrumental system, energy dispersive X-ray 
fluorescence permits the determination of Zr-Hf 
mixtures without important interference prob- 
lems. However, the low sensitivity of the tech- 
nique can be resolved only by the use of 
preconcentration methods [9-21]. The determina- 
tion of a great number of metallic species by 
EDXRF is usually preceded by concentration 
steps which involve the use of ion exchange resins 
[9,10,12,16], activated charcoal [9,10,17], naph- 
thalene [14], polyurethane [15], modified silica [21] 
and coprecipitation procedures using ferric hy- 
droxide as a collector [18-20]. The great selectiv- 
ity reached by the use of chelating resins [22] has 
contributed to its popularization as solvents sys- 
tem. Xylenol orange has been used for modifica- 
tion of ionic exchanger resins, and for 
determination of zirconium by solid phase spec- 
trophotometry [23-25]. 

In this work we propose the use of an ion 
exchange resin modified with xylenol orange or a 
lanthanum coprecipitation procedure for precon- 
centration and simultaneous determination of zir- 
conium-hafnium mixtures by EDXRF. 

2. Experimental 

2.1. Instrumental 

Spectrophotometric determinations were per- 
formed with an Intralab DMS-100 UV-Vis Spec- 
trophotometer. X-ray fluorescence measurements 
were executed on a Spectrace 5000 Energy Disper- 
sive X-ray Fluorescence Spectrometer, equipped 
with a rhodium tube and a Si(Li) semiconductor 
crystal detector (irradiation time, 60 s; tube 
voltage, 30 kV; tube current, 0.20 mA; atmo- 
sphere, air; filter, 0.127 mm rhodium film). The 
measurements were realized at 15.744 KeV for Zr 
(Kal) and 7.898 KeV for Hf (Lal). The samples 
were introduced on a cylindrical plastic device 

from Chemplex, of about 2 cm of height and 3 cm 
of internal diameter, using a X-ray Mylar film as 
sample support. 

Spectrographic measurements were carried out 
on Carl Zeiss PGS-2 Emission Spectrometer, 
equipped with a linear array of photodiodes [26]. 

2.2. Chemicals and solutions 

The zirconium standard solution was prepared 
by direct dissolution of ZrOC12. 8H20 (99.5%, 
Riedel-de Haen) in H2SO 4 (1:5 v/v). Zirconium 
hydroxide was precipitated with an aqueous solu- 
tion of NH 3. The solid was recovered by filtration, 
thoroughly washed with deionized water and dis- 
solved in HC1 (final concentration of HC1, about 
2 mol 1-l). The hafnium standard solution was 
prepared from HfO 2 (Specpure, Johnson, Mathey 
and Co.). The oxide was dissolved with a HF- 
H2SO4 (1:1 v/v) mixture, heating several times 
almost to dryness with successive additions of 
concentrated H2SO 4. The solid residue was dis- 
solved in H2SO 4 and the hydroxide precipitated 
with an aqueous solution of NH 3. The solid was 
recovered by filtration, thoroughly washed with 
deionized water and dissolved in HC1 (final con- 
centration of HC1, about 2 mol 1 ~). Both solu- 
tions were standardized by a gravimetric 
procedure using mandelic acid [27]. 

The lanthanum standard solution (40 g I ~) 
was prepared from La203 (99%, Carlo Erba). 
Amberlite IRA-400 anion resin (Koch-Light Lab- 
oratories, 100-200 mesh) and Xylenol orange 
(Fluka A.G., Bucks S.G.) were used without fur- 
ther purification. 

The natural sample, purchased from the En- 
ergetic and Nuclear Research Institute (IPEN, 
$5,o Paulo-Brazil), corresponds to a mixture of 
zirconium and hafnium hydroxides obtained by 
physical and chemical treatment of a zirconium 
ore. 

2.3. Preparation o f  modified resin 

Dried resin, 40 g, were added to 400 ml of an 
aqueous solution of xylenol orange (4.3 x 10 -3  

tool 1- ~, pH 7.0) and the mixture was vigorously 
stirred for 6 h. After this impregnation time, the 
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solid mass was filtered, thoroughly washed with 
deionized water, dried at 60°C and stored in 
amber glass flasks. 

3. Results and discussion 

3.1. Impregnation o f  the resin 

2.4. Extraction with modified resin 

Suitable volumes of solution of Zr and Hf  were 
placed in 200 ml beakers, diluted up to 50 ml with 
deionized water and adjusted to adequate pH 
values with aqueous solutions of HC1 or NH3. To 
these solutions were added 0.5 g of  the modified 
resin. The mixture was stirred for a convenient 
time and the solid was recovered by filtration in 
Whatman 41 filter paper, washed with deionized 
water and dried at 60°C for 2 h. In preliminary 
studies, the Zr and Hf  recuperation was evaluated 
by colorimetric determination [28] of the re- 
mained amounts in the filtrate. For  this determi- 
nation, the filtrate (approximately 50 ml) was led 
to almost dryness in a water bath, dissolved in 3.0 
ml of 0.3 m o l l  i HC1, and added of  2.0 ml of 
xylenol orange 0.05% in HC1 0.3 mol 1 ~. The 
concentration of zirconium or hafnium was deter- 
mined spectrophotometrically at 550 nm, using 
analytical curves obtained between 0.2 and 2.0 mg 
1 ~. Further determinations were carried out by 
direct analysis of the solid mass by EDXRF.  The 
concentration of Zr and Hf  was determined 
through external calibration using standard solu- 
tions submitted to analogous extraction proce- 
dures. 

2.5. Preconcentration by precipitation in the 
presence o f  lanthanum 

Aqueous solutions, 50 ml, containing adequate 
amounts of Zr and Hf  were added to 10 ml of the 
standard lanthanum solution. The hydroxides 
were precipitated by addition of  an aqueous am- 
moniacal solution. After 5 min of stirring the 
precipitate was recovered by filtration and dried 
at 100°C for 2 h. The recuperation degree was 
evaluated by colorimetric analysis in the filtrate. 
Further determinations by EDXRF were directly 
carried out on the solid fraction. 

Colorimetric determination of the remaining 
amount of  xylenol orange after the impregnation 
procedure verified that the efficiency of  the im- 
pregnation process is very close to 100%. Relating 
the amounts used of resin (0.5 g) and the xylenol 
orange amount present in this solid fraction 
(0.043 ml tool!, it is possible to estimate a maxi- 
mum extraction capacity of about 2000 ~tg for Zr 
or 3500 tag for Hf. 

3.2. Extraction with modified resin 

The extraction of  both species is almost com- 
plete at similar pH values (pH 4.0 8.0). Although 
the zirconium and hafnium hydrolysis is favored 
at these pH values, precipitation was not observed 
probably due to the low concentration of the 
analytes used in this study (approximately 2 tag 
ml-  1) and due to the presence of large amounts 
of sulfate ion, which can displace the hydroxyl 
groups from hydrolyzed species [1]. The proce- 
dure is not selective in this pH region, a result 
resembling those obtained by the application of 
other extraction procedures [29,30]. For  subse- 
quent determinations, a pH of 7.0 was selected. A 
X-ray fluorescence spectrum of zirconium and 
hafnium on the xylenol orange modified resin is 
presented in Fig. 1. 
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Fig. 1. X-ray fluorescence spectrum of zirconium and hafnium 
on the xylenol orange modified resin. 
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Table 1 
Zr-Hf determination from synthetic samples with modified resin 

Added (rag) Found (mg) 

Zr Hf Zr (difference, %) Hf (difference, %) 

10.0 50.0 9.7(3.0j 
50.0 50.0 49.1(1.8) 

100.0 50.0 100.8(0.8) 
100.0 100.0 101.2(1.2) 
100.0 300.0 101.9(1.9) 
500.0 100.0 497.3(0.5) 
Average difference 1.5% 
RSD (n = 5) 3.0% 

51.5(3.0) 
52.3(4.6) 
52.5(5.0) 

100.7(0.7) 
303.1(1.0) 
105.9(5.9) 

3.4% 
4.O% 

The quantitative recuperation of Zr and Hf is 
completed with stirring times of about 15 min. 
The complete extraction of the analytes in a short 
time like this, and the great convenience of the 
involved operations, implies a very important 
economy of time, mainly when compared with the 
times required for other preconcentration proce- 
dures. Liquid-liquid extraction procedures and 
liquid-solid methodologies executed in column 
systems, for example, are slower techniques be- 
cause of the difficulty in reaching equilibrium 
conditions and long time elution stages, respec- 
tively. For posterior determinations stirring times 
of 20 min were selected. 

Using sample volumes between 50 and 200 ml, 
the extraction of Zr and Hf is quantitative. With 
higher volumes the recuperation of the analytes is 
decreased, presumably due to excessive dilution of 
the solid extractor and consequently inefficient 
contact of the phases during the selected stirring 
time. If we consider the complete transference of 
the Zr or Hf amounts present in this high volume 
of aqueous phase for a small mass of resin, it is 
possible to perceive the great preconcentration 
potentiality of the proposed method. For subse- 
quent determinations maximum volumes of 200 
ml were selected. 

Is known that the particle size have a great 
importance on the X-ray fluorescence measure- 
ments, nevertheless preliminary studies shown 
that for ours experimental conditions insignificant 
differences are obtained by using resin of size 
equivalent to 41-60 or 150-190 mesh. 

Executing the extraction procedure in the opti- 
mized conditions and measuring the EDXRF 
emission directly on the solid mass, linear calibra- 
tion curves are obtained for a large concentration 
range (10-800 lag for zirconium, and 50 800 lag 
for hafnium) with typical correlations higher than 
0.999. Considering the sensibility of the determi- 
nation as a function of the inclination of the 
analytical curves, we observed that the proposed 
method permits sensitivity increases of about 25 
times for Zr and 40 times for Hf, in relation to 
direct measurement in the aqueous phase. 

3.3. Analysis of synthetic samples 

The results obtained for synthetic mixtures of 
diverse composition (Table l) indicate high con- 
cordance between added and found amounts. The 
precision of the methodology, expressed as rela- 
tive standard deviation for five determinations 
(about 3% for Zr and 4% for Hf), is very similar 
to that obtained by other techniques [9,10]. 

3.4. Precipitation in the presence of  lanthanum 

This method appears as a very simple alterna- 
tive for preconcentration of metallic species be- 
cause it depends on but a few experimental 
variables. The added amount of lanthanum, for 
example, is not a critical parameter. The selected 
value was defined only to facilitate the filtration 
and transference operations and as a function of 
the capacity of the sample compartment. Prelimi- 
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Table 2 
Zr-Hf determination from synthetic samples by precipitation in the presence of lanthanum 

815 

Added (rag) Found (rag) 

Zr Hf Zr (difference, %) Hf (difference, %) 

100.0 100.0 100.8(0.8) 
100.0 150.0 98.7(1.3) 
100.0 200.0 99.5(0.5 ) 
300.0 200.0 297.4(0.9) 
500.0 200.0 498.7(0.3) 
Average difference 0.8 
RSD (n = 5) 4.0% 

101.2(1.2) 
150.9(0.6) 
201.9(1.0) 
203.4(1.7) 
205.6(2.8) 

1.5% 
4.0% 

nary experiments indicated 300 ml as a maximum 
sample volume; with higher volumes the recupera- 
tion of the metallic species is incomplete. 

The calibration curves show good linearity (r > 
0.999) over a large concentration range (300-1000 
gg ml %. However, the sensitivity is lower than 
that obtained by extraction on the modified resin. 
In any case, the sensitivity is enhanced about 4 
times in relation to the directly measurement in 
the aqueous phase. 

The results for the Z r -Hf  determination from 
synthetic mixtures (Table 2) show high coherence 
with the added amounts,  with typical standard 
deviations of  about  4%. The accuracy of the 
proposed method is better than those obtained by 
Ricci [18] (5-10%) through a coprecipitation pro- 
cedure using ferric hydroxide as a collector agent. 

3.5. Z r - H J  determination fi 'om natural samples 

Both proposed preconcentration procedures 
were evaluated for determination of Z r -Hf  mix- 
tures from natural samples, which result from 

Table 3 

physical and chemical treatments of  zirconium 
ore. The results for zirconium determination using 
the modified resin and the coprecipitation proce- 
dure (Table 3) show a high coherence with those 
obtained by spectrographic analysis. By applying 
the statistical Student's test for 95% of confidence, 
we verify that for hafnium determination, only the 
modified resin provides comparable results. The 
results obtained by the coprecipitation procedure 
shows significant differences with those obtained 
by spectrographic analysis and by using the 
modified resin. 

4. Conclusions 

Both preconcentration procedures permit the 
quantitative recuperation of Zr and Hf  from large 
volumes of  aqueous samples. For  this motive they 
represent a potential and simple alternative for 
determination of metallic species by EDXRF.  The 
procedure based on the use of  a modified resin 
permits a significant increase of  the sensitivity of 

Zr-Hf determination from zirconium ore using the proposed methods 

Run Extraction with modified resin (%) Precipitation (%) Spectrography (%) 

Zr Hf Zr Hf Zr [~t" 

I 95.4 4.6 
2 95.2 4.8 
3 95.6 4.4 
Average 95.4 + 0.4 4.6 + 0.4 
RSD (%) 0.2 4.3 

96.5 
97.1 
96.7 

96.8 i 0.6 
0.3 

3.5 
2.9 
3.3 

3,2 _+ 0.6 
9.5 

95.0 
95.3 
95.2 

95.2 ± 0.3 
0.2 

5.0 
4.7 
4.8 

4.8 + 0.3 
3.2 
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the determination and can be used in analyses of 
low concentration samples. The non-selectivity of 
the extraction procedure with the use of modified 
resin is not a significant inconvenient, because can 
be compensate for the great selectivity presented 
for the EDXRF technique. 
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Abstract 

The complex of tin(IV) with bromopyrogallol red (BPR) in the presence of nonyl phenoxy polyethoxyethanol (OP) 
and cetyltrimethylammonium bromide (CTAB) has a sensitive absorption peak at 304 rim. Under the optimal 
conditions, Beer's law is obeyed over the range 0.1-2.5 lag ml- ~ Sn(IV) with molar absorptivity being 8.2 x l 0  4 l 
mol- l cm ~ and detection limit 0.018 lag ml-1. As compared with the visible method which also uses BPR as 
chromogenic reagent ( 2 m a  x = 550 nm), our method is sensitive and selective because of the complex's high, sharp 
absorption peak. In addition, the present method is simple and rapid, no heating or standing is needed. By means of 
the mixed surfactants the precipitation caused by the ion association of cetyhrimethylammonium cation and I3 anion 
is avoided if iodide is used for separating micro amounts of tin(IV) from a sample matrix. An application of the 
proposed method to the determination of Sn(IV) in a canned food was made with satisfactory results. ,9 1997 Elsevier 
Science B.V. 

Kevwords: Spectrophotometry; Tin determination; Bromopyrogallol red: Surfactant; Canned food 

1. Introduction 

It is of great importance to establish a method 
for the determination of the inorganic tin at lag or 
sub lag levels. Because micro amounts of  tin have 
an adverse effect on deep-drawing steels [1], the 
amount of tin present in these steels must be 
monitored. In addition, studies on marine an- 
tifouling coatings also need a method for tin 
determination in seawater [2]. If  a tin-plated iron 
can is used for package, the content of tin in food 
is indicative of the quality of the food in storage 

* Corresponding author. 

although inorganic tin is nontoxic for living sys- 
tems. It is also worth a mention that a sensitive 
method for inorganic tin determination could be 
used as an alternative for organic tin 
(toxic)determination after proper modifications. 

To date, there are many spectrophotometric 
methods for tin determination such as extraction 
spectrophotometry [3], solid phase spectrophoto- 
merry [4,5] and micelle spectrophotometry [6- 14]. 
In the case of micelle spectrophotometry, each 
chromogenic system has its advantages and disad- 
vantages with respect to sensitivity, selectivity and 
rapidity due to using different chromogenic 
reagents and surfactants. As the chromogenic 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)0211 9-4 
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reagents used for tin determination are almost 
all anionic dyes, and, hence, the surfactants are 
only cationic ones such as cetyltrimethylammo- 
nium bromide (CTAB) and cetylpyridinium bro- 
mide (CPB), precipitates often occur, especially 
at low room temperature [13] or after heating, 
due to the interaction of anionic dyes with 
cationic surfactants (CSF). In view of the prop- 
erties of mixed surfactants such as low critical 
micelle concentration (CMC) (ion-association, 
and hence sensitisation, occurred only above 
CMC [1,15]), we substituted a mixed surfactant 
solution composed of CTAB and nonyl phenoxy 
polyethoxyethanol (OP) for single CTAB (Sys- 
tems in the presence of CTAB and sodium do- 
decylsulfate (SDS) were turbid even if not 
heated). Preliminary tests showed that the use of 
the mixed surfactant solution could not only get 
rid of the drawbacks occurred when single CSF 
was used, but also enhance the sensitivity. In 
this paper, we developed a spectrophotometric 
method for Sn(IV) determination with bromopy- 
rogallol red (BPR) in the presence of OP and 
CTAB as well as applied it to the determination 
of tin in canned foods. 

2. Experimental 

from Jining Institute of Chemical Industry, 
China, 0.1%, 

(3) nonyl phenoxy polyethoxyethanol (con- 
taining approximately 10 moles of ethylene ox- 
ide) (OP), from Wuhan Tongxing Chemical 
Reagent Plant, China, 0.2%, 

(4) tin(IV) stock solution, 100 ktg ml-1, pre- 
pared by dissolving 0.1000 g of granulated tin 
metal (Baker) in 10 ml of concentrated H2SO4, 
and then diluting to 1 1 with concentrated 
H2SO 4 and water so that the concentration of 
H2SO 4 was 0.1 mol 1 ~; tin(IV) working solu- 
tion, 10 ~tg ml z, prepared fresh, when required, 
by diluting 10 ml of 100 ~tg ml ~ tin(IV) stock 
solution to 100 ml with water. 

2.3. Procedure 

Pipette to a 10 ml colorimetric tube 3.0 ml of 
0.01% BPR, 0.8 ml of 0.2% OP, 0.2ml of 0.l% 
CTAB, 2.0 ml of 95% ethanol, in that order. 
After mixing, add a portion of the working so- 
lution, (or sample solution) and dilute to the 
mark with 0.10 mol 1-~ H2SO 4. Finally, transfer 
the resulting solution to the quartz cuvettes and 
record the absorption spectrum using corre- 
sponding blank as reference. 

2. I. Apparatus 

The UV-vis absorption spectra were recorded 
on a Shimadzu UV-240 spectrophotometer using 
a matched pair of 1 cm quartz cuvettes. The 
pHs of solutions were measured using a model 
PHS-2 pH meter. 

2.2. Reagents 

Unless otherwise stated, all reagents used were 
of analytical grade and their solutions were pre- 
pared by weighing with distilled water as sol- 
vent. 

The concentration of each reagent was as fol- 
lows: 

(1) bromopyrogallol red (BPR), from Merck, 
0.01%, 

(2) cetyltrimethylammonium bromide (CTAB), 

3. Results and discussion 

3.1. Absorption spectra 

The complex of Sn(IV) with BPR in the pres- 
ence of OP + CTAB had two sensitive absorp- 
tion peaks in the UV/Visible zone (see Fig. 1). 
Under any circumstances, the peak height and 
half-band width of each ultraviolet absorption 
peak were better than those of corresponding 
visible absorption peak, respectively. So we 
chose the ultraviolet peak for tin determination. 
It is worth mentioning that in the visible range 
the absorption peak of Sn(IV)-BPR complex in 
the presence of single CTAB was much similar 
in peak position and half-band width to that in 
the presence of cetylpyridinium bromide (CPB) 
[6]. 
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3.2. Selection of  experimental conditions 

3.2.1. Composition of mixed surfactant solution 
and its volume 

Let the total volume of 0.2% OP + 0.1% CTAB 
be equal to 1.0 ml and change the relative vol- 
umes of the OP and the CTAB (other conditions 
as in Fig. 1). We found that 0,8:0.2 (0.2% 
OP:0.1% CTAB) was the optimum volume ratio 
and 1.0 ml was none other than the optimum 
volume of the mixed surfactant solution prepared 
in the optimum ratio. The peak under such condi- 
tions was the highest with its position being at 304 
r im .  

3.2.2. Effect of acidity 
With the decrease of the pH of the system 

(conditions as in Fig. 1(1) except the volume of 
0.I tool I ~ H2SO4), the absorbance of  the system 

1.7. 

! 

-0.2 

25"0 ~ / nm 650 

Fig. 1. Absorption spectra of  Sn(IV)-BPR complex in the 
presence of OP + CTAB(I)  and CTAB(2). Conditions: 3.0 ml 
of  0.01'% BPR + 1.0 ml of  a mixed surfactant solution (Vop/ 
VC'rAU = 8/2)(1) or 1.0 ml of  0 .1%CTAB(2)+ 2.0 ml of  95% 
ethanol + 15 lag Sn( IV)+  1.3 ml of  0.1 mol 1-~ H2SO 4. 

at 304 nm first increased gradually (pH = 2.3 1.6) 
then changed little (pH = 1.6-1.0). After that, it 
decreased by a big margin (pH = 0.8 0.5). For 
the above system, maximum absorbance occurred 
at 1.42 (pH of the final solution) where 1.3 ml of 
0.10 mol 1 ~ H2SO4 was added for adjusting the 
acidity of the system. Owing to the effect of pH 
on the absorbance of  the system was very small 
over the pH range 1.0-1.6, we controlled the final 
pH of each system used for the calibration curve 
of tin(IV) simply by diluting with 0.1 tool l 
H 2 S O  4 to the mark (strong acid (pH < 2) itself is 
a buffering agent). 

By the way, ionic strength, adjusted with up to 
1.0 m l o f  1 . 0 m o l l  ~ KC1, had almost no influ- 
ence on the absorbance (if 2 ml of 0.1 tool 1 
H 2 S O  4 w a s  added, then the ionic strength from 
the solution itself to which the standard procedure 
was applied was roughly 0.06). A detailed investi- 
gation into the influence was not made. 

3.2.3. Volume q/" 0.01% BPR 
For a system containing 20 lag Sn(IV) (condi- 

tions as in the procedure except the volume of 
0.01% BPR), with the increase of the volume of 
0.01% BPR, the absorbance increased first rapidly 
then very slowly. After that, it dropped slowly. 
The optimal volume of 0.01% BPR was 3.0-4.0 
ml. Taking into account the absorption of corre- 
sponding reagent blank at 304 nm, we chose 3.0 
ml as optimum (the molar ratio of BPR to Sn was 
ca. 3.5:1). 

3.2.4. Effect of ethanol 
Ethanol had a sensitizing effect on the determi- 

nation of Sn. For  the system composed of 3.0 ml 
of 0.01% BPR, 1.0 ml of the mixed surfactant 
solution, 1.0 ml of 0.10 tool 1 ~ H2SO4 and 20 lag 
Sn(IV), the absorbance of the system increased 
rapidly with the increase of the volume of ethanol 
followed by remaining almost unchanged. The 
optimum amount of 95% ethanol was 2..-3 ml. An 
excess of alcohol over the optimum could cause 
the absorbance to decrease. It was reported [6] 
that CPB was the optimal one among several 
cationic surfactants. However, we found that both 
CPB and CTAB have almost the same effects. 
This discrepancy lies in the solvent used for the 
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preparation of CSF (In Ref. [6], the solvent for 
CPB was 20% methanol in water, while that for 
CTAB was pure water). 

Ethanol also had a stabilizing effect on the 
micellar system used for tin determination [16]. 
This effect is the reason their system [6] was not 
turbid even if heated in a water bath at 80-90°C 
(if alcohol was not added in CPB, we found their 
system would be turbid especially when a slight 
excess of Sn(IV) was present). In our system, 
however, this effect became insignificant because 
of the presence of OP (when heated our system 
was not turbid even if ethanol was not added). 

3.2.5. The order of  addition of the reagents 
The order of addition of the reagents was stud- 

ied. Results demonstrated that the order has a 
great effect on the absorbance. The chromogenic 
reagent and the surfactants must be added before 
the Sn(IV) or sample solution (see Procedure in 
Section 2). 

3.2.6. Stability of  the complex 
The chromogenic reaction completed immedi- 

ately after all reagents were added in the given 
order, and the chromogenic system could stabilize 
for at least 4 h. 

3.3. Composition of the complex 

The composition ratio of the Sn(IV)-BPR com- 
plex obtained using the mole-ratio method and the 
method of continuous variations was 1:3 
(Sn(IV):BPR). We did not obtain the 1:1 ratio 
even if small amounts of BPR were added, which 
was not in accord with the results in Ref. [6]. A 
possible explanation for this difference was that 
the polyoxyethylene ether chains of OP molecules 
in a micelle could form a 'cage' like a crown ether 
molecule to capture Sn(IV) [17]. 

3.4. Analytical characteristics 

Under the optimal conditions, Beer's law was 
obeyed over the range 0.1-2.5 lag m1-1 Sn(IV) 
with molar absorptivity being 8.2 × 104 1 tool -  1 
cm ~ and detection limit (based on three times the 
standard deviation (n = 11) of the blank solution) 

being 0.018 lag ml - l .  For 15 lag Sn(IV), the 
relative standard deviation (R.S.D.) of seven repli- 
cate determinations was 1.6%. 

3.5. Interference study 

Under the optimal conditions, the effects of 
various foreign ions on the determination of 10 lag 
Sn(IV) were examined separately. With a relative 
error being less than __+ 3%, the tolerance limits 
(gg) for various metal ions were as follows: Ca(II), 
Mg(II), As(Ill), Fe(II), Cr(III), Pb(II)(1000); 
Ni(II), Zn(II), Cu(II), Co(II), Mn(II)(200); Fe(III), 
W(VI), V(V)(10); Mo(VI), Sb(III), Cr(VI)(5). The 
tolerance limits for anions (used as complexing or 
reducing agents or media): lactic acid, oxalic acid, 
ascorbic acid, citric acid, NH2OH HC1 (2 g); 
iodide (13 mg)(26 mg (if 1.0 ml of 2% ascorbic acid 
was added)); chloride (100 rag); sulfate (200 rag). 
Nitrate and EDTA caused serious positive and 
negative interferences, respectively. Incidentally, 
when the volume of 0.1 mol 1-l EDTA exceeded 
1.0 ml, the system became turbid (the white precip- 
itate may be the ion-association complex of EDTa 
with CTAB). Sn(II), as SnC12 2H20, had almost 
the same results as Sn(IV) with respect to peak 
shape and peak position; for equal amounts of tin, 
however, the peak height of Sn(II) was a little 
lower than (ca. 93%) that of Sn(IV). 

The interferences caused by Cr(VI), Fe(III), 
Sb(III), W(VI), Mo(V1) and V(V) could be re- 
duced by reduction with 1 ml of 2% ascorbate (for 
Cr(VI) from 5 to 1000 lag and Fe(III) from 10 to 
1000 ~tg) and by masking with 1 ml of 2% citrate 
(for Sb(III) from 5 to 20 lag and W(VI) from 10 to 
30 lag [8]) as well as 1 ml of 2% lactate (for 
Mo(VI) from 5 to 30 lag and V(V) from 10 to 30 
lag [1]). 

3.6. Sample analysis 

An application of the proposed method' to 
canned meat, produced by Jinan Meat Packing 
Plant was made. It was told that the packing 
material was tin-plated iron sheet; so the main 
interferent was Fe(III), which could be eliminated 
readily by its reduction with 1.0 ml of 2% ascorbic 
acid. 
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Table 1 
Recovery assays of Sn(IV) in canned foods 

Added (lag) Found ~ (lag) R.S.D. (%) Recovery (%) 

0 11.3 (10.9) b 2.7 - -  
5 16.7 2.1 108.0 

10 21.6 1.9 103.0 
15 26.1 2.3 98.7 

aMean of five replicate determinations. 
bDatum in parentheses was the value obtained by hydride 
generation [9]-atomic absorption spectrometry [18]. 

with iodide) were not significant. After digestion, 
Sn(IV), as SnI4, was extracted into toluene, then 
back-extracted into 0.2 mol 1 ~ HC1 (a detailed 
procedure see Ref. [1]). Prior to the determina- 
tion, no ascorbic acid was added to the extracts to 
preclude iodine (not Fe(III)). The amount  of  
Sn(IV) found in this method was 11.0 lag ml -1 ,  
which was satisfactory to us. 

3.7. Conclusions 

Prior to the determination, the sample was 
pretreated in the following way: 

Weigh ca. 2.0 g of  the meat; dry and ash it at 
600°C. After that, dissolve the ash with 10 ml of  
concentrated HC1 and dilute to 50 ml with dis- 
tilled water and 1 mol 1 ~ N a O H  so that the final 
pH was ca. l. Pipette 1.0 ml of  the digest for the 
determination. 

The tin content (mean of five replicate determi- 
nations) obtained was 282.5 mg k g - l  (R.S.D. = 
2.7%). 

In order to check the accuracy of the proposed 
method, a recovery study was carried out on 1.0 
ml of  the digested solution. The average recovery 
was 103.2% (see Table 1), which is acceptable. 

Usually, the iodide extraction method was used 
for separating micro amounts of  Sn(IV) from 
interfering matrices. However, this sample pre- 
treatment method could hardly be combined with 
other micelle spectrophotometric methods, in 
which a single CSF was used, owing to the precip- 
itation of CSF by 13 introduced from extract. 
Probably because of the solubilization of the 
mixed micelles composed mainly of  OP [16], the 
present method could preclude the precipitation 
even if no ascorbic acid was added (it was re- 
ported that ascorbic acid could preclude this phe- 
nomenon [1,11,19]). 

In order to demonstrate that the proposed 
method could be compatible with the iodide ex- 
traction method, we digested the ashed sample, 
according to Ref. [1], first with concentrated HCI 
then concentrated H2S'O 4 (to drive off  remaining 
HCI because chloride interfered in the extraction 
of SnI4). As the contents of  Cu(II) and Pb(II) 
were very low, their interferences (due to reactions 

First, the proposed method is simple and rapid. 
The chromogenic reaction completed immediately 
after all reagents were added. No heating [6] or 
standing [1,2,14] was needed. 

Second, the proposed method is sensitive. Its 
molar  absorptivity at 304 nm was nearly three 
times as much as that in Ref. [6] (~: = 3.0 x 10 4 1 
mol ~ cm 1 at 550 nm), which also used BPR as 
chromogenic reagent, more than five times as 
much as that in Ref. [3] ( e=  1.6 x 104 mol 1 
cm-1) ,  which was lately obtained by extraction 
spectrometry, and comparable to the latest result 
reported in Ref. [14] ( e=  1.03 x 105 1 mol ~ cm 
1). In terms of detection limit, the result of  our 
method was as good as that obtained by hydride 
generation-flame AAS [20]. 

Third, the selectivity of  our method is high 
because of  its narrow half-band width. In addi- 
tion, the linear range of  our method is about  three 
times as wide as that in Ref. [6]. 

Last but not the least, difficulties (precipitation 
of CSF by 13 ) experienced by other researchers 
[11,16] in combining the proposed method with 
the selective extraction of SnI4 have been over- 
come by means of  the mixed surfactants. 
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Abstract 

A differential pulse voltammetric enzyme-linked immunoassay for the determination of helicobacter pylori (H. 
pylori) specific IgG antibody in human serum has been developed. The method is based on coupling the oxidation 
reaction of 3,3',5,5'-tetramethylbenzidine (TMB)-H202 that is catalysed by horseradish peroxidase-IgG(HRP-IgG) 
conjugate with the electro-reduction of the enzymatic product to measure the activity of HRP-IgG. The latter reaction 
exhibits a sensitive differential pulse voltammetric response at 0.1 V (versus Ag/AgC1) in pH 4.0 acetate buffer 
solution. So, the H. pylori specific IgG antibody could be detected. The detection limit of present method for H. p.vlori 
specific IgG antibody was 1.0 units ml-~, which was about seven times lower than that obtained by traditional 
spectrophotometric ELISA procedure. © 1997 Elsevier Science B.V. 

Keywords: Helicobacter pylori; Immunoglobulin G (IgG) antibody: Serum 

I. Introduction 

H. pylori is a curved bacillus in close contact with 
gastric epithelium in biopsy samples from patients 
showing active chronic gastritis. H. pylori can cause 
acute gastritis and may lead to chronic gastritis [1]. 
The determination of H. pylori is valuable in 
diagnosis of gastritis and peptic ulcers. The current 
method for the determination of H. pylori is 
enzyme-linked immunosorbent assay (ELISA). In 
the ELISA, antibody production against H. pylori 

* Corresponding author. Fax: +86 25 3317761. Email: 
H YChen@publicl .ptt.js.cn. 

is studied, the presence of high IgG titer specific to 
H. pylori may show active H. pylori infection. 
Antibodies in the serum sample are allowed to react 
immunologically with the purified H. pylori antigens 
that are immobilized on the microwells. After 
washing off the unbound materials, the bound 
antibodies are quantitated by an enzyme labelled 
second antibodies specific to human IgG. A sub- 
strate is added and the intensity of the color 
generated is directly proportional to the concentra- 
tion of  the specific IgG that reacted with the H. pylori 
group specific antigens. Although ELISA is a 
popular assay in clinical examination, the relatively 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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poor detection limit with absorbance spectrophoto- 
metry is one cause of its lack of  sensitivity [2,3]. 

Immunoassay with electrochemical detection ap- 
pears to have some inherent advantages over the 
more widely used spectrophotometric techniques [4]. 
Lower detection limits and wider working detection 
range can be achieved with Morden electrochemical 
techniques. One approach used in such techniques 
is to employ an enzyme label that generates an 
electrochemically active product. Many of  the recent 
studies have utilized amperometric detection of  
electroactive species, as p-aminophenol [5], the 
reduced form to 2,6-dichloroindophenol [6], 1-naph- 
thol [7] and NADH [8] generated catalytically by 

CH CH 
3")  ,, ~ 3 

C tt ,/ C H 
3 3 

an enzyme label. But to our knowledge, voltammet- 
ric immunoassay method was reported much less 
than amperometric immunoassay method. 

In this paper, we established a voltammetric 
enzyme-linked immunoassay for H. pylori specific 
IgG antibody using HRP as labeled enzyme and 
TMB-H202 as substrate. The enzymatic product 
4,4'-di(3,5-dimethyl-4-amino),2,2',6,6'-tetramethy- 
lazobenzene is electroactive and can be detected by 
differentialpulse voltammetry. The assay shows high 
sensitivity and accuracy, and the electrochemical 
detection can be done within half a minute. 

The enzymatic coupling reaction scheme and the 
electrochemical reaction scheme are as follows. 
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Fig. 1. Cyclic voltammogram of the enzymatic product in 0.2 mol 1- ~ pH 4.0 acetate/DMSO buffer solution. TMB: 0.5 x 10 ; tool 
1 ~, H202:0.8 x 10 3 tool I ~, HRP-IgG: 1:5.0 x 106 scan rate: 300 mV/S. 

2. Experimental 

2.1. Reagents and apparatus 

A E L I S A  test kit for H. pylori specific IgG 
antibodies measurement  was purchased f rom 
B I O - R A D  laboratories (USA) and was used ac- 
cordance with manufac ture  instructions [9]. In the 
kit, the serum diluent concentrate  was p H  7.4 
phosphate  saline with PEG,  Tween, 0.002% 
Thimerosal  and 0.01% sodium azide. The sub- 
strate solution was TMB-H202  in p H  5.0 acetate/ 
D M S O  buffer solution. The ratio o f  the D M S O  
to the acetate buffer was 1%, and it was constant  
in all the experiments. The wash buffer concen- 
trate was p H  7.4 phosphate  buffered saline with 
Tween 20, 0.02% Thimerosal  and 0.01% Gentam-  
icin. The stop solution was 1 mol  1 ~ H z S O  4. The 
vol tammetr ic  determinat ion was done with an 

electrochemical system (Model 270, EG and G, 
USA). The working electrode was a home made 
gold disk electrode. The diameter o f  it was 0.5 
mm. The counter  electrode was a plat inum wire 
and the reference electrode was a Ag/AgC1 elec- 
trode with 0.1 mol 1 ~ KCL.  Before use, the 
electrode was prepared as follows: first, polish the 
electrode by rough and fine sand paper, respec- 
tively. Then, polish it to a mirror  smoothness  on 
silk by successively fine grade o f  alumina,  the final 
diameter o f  which was 0.05 [am. Finally, clean the 
electrode by ultrasonic waves. 

The absorbancies were detected by a D Y N A T -  
E C H  MR7000 microplate readers (USA). 

2.2. H. pyIori specific IgG antibody immunoassay 

A series o f  h u m a n  serum H. pylori specific IgG 
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Fig. 2. Differential pulse voltammogram of the enzymatic product. 1. 0.2 mol 1- 1 pH 4.0 acetate/DMSO buffer solution, 2. 
1 + 0.5 × 10 - 3 mol 1 - i TMB + 0.8 x 10 - 3 mol 1 - ~ H202. 3.2 + HRP-IgG(1:5.0 x 106). Pulse height: 60 mV, pulse width: 0.05 S, 
scan rate: 300 mV/S. 

antibody calibrators that covered the clinically 
relevant range (0-100 units m1-1) was supplied 
with the ELISA test kit. A standard curve for the 
spectrophotometric procedure was produced by 
following manufacture 's  protocol. Concentrations 
of  H. pyroli specific IgG antibody were detected 
spectrophotometrically by measuring absorbance 
changes at 450 nm. 

2.3. Voltammetric H. pylori specific IgG antibody 
immunoassay 

After the H2SO 4 termination in the ELISA 
procedure, 22 ul 2 mol l -1  N a O H  was added to 
the well of  an ELISA plate to return its pH to 4.0. 
Without separation, the small three-electrode 
system was directly inserted in the well for 
voltammetric determination. The scan rate was 
300 mV/S,the initial potential was 0.40 V, the 
final potential was - 0.40 V. For  DPV detection, 
the pulse height was 60 mV, the pulse width was 
0.05 S. 

3. Results and discussion 

3.1. Cyclic voltammetry of  the enzymatic product 

Fig. 1 is a cyclic vo l tammogram of  the 
enzymatic product formed by H20  2 oxidizing 
TMB catalysed by H R P  in 0.2 mol 1-1 pH 4.0 
acetate /DMSO buffer solution. It shows that 
enzymatic product could give a quasi-reversible 
current response. A pair of  well-defined cathodic 
and anodic peaks appeared. Ep¢ and Epa were 
- 0 . 0 4  V and 0.14 V, respectively. The existence 
of the anodic peak suggests that the product of  
electroreduction of  the enzymatic product can be 
oxidized again at the electrode when the scan 
direction is reversed. The influence of  scan rate on 
the peak current was studied, the response of  peak 
current was linear with respect to the scan rate 
between 50 and 300 mV/S, suggesting the 
adsorption of  the enzymatic product and the 
electroreduction process of  the enzymatic product 
is adsorption controlled [10]. 
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Fig. 3. Effect of pH on differential pulse voltammetric response of the enzymatic product. Conditions are the same as Fig. 2. 

3.2. Differential pulse voltammetric response o f  
the enzymatic product 

The linear sweep voltammetry, the modem 
square wave voltammetry, the normal pulse 
voltammetry and the differential pulse voltam- 
metry (DPV) all have excellent voltammetric 
peaks in the detection of the enzymatic product. 
Among these methods, DPV has the advantages 
of the highest sensitivity and the lowest detec- 
tion limit. Fig. 2 shows the result of the differ- 
ential pulse voltammetry. Curve 1 shows the 
situation that in the coupling reaction process 
there is nothing but acetate buffer solution that 
has no DPV response. Curve 2, which presents 
a lower DPV peak at 0.1 V (versus Ag/Ag CL) 
potential, shows the situation that the coupling 

reaction process has acetate buffer solution + 
TMB + H202. There is a blank peak that is due 
to a slow oxidation of TMB by H202 and the 
high sensitivity of this method. Curve 3 shows 
the situation at the time when HRP was added 
to the former solution. Owing to the addition of 
HRP, the product of the enzymatic reaction 
produced a high well-shaped DPV peak. Com- 
paring curve 3 with curve 2, we could find that 
the peak potential did not move practically, but 
the peak current increased sharply. This means 
that HRP could highly speed up the oxidizing 
reaction of TMB by H202. With this electrore- 
duction peak, free HRP and different labelled 
HRP can be detected. By means of im- 
munoassay, different antibodies and antigens 
can also be identified. 
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Fig. 4. Calibration curve for the determination of H. pyroli specific IgG antibody by differential pulse voltammetry. Conditions are 
the same as Fig. 2. 

3.3. Optimum conditions for the determination of  
the enzymatic product 

To check the effect of pH on the DPV response 
of the enzymatic product, successively increased 
volume of 2 mol 1-l NaOH was added to adjust 
the pH of the determination system after the 
enzymatic product formation and H 2 S O  4 termina- 
tion in the ELISA procedure. As shown in Fig. 3, 
the peak current I v remains relatively low value 
between pH 1.5-3.5 and 5.5-10.0, but Iv in- 
creases sharply in pH 3.5-4.0, and reaches maxi- 
mum value at pH 4.0, then it decreases at higher 
pH. So, pH 4.0 was selected as the working pH 
considering the response sensitivity. 

DPV parameters were adjusted to optimize the 
instrument condition. Although Ip was greater for 
higher pulse height between 10-100 mV, a 

sharper peak was found at 60 mV using pulse 
width 0.05 S. A scan increment of 20 mV and a 
step time of 55 mS were selected. 

3.4. Quantitative test for the detection of  H. 
pylori specific IgG antibody 

Under the selected conditions described above, 
the DPV response of the enzymatic product is 
proportional to the concentration of H. pylori 
specific IgG antibody in the serum. A linear cali- 
bration curve for the detection of H. pyroli spe- 
cific IgG antibody in serum was produced over 
the range of 0-100 units ml 1 as shown in Fig. 4. 
The linear regression equation was CHp = 8.88 Ip 
- 1 . 5 7  with the linear relation coefficient (r) 
0.996. The relative standard deviation (RSD) for 
the determination of 25 units ml i H. pylori 
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Fig. 5. Calibration curve for the determination 

specific antibody was 7.6% (eight replicates). 
The ELISA procedure was also carried out as 

described, absorbance changes were plotted 
against the corresponding H. py lor i  specific IgG 
antibody concentration and a calibration curve 
was constructed. (Fig. 5, Cnp=  54.03 A -9 .16 ,  
r--0.980),  the RSD for the determination of 25 
units ml- l H.  py lor i  specific antibodies was 8.4% 
(eight replicates). 

From Fig. 4 and Fig. 5, we could observe that 
DPV immunoassay has wider detection range than 
ELISA procedure in the higher and lower IgG 
concentration range. Taking the detection limit to 
be the concentration that gives a signal three times 
the standard deviation (S.D.) of the blank, we 
could calculate the detection limit from the cali- 
bration curve of these two methods. The S.D. of 
the blank for DPV and ELISA was 0.095 and 0.10, 
respectively (eight replicates). So, the calculated 
detection limit for DPV and ELISA procedure is 

of H. pyroli specific IgG antibody by ELISA. 

1.0 and 7.1 units ml ~, respectively. 
This result shows that DPV detection limit is 

about seven times more sensitive than that of the 
spectrophotometric method. 
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Abstract 

The direct electron transfer reactions between tyrosinase and silver electrode were investigated by using cyclic 
voltammetry and potential-step chronoamperometry as well as current-step chronopotentiometry techniques. The 
kinetics of these reactions is quasi-reversible with two electron transfer reactions and 0.030 s ~ apparent electrode 
reaction rate constant. The results demonstrate that neither electrode surface modification nor the inclusion of 
mediators is necessary to study the electron transfer reactions of tyrosinase at silver electrodes. Moreover, both the 
anodic and the cathodic currents are linear relationship with the tyrosinase concentration in the range of 1 x 10 9 
5 x 10- 8 mol 1 1. It is possible to be used as a method of analyzing tyrosinase concentration. © 1997 Elsevier 
Science B.V. 

Keywords: Direct electrochemistry; Silver electrode; Tyrosinase 

1. Introduction 

The electrochemical behavior  investigations o f  
biomacromolecules,  such as proteins and en- 
zymes, have been a major  research area in recent 
years [1,2]. These investigations are impor tant  not  
only for fundamenta l  reasons but also for  the 
development  o f  electroanalytieal me thodo logy  [3]. 
It is because some analogies exist between the 
reactions o f  biomacromolecules  at electrodes and 
their interaction in biological redox system [4]. 
However,  a l though many  proteins and enzymes 
possess functional groups  that  can be readily oxi- 
dized or reduced by chemical redox agents, it is 
rare for the biomacromolecules  to undergo facile 

* Corresponding author. 

redox at electrodes, for reasons ascribed both  to 
their extended three-dimensional structure and the 
resulting inaccessibility o f  the electroactive centers 
as well as their s trong adsorpt ion onto  electrode 
surface for  subsequent passivation. Most  
biomacromolecules  exhibit so slow electron trans- 
fer reactions at electrode surface that  no useful 
currents appear  even when rather large overpoten-  
rials are applied. For  our  knowledge, only a few 
proteins with quasi-reversible redox are obtained 
at some chemically modified electrodes or  by the 
presence o f  some promoters  so far [5 10]. Few of  
these redox reactions could be used for analytical 
possibility. 

A few papers about  electrochemical redox of  
blue copper  proteins were reported previously. 
Gray  et al. [11,12] reported the direct electro- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-91 40(96)021 21-2 
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chemistry o f  Bean plaslocyanin, Rhus vernicifera 
stellacyanin and Pseudomonas averuginosa azurin 
at modified gold electrodes. The direct electro- 
chemistry o f  Spinach plasloeyanin at graphite 
electrodes p romoted  by Pt(NH3)64 + were studied 
by Hill et al. [13]. Tyrosinase (Tyr) is one o f  
blue copper  proteins. It  is an impor tan t  enzyme 
with biofunct ion for  catalyzing oxidat ion o f  Ty- 
rosine and Catechol.  The only report  about  the 
direct electrochemical behavior  o f  Tyr  was by 
Kelly et al. [3]. They modified glass ca rbon  elec- 
trodes using Nat ion mixed with copper  chelate 
and obtained the redox reactions o f  Tyr. In our  
experiments, we found  that  Tyr  occurred quasi- 
reversible redox reactions at bare silver elec- 
trodes with two electron transfer and 0.030 s -1  
apparent  reaction rate constant.  More  impor-  
tantly, both  the anodic currents and the ca- 
thodic currents are linear relationship with the 
concentra t ion o f  Tyr  in the range o f  1 x 1 0 - 9 ~  
5 x 1 0  - 8 m o l 1 - 1  

2. Experimental 

2.1. Reagents and mater&& 

Tyrosinase was obtained f rom Sigma with pu- 

a 

I 0.1rnA 

L I I 

0.4 0.2 0.0 E(v) 

Fig. 1. The voltammograms of Tyr on bare Ag electrode (a) 
0.50 mol 1 1 KH2PO4; (b) ( a )+5x  10 -9 tool 1-1 Tyr; (c) 
(a)+ 1 x 10 -8 mol 1 -~ Tyr v=20 mV s-~; pH =5.0. 

I 0.2mA 

• 100 m V /  

I i • 

0.4 0.2 E(v) 0.0 

Fig. 2. The effect of v on Ip (from inner to exterior) v = 10, 20, 
50, 100, 200 mV s-  i. Inset shows the dependence of observed 
lp, and/pc on v. The solution same as Fig. l(c). 

I I J 

0.4 0.2 E(v) 0.0 

Fig. 3. The cyclic voltammogram for continuing scan 30 min. 
The solution same as Fig. 2. v = 20 mV s-  J. 

rity o f  99% and without  further  purification. 
Tyr  solid was stored under  0°C. Tyr  solution, 
prepared fresh everyday, was stored under  5°C. 
Other  reagents were o f  analytical grade and 
were used as received. All solutions were pre- 
pared using distilled water. 
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Table 1 
Detection of electron transfer number n ([Tyr] = 5 × 10 - 9  mol 1- ~) 

833 

v(mV s 1) Ep~(mV) Ep¢(mV) l~(mA) Qc(mC) n 

I0 342 179 0.1645 0.8192 2.06 
20 346 171 0.2050 0.5101 2.06 
30 348 169 0.2330 0.4020 1.98 
40 352 164 0.2640 0.3527 1.92 

2.2. Apparatus and procedures 

Model 270 electrochemical system (EG and G 
Princeton Applied Research, USA) was em- 
ployed along with an IBM 386 computer  to con- 
trol and treat data for cyclic voltammetry,  
potential-step chronoamperometry  and current- 
step chronopotentiometry.  A standard three-elec- 
trode electrochemical cell was used for all 
electrochemical experiments. The electrodes con- 
sist of  bare silver electrode (area of  3.14 m m  2) as 
working electrode, platinum slice (area of  1,0 
cm 2) electrode as counter electrode and SCE as 
reference electrode. The Ag electrodes were pol- 
ished to a mirror smoothness on silk impregnated 
with 0.3 gm alumina powder suspension and then 
cleaned with ultrasonic waves. All experiments 
were performed under undeoxygen at room tem- 
perature. 

3. Results and discussion 

3.1. The direct electrochemical behavior o f  
tyrosinase on silver electrodes 

Fig. 1 shows the cyclic vol tammograms of Tyr 
on bare silver electrodes. In medium of 0.5 tool 
1-~ KH2PO 4 (pH = 5.0), with potential range of 
0.00 ~ + 0.5 V(versus SCE) and scan rate of  20 
mV s-1 ,  the silver electrode does not occur redox 
reaction itself [Fig. l(a)] and a pair of  redox 
peaks are obtained when 5 x 10-9 mol 1-~ Tyr  is 
added in the medium with Er~= 171 mV and 
Ep~ = 346 mV (AEp= 175 mV) respectively [Fig. 
l(b)]. Increasing Tyr concentration to 1 x l0 s 
mol 1-1, both anodic currents Ip, and cathodic 
currents Ip~ are multiplied with Epc--- 155 mV and 
Ev~ = 335 mV (AEp = 180 mV). It is clear that the 
peak potentials (Ep, and Epc) are related to Tyr 

i (~ , )  

211A 

- -  | , , 

2 

l 

o/) 

b 

I t ~  I I , ,  . , =  

4 t(s) 0.2 0.4 l(s) 

Fig. 4. Potential step experiment (AE = 5 mV). (a) I ~ t curve; (b) Log(/- i~) ~ t curve. 
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Table 2 

The relationship between adsorbance and Tyr concentration 
( A i =  0.1 mA)  

Tyr(mol 1-1) Adsorbance(mol mm 2) 

l . O x  10 -9  7 . 7 x  10 -13 

5 . 0 × 1 0  -9  1.1 x 10 ]2 
1.Ox 10 8 2.57 x 10-12 

1 .5x  10 -8  3.71 x 10 - j 2  

2 . 0 x  10 -8  4 . 6 4 x  10 -12 
2.5 x 10 - s  5.56 X 10 -12 

concentration. Both Ep~ and Ep~ are shifted nega- 
tively with increasing Tyr concentration. But the 
Ep~ is shifted more quickly than that of Ep,, which 
results in the multiplication of  AEp, for reason 
ascribed to the Ipc larger than Ipa (/pc -~ 2Ipa)" The 
peak currents (Ip~ and/pc) are linear relationship 
with scan rate in range of 10 ~ 200 mV s - 1[Fig. 2]. 
This exhibits that both Tyr and its redox product 
are adsorbed on electrode surface. In fact, if we 
immerse an Ag electrode in a solution containing 
Tyr for a moment and then put it in 0.5 mol 1-] 
KH2PO 4 solution for cyclic scan, the redox peaks 
of  Tyr are obtained still. Moreover, we had a silver 
electrode adsorbed Tyr on its surface be exposed 
in air for 30 min and then performed cyclic scan in 
background solution. The same voltammograms 
were obtained as that of  performing in containing 
Tyr solution. This result suggests that the redox 
reactions of  Tyr possess good stability. For this 
consideration, we performed the cyclic scan in a 

~ ~ 1  I 0.1mA 

| f , |,, 
0.4 0.2 E(v) 0.0 

Fig. 6. The relationship between peak currents and Tyr con- 
centration (from inner to exterior) 1 × 1 0 - 9 ;  5 × 10 - 9  ; 1 × 
1 0 - s ;  2 × 1 0 - 8 ;  3 × 10 - 8  tool l - t ,  [ K H 2 P O 4 ] = 0 . 5  mol  1 - I  

p H = 5 . 0 ,  v = 2 0 m V s - ~ .  

solution containing Tyr 1 × 10 s mol 1-1 for 
continuing 30 min [Fig. 3]. The electrode reactions 
exhibit so good a stability that the peak currents 
change by less than 8.0% (cathodic current)and 
6.5% (anodic current), respectively. 

E 
LIJ 

i 

0.2 

E 

50mY 

0.4 0.6 0.8 1.0 

F K H z P O , ' ]  m o l / L  

b 

4.- 

[KH:PO~]mol/L 
Fig. 5. The effect of KH2PO 4 concentation on AEp(a) and peak half-width Wvz(b ). [Tyr] = 1 × 1 0 - 8  mol  1 - J ,  v = 20 mV s -  ] 
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3.2. The reaction rate o f  Tyr on bare silver 
electrodes 

Cyclic voltammetric technique was employed 
to study the redox reactions between Tyr and 
bare silver electrodes. According to Laviron's  
theory [14], when the adsorption obeys the lang- 
muir isotherm, the peak currents are linear rela- 
tionship with scan rate. That  is: 

Ip = n~F2A F v /4RT  = nFQv/4RT 

F is the total surface concentration of  electrode 
reaction substance (mol cm 2). A is the elec- 
trode area(cm 2) and Q is the peak area of  
vol tammogram (coulomb). Iv is here expressed 
in unit of  amperes, n, F, R, T have their usual 
significance. The above equation shows that as 
long as Q is obtained under certain v, then n 
can be calculated. Table 1 shows the results on 
this basis. So, the redox of Tyr at bare silver 
electrodes is a two electron transfer reaction. 
The electrode reaction rate constant k~ was cal- 
culated using the method demonstrated by Lavi- 
ron [15]. The transfer coefficient :~ can be 
obtained with Ep ~ f l l o g  v) relation. Here when 
scan rate is 20 mV s f: AEp=175  mV, that is 
AEp>200  n ~ inV. K~ can be obtained with 
following equation: 

log k~ = :~ log( 1 - :~ ) + ( 1 - :~)log ~ - log(R T/nFv) 

- ~.(1 -- ~)nF AEp/2.3RT 

From this, we figured out c~=0.61 and k~= 
0.030 s ~. It shows a quasi-reversible reaction. 

3.3. The electrode reaction parameters R,., CH 
and electrode smJ'ace adsorbance 

For an electrode reaction controlled by elec- 
trochemical step, when a low amplitude poten- 
tial step ( A E <  10 mV) exerts on the electrode 
and continues for a short time, the concentra- 
tion polarization will not occur. The controlling 
potential transient technique can be used to de- 
tect solution resistance R~ (including electrode 
inner resistance), electrode reaction resistance R~ 
and electrical double layer capacitance Cd. For  

this system, we used A E =  5 mV as potential 
step to exert on electrode and record i- ,- t  
curves (Fig. 4). At this condition, we can con- 
sider that the R~ is not relation to potential, 
that is R~ = constant. According to Macdonald 's  
[16] theory: 

i . . . . .  = AE/RI 

(R~I is the parallel combination of R,. and RO 

Log(i - I ,  ) = Log A - t/2.3 Rj~ Ca 

If the i~ is selected suitably, the L o g ( i - i , ) - - t  
curve is a straight line (Fig. 4b.) So: / s lope /=  
(1/R~ + 1/Rr)/2.3 C d and R r = AE/i ,  - R~ We ob- 
tained R~ = 1442 f~; R r =  8408 f), and Cd = 12.8 
,uF. The real electrode surface is S,.~.,,~ = Cd/CN = 
12.8/20=0.64 cm 2. It is much larger than its 
apparent surface. 

The electrode surface adsorbance have been 
investigated using transient current-step 
chronopotentiometry technique. In different Tyr 
concentration solutions, a fixed current-step ex- 
erted on electrode and different transitional 
times r were obtained. Then, the charges /Q) 
were calculated from Q =  r x t and the adsor- 
bance were calculated from F = Q,'nFA. Table 2 
shows the results on this basis. 

From the results, we know that the adsor- 
bance are enhanced with increasing Tyr concen- 
tration. It predicts that it may possesses a linear 
relationship between electrode reaction currents 
and Tyr concentration. This has been confirmed 
by following experiments. We also know that 
there is an adsorption equilibrium between ad- 
sorbed Tyr molecules and Tyr molecules in solu- 
tion. For reasons ascribed that Tyr molecule is 
a macromolecule. The adsorbed Tyr molecules 
impede the further adsorption of dissolved Tyr 
molecules. Although the adsorbance on elec- 
trode surface does not reach saturation, it can- 
not be enhanced further, unless the Tyr 
concentration be increased. This may be ex- 
plained that the adsorbance are linearly multi- 
plied with increasing Tyr concentration. 
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3.4. The relationship between peak currents and 
Tyr concentration 

Several salts have been examined as electrolyte. 
The results indicate that the KH2PO 4 is the best 
choice. The solution p H  and KH2PO 4 concentra- 
tion have been carefully tested for affecting Ip and 
Ep. The results are that pH do not affect Ip but 
affect the Ep. Both Epa and gpc are shifted nega- 
tively (about 12 mV p H - 1 )  with decreasing pH, 
but the AEp is a constant at different pH (AEp = 
180 mV with 1 x 10 -8 mol 1-1 Tyr). This sug- 
gests that the H + ions do not participate in the 
reaction. Fig. 5 shows the affect of  AEp(a) and the 
peak half-width W~/2(b) by KH2PO 4 concentra- 
tion. Both AEp and W1/2 are decreased with in- 
creasing KH2PO 4 concentration. This suggests 
that the KH2PO 4 concentration affects the Tyr 
conformation and reaction activation energy. Fig. 
6 is the vol tammograms of  different Tyr  concen- 
tration. Both the anodic currents and cathodic 
currents are multiplied with increasing Tyr  con- 
centration and linear relationship with it in the 
range of  1 × 10 -9  "~5 × 10 -8  mo1 1-1. The lin- 
ear regression equations are: 

Ipa(A) = 4.64 x 10 5 + 2434.7C(mol 1- l) 

Ip~(A)=9.77 × 1 0 - 5 + 5 5 1 4 . 4 C ( m o l l  1) 

with correlation coefficients Y~ = 0.9960 and -re = 
0.9976. The detection limit is up to 5 x 10-  lO mol 
1 ~ estimated by signal/noise = 1. 

4. Conclusion 

The existence of Tyr are of  tetramers, each of  
which contains an electroactive center (copper) 
and may be experiencing electron transfer individ- 
ually. The tetramers are negatively charged at pH 
5. Some kind of  'adsorption bond '  may be formed 
between Tyr and the 5s orbit of  Ag atom (a 

half-full orbit of  Ag). But the tetramers are a 
macromolecules with molecular weight of  119 000 
(from mammal  tissues). One side of  the tetramers 
is adsorbed on the electrode surface and ex- 
changes two electrons with the electrodes. Essen- 
tially, the redox reactions of  Tyr in the process are 
the redox between Cu 2 + and Cu +. 

Acknowledgements 

The support  of  the National  Natural  Science 
Foundat ion of  China is greatly appreciated. The 
authors especially appreciate discussions with 
Prof. Wuming Zhang regarding this work. 

References 

[1] H.A.O. Hill, Pure Appl. Chem. 59 (1987) 743. 
[2] A. Merz, Top. Curr. Chem. 152 (1990) 49. 
[3] J.W. Furbee, Jr. C.R. Thomas, R.S. Kelly and M.R. 

Malachouski, Anal. Chem. 65 (1993) 1654. 
[4] M.J. Eddowes, H.A.O. Hill, K. Uoski, J. Am. Chem. Soc. 

101 (1979) 7117. 
[5] D.E. Reed, F.M. Hawkridge, Anal. Chem. 59 (1987) 

2334. 
[6] K.B. Koller, F.M. Hawkridge, J. Electroanal. Chem. 239 

(1988) 281. 
[7] S. Dong, S. Song, Acta Chim. Sinca 49 (1991) 493. 
[8] J. Han, H. Chen, H. Gao Acta Chim. Sinca 51 (1993) 

683. 
[9] C. Cai, H. Ju, H. Chen, Chem. J. Chin. Univ. 16(1) (1995) 

31. 
[I0] A.I. Manuel, D.S. Rolf, Bioelectrochem. Bioenerg. 33 (2) 

(1994) 191. 
[11] V.T. Taniguchi, S.S. Napopan et al., Pure Appl. Chem. 

52 (1980) 2275. 
[12] N. Sailasuta, F.C. Anson, H.B. Gray, J. Am. Chem. Soc. 

101 (1979) 455. 
[13] F.A. Armstrong, H.A.O. Hill, N.J. Walton, Acc. Chem. 

Res. 21 (1988) 407. 
[14] F. Laviron, J. Electroanal. Chem. 100 (1979) 263. 
[15] F. Laviron, J. Electroanal. Chem. 101 (1979) 19. 
[16] D.D. Macdonald, Transient Techniques in Electrochem. 

Chapter 4 and 6, Plenum Press, New York, 1977. 



E L S E V I E R  Talanta 44 (1997) 837 842 

Talanta 

Spectrophotometric determination of palladium after 
solid-liquid extraction with 1-(2-Pyridylazo)-2-naphthol at 90°C 

J i n z h a n g  G a o  *, B o  P e n g ,  H a i y a n  F a n ,  J i n g w a n  K a n g ,  X u d o n g  W a n g  

Department q[' Chemistry Northwest Normal University Lanzhou, 730070. People,s' Republic o[ China 

Received 26 February 1996; received in revised form 17 September 1996: accepted 27 September 1996 

Abstract 

An effective spectrophotometric determination of palladium with 1-(2-pyridylazo)-2-naphthol (PAN) using molten 
naphthalene as a diluent has been studied. A green complex of palladium with PAN is formed at 90°C. In the range 
of pH 1.5-7.5, the complex is quantitatively extracted into molten naphthalene. The organic phase is anhydrously 
dissolved in CHCI3 to be determined spectrophotometrically at 678 nm against the reagent blank. Beer's law is obeyed 
over the concentration range of 0.5-10 ppm. The molar absorptivity and Sandell's sensitivity are 1.2 x l 0  4 I tool 
cm t and 0.0070 mg c m - 2  respectively. The optimum conditions for determination are obtained. The interferences 
of various ions are observed in detail. The method has been applied to the determination of palladium in synthetic 
samples. '© 1997 Published by Elsevier Science B.V. 

Keywords: Molten naphthalene; Palladium; Spectrophotometric 

1. Introduction 

Solvent extraction of precious metals is widely 
employed in chemistry and industry for many 
years. Normally,  it is difficult for metals such as 
palladium, platinum, rhodium, etc., to form com- 
plex with extractant at the room temperature, 
while at a high temperature the water-insoluble 
complex can form easily and rapidly. In 1969, 
Fujinaga et al. [l] developed a method involving 
the extraction of the complex at high temperature 
followed by the solid-liquid separation at room 
temperature. In recent years, much work was 
done on the solid-liquid extraction in our lab 

* Corresponding author. 

0039-9140/97/$17.00 ©, 1997 Published by Elsevier Science B.V. All 
PII S0039-9140(96)02122-4 

[2-4]. In this technique, organic substances which 
are solid at room temperature such as naph- 
thalene, biphenyl and paraffin waxes are used as a 
diluents. The water-insoluble complex is extracted 
into the molten diluent at the high temperature to 
achieve distribution equilibrium. The phase sepa- 
ration is obtained by cooling the extraction sys- 
tem to room temperature. This technique is also 
applied for the concentration and separation of 
precious metals. Solid-l iquid extraction spec- 
t rophotometric  determination of palladium [5], 
platinum [6], rhodium [7], iridium [81, osmium [91 
and ruthenium [10] are reported. The organic 
extractants used are mainly focused on 8-hydrox- 
yquinolines, oximes and dioximes, cuprals and 
xanthates [5]. 

rights reserved. 
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For the solid-liquid extraction spectrophoto- 
metric analysis of platinum group metals, there 
are some shortages. The sensitivities of some sys- 
tem are lows and molar absorptivity are usually 
around 10-3 level [11,12], others have a relatively 
high sensitivities, but are not suitable to be ex- 
tracted and detected for a wider acidity [13,14]. 

As a highly sensitive and selective indicator of 
polydentate organic reagents, PAN forms inten- 
sively coloured and water-insoluble complexes 
with many metals [15] which can be extracted into 
an organic solvent. However, there is no applica- 
tion of PAN for solid-liquid extraction of plat- 
inum group metals at a high temperature. The 
liquid-liquid extraction of palladium with PAN 
into CHCI 3 has been reported [16,17], but it has a 
narrow pH range for the determination and is 
time consuming. 

In this paper, PAN is first used for the solid- 
liquid extraction of palladium (II) into molten 
naphthalene. High sensitivity of detection and a 
wider pH range of extraction are obtained. Time 
consumption is decreased and procedures are 
more convenient. 

/ 
o 

Fig .  1. A b s o r p t i o n  s p e c t r a  o f  P A N - P d ( I I )  c o m p l e x  a n d  P A N  

in  n a p h t h a l e n e - c h l o r o f o r m  s o l u t i o n .  (A)  r e a g e n t  a g a i n s t  

n a p h t h a l e n e  c h l o r o f o r m ,  (B)  P A N - P d ( l l )  c o m p l e x  a g a i n s t  

r e a g e n t .  
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Fig .  2. E f f e c t  o f p H  o n  t h e  e x t r a c t i o n .  P d ( l l ) :  20  l~g, P A N ( 1  x 

10 - ~  M) :  0 .5  ml ,  V~q: 20 m l ,  n a p h t h a l e n e : l . 0  g (1 .3  ml) ,  

I = 0 . 1  M N a C I O  4. 

2. Experimental 

2.1. Apparatus 

A model U-3400 Hitachi spectrophotometer 
(Japan), a Model pHS-10A digital acidity/ 
ionometer (Xiaoshan, China) and a Model 
HHS21-4 super thermostatic water bath (Beijing, 
China) were used in this study. 

2.2. Reagents 

2.2.1. Standard palladium solution 
A standard palladium solution was prepared by 

dissolving 0.08866 g of palladium chloride 
(99.99%) in 10 ml of concentrated hydrochloric 
acid and diluting to 500 ml with water. The 
content of palladium was also standardized gravi- 
metrically by the method reported elsewhere [18]. 
The solution contains 106.4 pg ml ~ of palla- 
dium. Solut ions of lower concentration required 
were prepared by diluting standard solution. 

2.2.2. (2-pyridylazo)-2-naphthol solution (PAN) 
A I x 10 3 M solution in acetone is prepared 

by dissolving 0.02490 g PAN (Baker Analyzed) in 
100 ml pure acetone and stored in an amber 
bottle. 
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2.2.3. Buffer solution 
0.1 M of solution acetate-acetic acid and 0.1 M 

of ammonium chlor ide-ammonia  are used for the 
experiment. 

2.2.4. Naphthalene (m.p. 80-82°C) 
The purity of naphthalene is checked 

spectrophotometrically before use in the range 
300-800 nm. 

Distilled-deionized water was used throughout. 
All other reagents are of analytical reagent grade. 

2.3. General procedure 

All solid-liquid extractions were carried out at 
90_+0.1°C as follows: a certain amount of 
standard palladium solution was pipetted into a 
250 ml Erlenmeyer flask. 5.0 ml of  N a A c - H A c  
buffer solution and 1.0 ml of 1 X 10 - 3  M 
PAN-acetone solution were added sequentially. 
The total volume of the aqueous phase was 
diluted to 20 ml with water. The mixture in the 
flask was warmed on a water bath of 90 4- 0.1°C 
for 3 min after addition of 1.0 g of naphthalene 
and continued to be warmed until naphthalene 
melted completely. The flask was shaken 
vigorously for 30 s, cooled to room temperature 
until naphthalene coagulated completely. The 
solid phase was collected dried at 50°C dissolved 
in 10 ml chloroform. Palladium was determined 
spectrophotometrically by measurement of the 
colour complex of 678 nm against a reagent 
blank. 

3. Results and discussion 

3.1. Absorption spectra 

The absorption spectra of the palladium 
complex in naphthalene chloroform are 
measured against a reagent blank, that of the 
reagent, treated in a similar manner against a 
chloroform-naphthalene blank (Fig. 1). The 
palladium complex has two absorbance peaks at 
678 and 625 nm, respectively, where the 
absorbance of  the reagent is negligible. The 
intensity of the peak at 625 nm is slightly smaller 

1 5  
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o 1 0  

0.5 

O0 
O0 

.]/ 
/ 

o14 o18 ~12 
pH 

Fig. 3. Relationship between log D and pH value: conditions 
shown are the same as in Fig. 2. 

than that at 678 nm. Therefore, the following 
determinations performed at 678 nm. 

3.2. Effect of pH value 

The effect of pH value in aqueous phase on the 
absorbance is examined and showed in Fig. 2. In 
the pH value range from 1.5-7.5, quantitative 

020  

0 .15  

< 0 1 0  

3,35. 

o.00 
0.o 1 o o12 o14 ole o18 

Xpa 

Fig. 4. Plot of  composit ion of the extracted species by Job's 
cont inuous variation method.  Pd(II): 1 x 10  4 M, PAN: 1 x 
l 0  4 M, pH:4,40, total content of  Pd(ll) and PAN: 0.4 x 10 
6 mol, V~q: 20 ml, naphthalene: 1.0 g (1.3 ml), I = 0 . |  M 
NaCIO 4. 
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Fig. 5. Plot of composition of the extracted species by Molar 
ratio method. Pd(II): 20/zg, PAN: 1 × 10 -3  M, pH: 4.40, Vaq: 
20 ml, naphthalene: 1.0 g (1.3 ml), I = 0 . 1  M NaC104. 

extraction of palladium occurs and the ab- 
sorbance is found to be constant. Although PAN 
in the aqueous solution displays different colours 
at different acidity, no interference is found for 
the measurement. A NaAc-HAc  buffer of pH 
4.40 is employed for the following experiments. 

3.3. Effect of volume of the aqueous phase and 
naphthalene 

When the volume of the aqueous phase is 
varied from 10-150 ml, the absorbance remains 
constant up to 45 ml. Above this volume, it begins 
to decrease due to excessive ratio of two phases 
and incompleted extraction of palladium occurs. 
Thus, in the following experiments a volume of 20 
ml was maintained. It was found that the ab- 
sorbance has a slight increase when the amount of 
naphthalene was varied from 0.2-2.0 g. Excessive 
naphthalene was detrimental to the determination 
of palladium because of its low solubility in chlo- 
roform and volatilization. An optimum of 1.0 g of 
naphthalene is employed for this work. 

3.4. Effect of heating, shaking and standing times 

The extraction system is heated about 3-4  min 
at the temperature of the experiment. After naph- 
thalene is completely molten, 30 s of vigorous 
shaking can achieve extraction equilibrium. The 
absorbance of the palladium complex in naph- 
thalene-chloroform solution is constant for more 
than 24 h. 

3.5. Mechanism of extraction 

As a weak organic acid, the degree of dissocia- 
tion of PAN increases with the decreasing acidity 
in the aqueous phase. At the given acidity, the 
metal ion Pd (II) reacts with PAN (HL) in the 
presence of anion A - ,  giving an uncharged 
chelate which is distributed between two phase 
according to the equation: 

Pd 2 + + nHL(o) + (2 - n)A ~- 

PdL, A(2 - re(o) + n H  + 
(1) 

the equilibrium constant of the above reaction is 
defined as: 

Kex = [PdL.A(2 _ .)](o)[H + ]"/[HL]'°'[Pd 2 + ] 

[A -](: -") (2) 

Assuming that the species of Pd(II) in the aqueous 
phase and PdLnAz , in the organic phase mainly 
exist respectively, there is: 

Kex = D[H + ]"/[HL]"[A - 1(2 - , )  (3) 

where D is the distribution ratio of the palladium 
between two phase as defined by Eq. (4), 

D = [PdL, A(2 n)]/[Pd 2 + ] (4) 

Expressing Eq. (3) in the equivalent logarithmic 
form, there is called: 

log D = log Kex + npH + nlog[HL](o) 

- ( 2  - n ) l o g [ A - ]  ( 5 )  

Under the conditions of experiments, the rela- 
tionship between the distribution ratio D and 
absorbance A is expressed as: 

D = [Ai/(Arnax - -  A i ) ] ( V a q / V o )  (6) 

Eq. (6) may be simplified into the form: 

D = Ai/(Ama x - -  A i )  × r (7) 

where Amax denotes the mean maximum ab- 
sorbance of determination, Ai denotes the ab- 
sorbance of single determination, r denotes the 
ratio of to phase. 

Log D at different pH values keeping [HL]o and 
[A -] constant are obtained. The plot log D versus 
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N, 

o~Pd~cl 
Fig. 6. A suggested structure of palladium complex, 

Molar Ratio method (Fig. 5). The results show 
that the molar ratio of  Pd (II) to PAN in the 
extracted species is 1:1. The palladium and PAN 
in the extracted species is demonstrated to be 
[Pd(PAN)]C1 in the presence of large amount of  
C1. Fig. 6 shows a possible structure. Therefore, 
the extraction reaction can be rewritten as follow: 

- 463K 
PAN(o)  + P d  2 ~ + C1 ~ P d ( P A N ) C I ( o )  + H + 

(8) 

pH (Fig. 3) gives a straight line with a slop of  1, 
i.e., n = 1. One proton is released in the extraction 
reaction. 

The composition of  the extraction species is 
studied by means of Job's method (Fig. 4) and the 

Table 1 
Effect of coexisting ions 

3.6. Beer's law and sensitivity 

Under the optimum conditions described 
above, Beer's law is obeyed over the concentra- 

Coexisting ions Addition (rag) Amount of Pd(II )  Recovery without masking Recovery of with masking 
found (/lg) agent (%) agent (%) 

N O  3 5 0 . 0  2 0 . 0  100  

CI 50.0 20.0 100 
CO~- 40.0 20.0 100 
PO]- 20.0 19.8 98.9 
SO4 - 25.0 20.2 10l 
C204 4.0 20.0 100 
1- 25.0 22.0 100 
SCN 25.0 22.0 110 
B407- 1.25 18.0 90.0 
Mo2042 0.5 12.0 60.0 
EDTA-Na 2 6.0 20.2 101 
CIoH1402 - (tar- 25.0 20.0 100 

trates) 
C6H503 (cit- 25.0 20.0 100 

rates) 
Pt(IV) 0.08 20.2 101 
Rh(Ill) 0.12 20.1 101 
Au(lll) 0.05 20.1 100 
AgO) 0.05 20.0 100 
NI(II) 0.02 12.0 60.0 
Co(Ill 0.03 22.8 114 
Cu(lI) 0.16 17.7 88.7 
Fe(II) 0.01 22.4 112 
Fe(IIl) 0.01 22.4 112 
Zn(II) 0.01 22.9 123 
La(1II) 0.02 20.2 101 
AI(III) 0.10 20.6 103 
Hg(II) 0.05 20.4 102 
Cr(II1) 0.05 20.4 102 
Cd(II) 0.04 20.3 102 

98.9 
98.5 
98.5 
98.0 
98.0 

101 
100 
100 
99.0 
98.9 

100 

Pd(ll): 20 /~g. 
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Table 2 
Determination of Pd(II) in synthetic mixtures 

Samples Composition of mixture (pg) Pd(ll) found by Average (pg) RSD 
present method (pg) 

1 Pd(lI)(20), Pt(IV)(40), Au(Ill)(20) 20.0, 19.7, 19.8, 20.1, 19.86 0.182 
19.7 

2 Pd(II)(20), Pt(IV)(40), Rh(Ill)(50) 19.8, 19.9, 19.7, 20.2, 19.94 0.207 
20.1 

3 Pd(II)(20), Pt(IV)40, Rh(IIl)(50), Ir(III)(30), Os(VllI)(20), 19.9, 20.2, 20.0, 20.1, 20.06 0.114 
Ru(III)(20) 20.1 

4 Pd(II)(20), Ir(III)(30), Ru(III)(20) 20.0, 20.1, 20.1, 19.9, 20.00 0.100 
19.9 

tion range from 0.5-10.0 ppm. The molar 
absorptivity and Sondell's sensitivity are 1.2 x 
104 1 mol -~ cm - j  and 0.0070 gg cm 2, respec- 
tively. 

Acknowledgements 
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3. 7. Effect of  coexisting ions 

Tolerance limits of  various cations and anions 
were investigated on the extraction of  palladium. 
The results are listed in Table 1. It is found that 
large amount of NO£~, C1 1, CO2- ,  tartrates 
and citrates do not interfere in the determina- 
tion. I -~ ,  SCN ~ have positive effects on the 
absorbance. This implies that sensitivity can be 
improved by choosing I or SCN ~ as diverse 
ion in a suitable system. But the reducibility of 
I and chelation of SCN-1  also produce disad- 
vantageous at the same time. 

Cations were tested by comparing in the pres- 
ence/absence of  masking agents EDTA and cit- 
rate sodium. It is found that Pt(IV), Rh(III), 
Au(III), Ag(I) do not interfere. Ni(II), Fe(II), 
Fe(III) interfere seriously. However their inter- 
ferences are masked efficiently by addition of 
0.5 ml of  0.1 M EDTA and 1 ml 0.05 M 
sodium citrate. 

3.8. Applications 

The propose method was applied to the deter- 
mination of  palladium in synthetic mixtures. A 
suitable aliquot of  synthetic mixture was ana- 
lyzed by the procedure described above and the 
results displayed in Table 2. 
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Abstract 

Studies have been carried out on the extraction of Hg(II) along with Cr(III), Fe(III), Mn(II), Co(II), Ni(II), Cu(II), 
Zn(II), Cd(II), Pb(II) and Ag(I), from mineral acid media using TIBPS. The effect of different variables influencing 
extraction of Hg(II), such as, mineral acid used, nature of diluent, concentration of metal ion and extractant has been 
investigated. Based on the partition data some binary separations from Hg(II) have been achieved. The potential of 
the extractant for decontaminating Hg from paper industry effluent has been assessed. © 1997 Elsevier Science B.V. 

Keywords: Extraction; Paper industry effluent; Mercury; Triisobutyl phosphine sulfide 

I. Introduction 

Mercury is one of the most toxic elements and 
has a tendency to concentrate in the human sys- 
tem because of  its affinity to the sulphydryl 
group. Thus the removal of  Hg from waste 
streams assumes a paramount  importance. Also 
Hg readily forms amalgams with a number of 
metals and therefore its separation from them has 
been a subject of great analytical interest. Over 
the years a number of  sulfur containing ligands 
have been proposed as extractants for Hg(II). 
Most of these reagents lack selectivity and for 
separations a strict control of  aqueous phase con- 
ditions, namely pH [1-6] and/or the presence of 

* Corresponding author. Fax: + 91 1332 73560. 

masking reagents are required [7-11]. In the re- 
cent past, triisobutyl phosphine sulfide (TIBPS) 
has been marketed under the trade name Cyanex 
471X. Because of a lower pKa value it will be able 
to extract metal ions at a higher acidity than 
trioctyl phosphine oxide (TOPO). Moreover, the 
branching in the chain may introduce selectivity 
in extraction. It is a soft Lewis base and will 
readily complex with soft acids e.g., Ag(I), 
Au(III), Hg(II) and Pd(II). Salvado et al. [12] 
have employed TIBPS for the extraction of  gold 
from chloride solutions. A number of  workers 
have recovered silver by using this reagent [13- 
15]. Mathur  et al. [16] have reported the probable 
Pd(I I ) -TIBPS extracting species. Employing this 
extractant, Baba et al. [17] reported the extraction 
of Hg(II) from hydrochloric acid solutions. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)02124-8 
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Fig. 1. Extraction behaviour of some metal ions (1.0 x 10 -4 M) in toluene solution of 0.10 M TIBPS. 

In view of the reported extractability by TIBPS 
of Hg(II), a detailed study has been planned. The 
present paper reports the extraction behaviour of 
Hg(II) in TIBPS from mineral acid media. The 
effect of various parameters, namely type of min- 
eral acid used, nature of diluent, concentration of 
metal ion and extractant has been investigated. 
The probable extracting species has been iden- 
tified by log-log plot of distribution ratio versus 
extractant concentration and mole ratio method. 
The behaviour of other metal ions namely Cr(III), 
Fe(III), Mn(II), Co(II), Ni(II), Cu(II), Zn(II), 
Cd(II), Pb(II) and Ag(I) has been studied to 
achieve separations. Based on the distribution 
data the separation of Hg(II) from other metal 
ions is reported. Hg(II) is recovered quantitatively 
from the organic phase by various stripping 
agents. The method has been used successfully to 
quantitatively remove Hg(II) from paper industry 
waste effluent. 

2. Experimental 

2.1. Instruments and reagents 

The nitrates/chlorides of Cr(III), Fe(III), 
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), 
Pb(II), Hg(II) and Ag(I) were used to prepare the 
stock solutions which were standardised by the 
usual complexometric titrations. TIBPS was pro- 
cured from American Cyanamid, USA and used 
after purification [18]. The purity was checked by 
GC. The distribution studies were carried out by 
solutions labelled with 51Cr, 54Mn, 58C0, 59Fe, 
65Zn, l~°mAg and 2°3Hg radioisotopes. A well type 
Nal(TI) scintillation counter was used for the 
measurement of gamma activity of 51Cr, 54Mn, 
58C0, 59Fe, 65Zn, 11°mAg and 2°3Hg. ICP-AES 
(8040 PLASMA LABTAM, Australia) and AAS 
(Perkin Elmer 3100) were used for obtaining the 
distribution data of Ni(II), Cu(II), Cd(II) and 
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Table 1 
Extraction of  Hg(ll) ( l . 0 x  10 4 M) in TIBPS (0.10 M) from 0.010 M HNO3 with different solvents as diluents 

845 

Serial No. Solvent Dielectric constant  Percentage extraction (%E) of Hg(lI) 

1. n-Hexane 1.89 2.0 
2. Kerosene (160 200°C) 2.02 98.1 
3. Xylene 2.20 32.8 
4, Toluene 2.44 93.1 
5. Chloroform 4.81 99.1 
6. Cyclohexanone 18.3 99.2 

Pb(II), checking the yield in the separations and 
analysis of the industrial waste. 

Equal volumes of aqueous phase (metal ion in 
mineral acid) and organic phase (Cyanex 471X in 
an appropriate diluent) were shaken at room tem- 
perature (25 _+ 3°C) for 5 rain to ensure complete 
equilibration. The two phases were separated and 
suitable aliquots of each phase were removed to 
determine the concentration of the metal ion by 
the assay of  radioactivity or using ICP-AES/AAS. 
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o 0_ / /  

-I r 1 I 
- - 3  - 2  -1 

log [.TI~3PS] 

Fig, 2. Effect of  concentration of TIBPS on the distribution of 
Hg(II) in 0.010 M HN03.  

3. Results and discussion 

3.1. Extraction behaviour 

The extraction behaviour of different metal ions 
in toluene solution of TIBPS from nitric acid 
solution is shown in Fig. 1. Ag(I) and Hg(II) are 
more or less quantitatively extracted over the 
entire investigated range of acid molarity. Mn(II), 
Co(II), Zn(II) and Cd(II) show negligible extrac- 
tion ( <  5%) while Cr(III), Ni(II), Cu(II) and 
Pb(II) show poor extraction with a maximum of 
~ 20%. In the case of Fe(III), the percentage 
extraction increases with decreasing acid molarity 
reaching a value of ~ 7 0 %  at 1.0 x 10-3 M 
HNO 3. Thus Hg can be quantitatively separated 
from almost all the metal ions except Ag(I) with a 
high decontamination factor. It was observed that 
the extraction behaviour of Hg(II) remains practi- 
cally the same (within _+ 3%) on changing the 
aqueous phase from nitric acid to hydrochloric or 
sulfuric acid. All further studies regarding the 
effect of different variables were carried out with 
nitric acid as the aqueous phase. The results of the 
change in the nature of diluent are shown in 
Table 1. The extraction increased with the in- 
crease in the dielectric constant of the diluent; 
kerosene being an exception. The extraction of  
Hg(II) is >9 0 % with toluene, kerosene (160- 
200°C), chloroform and cyclohexanone whereas it 
shows poor or negligible extraction when xylene 
and n-hexane are used as diluents. Further studies 
were carried out using nitric acid as aqueous 
phase and toluene as diluent. 
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Fig. 3. Extraction isotherm of Hg(II) (1.0 x 10 -7 to 5.0 x 10 3 M) from 0.10 M HNO3 by TIBPS in toluene (1.0 x 10 -3 M). 

3.2. Effect o f  the concentration o f  metal ion 

The effect o f  the concentra t ion o f  the metal ion 
as studied in the range 1.0 x 10 - 7  to 5.0 x 10 -3  
M shows that  the distribution is more  or  less 
independent  o f  the concentrat ion.  This suggests 

that  the extracting species is not  changing in this 
metal ion concentra t ion range. For  subsequent 
studies on identification o f  extracting species the 
metal ion concentra t ion was confined to this 
range. In  mos t  o f  other  experiments 1.0 x 1 0 - 4  M 
was chosen as the working concentrat ion.  

Table 2 
Stripping efficiency for Hg(II) (1.0 x 10 -4 M) with different 
reagents (1.0 x 10 -2 M) 

Serial No. Reagent %Recovery of 
Hg(II) 

1. Ammonium thiocyanate 0.0 
2. Disodium salt of 0.0 

ethylenediammine te- 
traacetic acid 

3. 5% NH4C1 in 1:10 NH 3 99.1 
4. DL-pencillamine 99.5 
5. Potassium thiocyanate 0.0 
6. Sodium sulfite 0.0 
7. Sodium thiosulfate 99.9 
8. Sodium citrate 0.0 
9. Thiourea 99.5 
10. Thiosemicarbazide 0.0 

3.3. Nature o f  the extracted species 

The effect o f  concentra t ion o f  the TIBPS 
(1.0 x 10 . 3  to 0.10 M) as studied for Hg(II)  f rom 
0.010 M HNO3 is shown in Fig. 2. There is an 
increase in extraction with the increase in the 
concentra t ion o f  the extractant.  The variations o f  
distribution ratio with the concentra t ion o f  the 
extractant  can be utilized for  the identification o f  
the extracting species. A straight line with a slope 
o f  a round  one suggests the involvement o f  one 
molecule o f  the extractant  in the format ion  of  the 
Hg(II)  complex. The results o f  loading the extrac- 
tant  (TIBPS) with varying concentra t ion o f  Hg(II)  
are shown in Fig. 3. The concentra t ion o f  Hg  in 
the organic phase first increases linearly with the 
increase in the aqueous phase but  as the extrac- 
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Table 3 
Separation of Hg(II) (1.0 × 10 -4  M) from Cr(llI), Fe(IIl), Mn(ll) ,  Co(II), Ni(II), Cu(II), Zn(II), Cd(ll)  and Pb(ll) by 0.10 M TIBPS 
in 0.10 M H N O  3 

Serial No. Metal ions Ratio %Recovery of Cr(IIl)/Mn(II)/Fe(III) Co(I1)/Ni(I|)/Cu(II)/ Separation factor 
Hg(II) a,b Zn(II)/Cd(II) and Pb(II) in aqueous phase (%)~ ([/) 

1, Hg(II)-Cr(III)  1:1 95.1 91.5 3.3 x 103 
1:10 96.0 90.0 1.5 x 10 ~ 
10:1 96.1 92.1 2.3 x 10 ~ 

2. Hg(I I ) -Mn(II )  1:1 99.3 96.4 3.3 × 10 ~ 
1:10 99.0 92.2 • 1.3 × 103 
10:1 97.4 96.8 2,7 x 103 

3. Hg(II) -Fe( l l I )  1:1 99.3 100.0 > 104 
1:10 98.6 99.0 > 104 
10:1 98.0 100.0 > 104 

4. Hg(II) -Co(II)  1:1 99.4 95.5 > 104 
1:10 99.4 91.0 > 104 
10:1 98.0 94.8 4.5 × 103 

5. Hg(II) Ni(II) 1:1 98.0 91.0 2.5 × 103 
1:10 98,8 84.0 7.5 x 102 
10:1 98.5 91.0 1.3 × 103 

6. Hg(II)-Cu(I1) 1:1 99.1 98.0 5.5 × 103 
1:10 99.3 93.0 4 .4x  103 
10:1 100.0 100.0 > 10  4 

7. Hg(I I ) -Zn( l I )  1:1 99.0 100.0 > 104 
l:10 98.0 91.0 2.5 × 103 
10:1 100.0 100.0 > 10 ~ 

8. Hg(II)-Cfl(II)  1:1 99.5 100.0 > 10 a 
1:10 98.7 85.0 6.9 × 102 
10:1 97.9 95.0 9.4 x 10 ~ 

9. Hg(II)-Pb(II)  1:1 95.0 87.0 9.5 × 102 
1:10 95.7 83.4 4,3 x /02  
10:l 95.4 91.2 1,2 × l03 

a Average of three determinations. 
b Hg(ll)  was recovered from the organic phase by washing with 5% NH4CI in 1:10 NH3. 

tant gets saturated, the Hg content in the organic 
layer tends to assume a constant value. This result 
clearly indicates a 1:1 stoichiometric ratio of 
metal ion to extractant which is in conformity 
with the slope analysis data. The extracting spe- 
cies can be proposed as Hg(NO3) 2 (TIBPS). This 
is similar to the one reported by Mathur et al. for 
palladium, i.e. Pd (NO3)2 (TIBPS) [16]. 

3.4. Stripping agent 

Various stripping agents of different concentra- 
tions were examined for the back-extraction of the 
metal ion from the organic phase (Table 2). 
Hg(II) is stripped almost quantitatively by DL- 
pencillamine, thiourea, sodium thiosulfate and 5% 
NH4C1 in 1:10 NH3. 
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3.5. Separations Acknowledgements 

Partition data indicate that separation of 
Hg(II) from metal ions such as Cr(III), Fe(III), 
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II) 
and Pb(II) can be easily achieved by carrying 
out extraction with 0.10 M TIBPS at 0.10 M 
HNO3. Under these conditions Hg(II) is quan- 
titatively extracted in the organic phase, leaving 
other metal ions in the aqueous phase. The 
results of separation of Hg(II) from other metal 
ions are shown in Table 3. Due to the similar 
extraction behaviour and response to stripping 
reagents it was not possible to separate Hg(lI) 
from Ag(I). 

3.6. Determination of Hg(II) in industrial effluent 

The proposed method was applied for the 
removal and recovery of Hg(II) from paper indus- 
try wastewater (0.75 ppm Hg). 50.0 ml Sample 
was boiled with 5.0 ml HNO 3 and evaporated on 
a hot plate to reduce the volume and then finally 
made up to 50.0 ml [19]. 10.0 ml Of the prepared 
sample were extracted with 10.0 ml of 0.10 M 
TIBPS in toluene. Hg was quantitatively removed 
from the aqueous phase and subsequently recov- 
ered from the organic phase by washing it with 
5% NH4CI in l:10 NH 3 and determined by ICP- 
AES. 

The investigations reveal that the reagent 
offers a convenient method for the separation of 
Hg(II) from a number of metal ions. Since the 
extraction of Hg is more or less quantitative over 
the entire acidity range of different mineral acids 
it does not require a rigid control of aqueous 
phase conditions for separation. Moreover, Hg(II) 
can be recovered quantitatively by a variety of 
reagents depending upon the need for its further 
processing. Kerosene (160-200°C) can replace 
toluene as diluent without any change in the 
extraction behaviour of Hg (Fig. l) thereby offer- 
ing a possibility to reduce the cost of the separa- 
tion process. 

The authors are grateful to American 
Cyanamid, USA for providing the samples of the 
extractant. The financial assistance from Council 
of Scientific and Industrial Research (CSIR) and 
Society for Participatory Research in Asia 
(PRIA), New Delhi, India is gratefully acknowl- 
edged. 
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Abstract 

The thin-layer chromatographic (TLC) behaviour of 64 ions including Zr(IV) and Hf(IV) has been surveyed on 
systems composed of silica gel and of nitric acid and nitric acid-hydrogen peroxide media. In the 0.5 mol 1- 
HNO 3 3% (w/v) H20 2 solution, only Hf(IV) adsorbed very strongly, whereas Zr(IV) and many other ions showed no 
or weak adsorption. Stepwise development with diluted nitric acid and subsequently with nitric acid-hydrogen 
peroxide solution allowed the consecutive separation of three-component mixtures consisting of Zr(IV), Hf(IV) and 
one of many other accompanying elements, such as Mo(VI), Nb(V), Th(IV), Ti(IV), U(VI) and rare earths(III), to be 
conducted simply and effectively. © 1997 Elsevier Science B.V. 

Keywords: Hydrogen peroxide; Nitric acid; TLC separation; Silica gel 

I. Introduction 

Considerable data regarding the thin-layer 
chromatographic (TLC) separation of Zr(IV) and/ 
or Hf(IV) from other metals have been compiled 
[1-3], though most of these data have been ob- 
tained only within systematic investigations of the 
chromatographic behaviour of inorganic ions on a 
number of systems composed of various combina- 
tions of stationary and mobile phases. Little has, 
however, been reported about the simultaneous 
separation of Zr(IV) and Hf(IV), because of the 
remarkable similarity in the chemistry of both 

* Corresponding author. Fax: + 81 44 7221231. 

elements, based on their similar outer electronic 
configurations and ionic radii. 

Several TLC methods [4-7] for separating 
Zr(IV) and Hf(IV) have been proposed, but they 
are often time-consuming, and/or applicable only 
to mixtures containing limited amounts of both 
metals and a few or no other ions. The best 
resolution for the separation of both metals has 
been obtained by Olsina et al. [6] in the system 
composed of silica gel and of an HC1-H3PO 4- 
H20 (10:1:9, v/v/v) mixture, in which Zr(IV) re- 
mains near the starting point and Hf(IV) migrates 
up to the solvent front. However, this TLC 
method of separation requires some experience 
and special care in preparing the sample solutions. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PI! S0039-9 140(96)02125-X 
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Furthermore, the separation of Zr(IV) and/or 
Hf(IV) from other metals has not been demon- 
strated, whereas the Rf data of 41 ions are given 
on silica gel and cellulose in the same solvent. 
Recently, we [7] have also revealed that the sys- 
tems composed of silica gel and of mineral acid- 
hydrogen peroxide media provide separation 
factors large enough to resolve Zr(IV) and Hf(IV) 
from each other, present in large amounts and 
ratios, though the adsorption sequence is reversed 
from that in the system developed by Olsina et al. 
[6]. However, the TLC behaviour of other metals 
has not been investigated. Thus, effective methods 
for the separation of Zr(IV) and Hf(IV) from each 
other and from other ions are still lacking. 

In this paper, the TLC behaviour of a number 
of inorganic ions including Zr(IV) and Hf(IV) is 
surveyed in systems composed of silica gel and of 
nitric acid-hydrogen peroxide media, and simple 
and useful procedures for the specific separation 
of three-component mixtures of Zr(IV), I-If(IV) 
and another inorganic ion by means of one-di- 
mensional, stepwise development with nitric acid 
and subsequently with a nitric acid-hydrogen 
peroxide solution are presented. 

2. Experimental 

2.1. Materials 

2. l. 1. Stock solutions 
Stock solutions of Zr(IV) and Hf(IV) were pre- 

pared from their oxychlorides (99.99% purity) 
similarly to that described earlier [7], so as to give 
a concentration of 0.05 mol metal 1-1 of 6 mol 
1-~ HNO3. For most other metals, appropriate 
amounts of their nitrates were dissolved in 0.1 
mol 1- 1 HNO3 to give a concentration of 0.01 to 
0.1 tool metal 1-1. For Au(III), Bi(III), It(IV), 
Os(IV), Pd(II), Pt(IV), Rh(III), Ru(III), Sb(III), 
Sn(II) and TI(III), their chlorides were dissolved 
in 3 mol 1-1 HC1 to give a 0.01 to 0.I metal 1-1 
solution. For As(III), As(V), Mo(VI), Re(VII), 
Se(IV), Se(VI), Te(IV) and W(VI), their oxysalts 
were dissolved in distilled water to give a 0.005 to 
0.01 mol 1- ~ solution. For V(IV), the oxychloride 
was dissolved in 1 mol 1- 1 HC1 to give a 0.1 mol 

l-1 solution. For Ge(IV), the oxide was dissolved 
in a 1 mol l-1 NaOH solution, and the resulting 
solution was acidified with 1 mol 1-~ HC1 and 
then diluted with distilled water to a 0.005 tool 
1-~ solution. For Nb(V) and Ta(V), their chlo- 
rides were dissolved in hydrofluoric acid and a 
small amounts of H2804 ,  and the resulting solu- 
tions were evaporated until sulfur trioxide fumes 
were evolved. The residues were taken up with a 1 
to 2 tool 1- ~ tartaric acid solution to give a 0.005 
tool l-1 metal solution. For Ti(IV), the sulfate 
was dissolved in 0.5 tool l -  ~ H 2 S O  4 to  give a 0.02 
mol 1- ' solution. 

Test solutions for the measurement of Rf values 
were prepared, if necessary, by diluting the respec- 
tive stock solutions with 6 tool 1- ~ HNO3 or with 
the solvent used for the preparation of each stock 
solution. Sample solutions used for the separation 
were prepared by mixing appropriate amounts of 
the respective stock solutions of Zr(IV), Hf(IV) 
and another ion, or by diluting the resulting mix- 
tures with 6 mol 1-~ HNO 3. The concentrations 
of Zr(IV) and Hf(IV) in the test and the sample 
solutions were adjusted to 0.005 mol 1 ~ with 
respect to each metal. When the sample solution 
contained Sn(II), oxychloride solutions of Zr(IV) 
and Hf(IV), dissolved in 6 tool 1-i HC1, were 
used to prevent the production of metastannic 
acid. 

2.1.2. Preparation of  thin-layer plates 
A 20-g portion of silica gel without binder 

(Wakogel B-0; Wako, Osaka, Japan) was thor- 
oughly blended with 41.5 ml of distilled and 
deionized water. The slurry was spread to a thick- 
ness of 0.375 mm on glass plates (20 x 20 cm 2) 
with an applicator. The plates were allowed to 
stand for 30 rain at room temperature and then 
dried in an oven at approximately 70°C for 30 
min. 

In order to remove inorganic impurities from 
the silica gel, the plate was thoroughly washed by 
developing up to the upper edge of the plate by 
means of the ascending technique with 30 ml of a 
1 mol 1-1 HNO3-3% (w/v) H202 solution, using 
a sandwich type chamber made of plastic. Subse- 
quently, the plate was dried on a hot-plate at 
approximately 90°C for 20 rain. After cooling, the 
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Table 1 
Chromogenic reagents for detection of ions 

851 

Reagent (solvent) Ion detected 

0.05% aqueous arsenazo 111 
and I mol 1 -~ CH3COOH 

and 1 mol,,1 NH 3 
0.1% aqueous thioacetamide 
0.1% aqueous pyrocatechol violet 
0,05% bromopyrogallol red (in 50% v/v 

ethanol) 
3"/,, (w/v) H202 
0.05% 4-(2-pyridylazo)resorcinol (in 0.1 

mol 1 ~ NaOH) 
3 mol 1 i (NH4)2 S 
0.1% aqueous xyrenol orange 
1% aqueous bismuthiol II 

Zr(IV), HI(IV), AI(III), Ba(II), Bi(llI), Ce(llI), Dy(lll), Er(lll), Eu(lll), Ga(llI), 
Gd(IIl), Ho(IIl), In(Ill), Ir(IV), La(lll), Lu(IIl), Nd(lll), Pb(ll), Pd(ll), Pr(III), 
Sc(III), Sm(III), Tb(III), Th(IV), TI(1), TI(III), Tm(lll), U(VI), Y(III), Yb(lll) 
AGO), Ca(IlL Cd(ll), Co01), Cr(lll), Cu(II), Fe(lll), Mg(ll), Nb(V), Srlll), Zn(II) 
As(Ill), As(V), Hg(II), Pt(IV). Re(VII), Rh(Ill), Ru(llI), Se(IV), Se(VI) 
Ge(IV), Mo(VI), Sn(lI), W(VI) 
Au(Ill), Mn(II), Ni(II) 

Ti(IV), V(IV) 
Ta(V), Os(IV) 

Sb(lIl) 
Be(II) 
Te(IV) 

plate was stored in a desiccator containing a 
saturated sodium chloride solution, until ready 
for use. 

2.2. Procedure 

A 0.5 lal portion of the test solution was applied 
to each plate by means of a microcap (Drum- 
mond, Broomall, PA) at a point 2.5 cm from one 
edge, and the spots were dried in air for 10 rain. 
The plate was placed in a chromatographic cham- 
ber (20 x 10 x 22 cm 3) equipped with a small tank 
(21 × 5 x 4 cm 3) containing 30 ml of  a developing 
solvent, and developed up to 10 cm from the 
starting point by the ascending technique at room 
temperature. It took about 20 min to develop 
with the solvent. The solvents used were 0.5 mol 
I ~ HNO3 and a 0.5 mol 1-1 HNO3-3% (w/v) 
H202 solution. In the case of the sample solution 
containing Sn(II), a 0.5 mol 1 1 HC1-3% (w/v) 
H202 solution was also used as a solvent. 

For the separation of the sample solutions of 
the three-component mixtures, a new developing 
technique was applied. The plate, on which a 0.5 
gl portion of the sample solution was spotted, was 
immersed first in 0.5 mol 1-~ HNO 3 in a similar 
manner to that described above, and developed 
up to a distance of 3 cm from the starting point 
(development time approximately 4 min). Imme- 
diately, the plate was transferred to a different 

chromatographic chamber with a tank containing 
30 ml of a 0.5 mol 1 ~ HNO3-3~¼, (w/v) H202 
solution, and developed up to a distance of 10 cm 
from the first starting point by the ascending 
technique (development time approximately 16 
min). When the sample solution contained Ti(IV), 
nitric acid of 2 mol 1-~ was used as the first 
developing solvent to prevent the hydrolysis of  the 
metal during chromatography. 

2.3. Detection 

After the second development, the plate was 
dried on a hot-plate at approximately 90°C, and 
the locations of  the respective ions were visualized 
by spraying with various solutions of chro- 
mogenic reagents, as indicated in Table 1. 

3. Results and discussion 

3.1. Adsorption behaviour 

HNO 3 system: The Rf values of all of  the ions 
tested on silica gel in 0.5 mol 1 1 HNO3 are 
summarized in Table 2. Most of the ions did not 
show any adsorption, because of specific adsorp- 
tion of protons on silica gel in the acidic solution 
[8]. Contrarily, Zr(IV) and Hf(IV) adsorbed very 
strongly, as noted previously [7]. Oxyanions, such 
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Table 2 
Rrx 100 values of 64 ions on silica gel in HNO3-H202 media 

Ion Solvent (developing distance) 

0.5 mol 1-1 0.5 tool 1-1 HNO3-3% (w/v) 0.5 mol 1 -j HNO 3 (3 cm) and 0.5 rnol I -I HNO3-3% (w/v) 
HNO 3 (10 cm) H202 (10 cm) H202 (7 cm) 

Zr(IV) 1-4 94-100 (93-100)" 29-52 (26-50) '1 
Hf(IV) 1-4 1 10(0-7) ~ 1-8 (0-13) a 
56 ions ~ 93-1008 92 100 b 89-100 b 

As(Ill) 37-52 68 78 56-67 
Ge(IV) 20-45 23 39 20-40 
Mo(VI) 50-83 98-100 54-84 
Sn(ll) 2-57 0 95 (11 45) ~ 1-90 
Ti(IV) 0-78 90 100 38-67 (83 100) d 
W(VI) 7-38 97 100 54-86 

All the ions listed in Table 1, except for Zr(IV), Hf(IV), As(Ill), Ge(IV), Mo(VI), Sn(IV), Ti(IV) and W(VI). 
8 Average of Rf× 100 values of 56 ions. 
~" Developed with 0.5 mol I ~ HC1 3"/,, (w/v) H202 (10 cm run). 
d Developed with 2 mol 1 -I HNO 3 (3 cm run) and then with 0.5 mol 1 -~ HNO3-3% (w/v) H202 (7 cm run). 

as As(III),  Ge(IV) and Mo(VI), adsorbed to a 
moderate  extent, probably owing to the anion 
exchange of  silica gel in the strong acidic solution 
[8]. Sn(II) and W(VI) showed long tailing, due to 
the formation of insoluble species, metastannic 
acid and tungustic acid, respectively. Further- 
more, Ti(IV) also showed long tailing, because of  
the hydrolysis of  the metal during chromatogra-  
phy. It is clear that the nitric acid system is 
suitable for the separation of both Zr(IV) and 
Hf(IV) from many other ions except Sn(II) and 
Ti(IV). 

HNO3-H20~ system: The Rf values of  the ions 
tested are also given in Table 2. Zr(IV), Mo(VI), 
Ti(IV) and W(VI), which easily produce peroxso 
complexes, migrated up to the solvent front, and 
furthermore almost all of  the others (56 ions) 
showed no adsorption, so that Hf(IV) could be 
separated from all the ions, except for Sn(II) 
which exhibited long tailing. This system is not 
favorable for the separation of Zr(IV) from many 
other ions, but is suitable for the separation of  
three-component mixtures consisting of Zr(IV), 
Hf(IV), and As(Il l)  or Ge(IV). In addition, 
As(III)  gave somewhat higher Rr values in this 
system than in the nitric acid system, because of  
the oxidation of  As(Il l)  to As(V) during chro- 
matography.  

Stepwise development: Inspection of the ad- 
sorption behaviour of  a large number of  ions 
tested in the nitric acid and the nitric ac id-hydro-  
gen peroxide media suggests that many effective 
procedures for the consecutive separation of 
Hf(IV), Zr(IV) and another  inorganic ion in the 
described order can be established by a combina- 
tion of  these two solvents. In order to separate 
three-component mixtures of  Zr(IV), Hf(IV) and 
another ion from each other, the stepwise devel- 
opment first with 0.5 mol 1-~ HNO3 (3 cm run) 
and then with a 0.5 mol 1-1 H N O 3 - 3 %  HzO 2 
solution (7 cm run) was attempted as a new 
technique. The results are summarized in Table 2. 
The R c data indicate that this technique enables 
the complete separation of three-component mix- 
tures containing Zr(IV), Hf(IV), and one ion 
among 56 ions other than Ge(IV), Sn(II), and 
Ti(IV). It should be noted that in applying this 
developing technique, the plate should not be 
dried on a hot-plate just after the first develop- 
ment, because Zr(IV), if dried, gives irregular and 
long tailing. 

3.2. Separation 

Typical chromatograms of  three-component 
mixtures, obtained by the stepwise development, 
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Fig. 1. Separation of Zr(IV), Hf(IV) and other metals (Zr(IV): 
the middle spot; Hf(IV): the lowest spot). Solvent: 0.5 mol 1- 
HNO3 for the first development (3 cm run); 0.5 mol 1-- 
HNO3-3% (w/v) H202 for the second development (7 cm 
run), Loading amount: 2.5 x 10 -9 mol for Zr(IV), Hf(IV), 
Nb(V) and Ta(V); 5.0 x 10 -7 mol for Sc(III), Y(III), La(lIl), 
U(VI), Th(1V), Fe(llI), Co(ll) and Cu(II), ---: solvent front. 

first developing solvent was effective in preventing 
the formation of long tailing. The Rr values of  
each metal, obtained with this development, are 
also given in Table 2. 

Hence, the present TLC systems composed of 
silica gel and of  nitric acid and/or hydrogen per- 
oxide enabled the specific separation of  Zr(IV) 
and/or Hf(IV) from many other accompanying 
elements, such as Mo(VI), Nb(V), Th(IV), Ti(IV), 
U(VI) and rare earths(III), present in natural ores, 
reactor materials, and fission products. In addi- 
tion, it can be expected that the present systems 
will offer a number  of useful procedures effective 
for the separation of three-component mixtures, 
and furthermore will be applicable not only to 
TLC separation, but also to the column separa- 
tion of three-component mixtures coexisting in a 
wide range of amounts and ratios. 

are given in Fig. 1. As expected from the R r data, 
Zr(IV) and/or Hf(IV) were easily and simulta- 
neously separated from 56 ions except Ge(IV), 
Sn(II), and Ti(IV). For  the separation of Zr(IV), 
Hf(IV), and Ge(IV) or Sn(II), the stepwise devel- 
opment  technique was not applied. The three- 
component  mixture containing Ge(IV) or Sn(II) 
was simply separated by developing upwards to 
10 cm with the 0.5 mol 1-1 H N O 3 - 3 %  (w/v) 
HzO2 solution, or with the 0.5 mol 1-~ HC1-3% 
(W/V) H20 2 solution, respectively. The Rr values of  
each metal are given as numerical values in paren- 
theses in Table 2. Furthermore,  the complete sep- 
aration of the three-component mixture 
containing Ti(IV) was achieved by the stepwise 
development first with 2 tool 1-~ HNO3 (3 cm 
run) and subsequently with the 0.5 mol 1 -~ 
HNO~ 3% (w/v) H20~ solution (7 cm run). The 
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Abstract 

Fluorescent reaction between ascorbic acid (AA) and 2,3-diamino-naphthalene (DAN was studied. The experimen- 
tal results showed that AA could react with DAN at p H =  10.2-10.5, and form the fluorescent heterocyclic 
condensation products which emitted strong fluorescence. The fluorescence intensity was measured in a I cm quartz 
celt with excitation and emission wavelengths of 400 and 520 rim, respectively. The relationship was obtained between 
the fluorescence intensity and AA concentration in the range of 2-300 tag ml ~, the regression coefficient is 0.9993. 
The detection limit (signal-to-noise = 2) is 0.4 pg ml ~. © 1997 Elsevier Science B.V. 

Kevwords: Ascorbic acid determination; Fluorescent reaction 

I. Introduction 

Many different methods  for  the de terminat ion  
of  ascorbic acid (AA) have been repor ted  in the 
literature. They concentra ted  on spect rometry  [1], 
redox reaction [2], der ivat izat ion reaction [3], elec- 
t rochemical  me thod  [4], enzymatic  me thod  [5], 
and ch roma tog raph ic  me thod  [6], but few fluoro- 
metric es t imat ion methods  of  A A  were reported.  
A classic f luorometr ic  me thod  with o-phenylene-  
diamine (OPDA)  as fluorescence reagent was used 
to determine AA [7]. This me thod  needed to treat  
with redox reagent  beforehand  and then reacted 

* Corresponding author. 

AA with O P D A ,  its detection limit was 2 lag 
ml ~ Our  exper iments  indicated that  at the 
p H = 1 0 . 2 - - 1 0 . 5 ,  AA could react with 2,3-di- 
aminonaph tha lene  ( D A N )  which didn ' t  need pre- 
t reatment ,  its detect ion limit was 0.4 lag ml '. So 
the p roposed  method  is more  simple and sensitive 
than O P D A  method.  

2. Experimental 

2.1. A p p a r a t u s  

All fluorescence intensities were measured  on a 
850 fluorescence spec t ropho tomete r  (Hitachi,  
Japan) .  

0039-9140'97/S17.00 .'t; 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-91 40(96)021 29-7 
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2.2. Reagents 3.2. Effect o f  p H  

1. 2,3-diaminonaphthalene (DAN) solution 
(0.1%, v/v): it is prepared by dissolving 0.1 g 
DAN in 100 ml 0.1 mol I - '  HC1, then treated 
with cyclohexane, rejected organic phase, the re- 
mained water phase repeated 2 -3  times with cy- 
clohexane according to the above procedure. 

2. Ascorbic acid solution: it is prepared by 
dissolving 0.100 g AA in 100 ml distilled water. 
The stock solution was 1.00 mg m l - t  

3. Aminoacetic acid buffer solution: it is pre- 
pared by dissolving 3.8 g aminoacetic acid in 100 
ml distilled water and adjusting pH to 10.3 with 6 
mol 1- 1 NaOH. 

2.3. Procedure 

To a 25 ml test tube, solutions were added 
according to the following order: AA solution, 0.5 
ml 0.5 mol 1-1 NaOH, 1 ml 0.1% DAN solution, 
2 ml aminoacetic acid buffer. The mixture was 
diluted to 10 ml with distilled water, thoroughly 
mixed by shaking and then allowed to stand for 
40 min. The fluorescence intensity was measured 
in a 1 cm quartz cell with excitation and emission 
wavelengths of 400 and 520 nm, respectively. 

3. Results and discussion 

3.1. Fluorescence spectra 

The excitation and emission spectra of  AA- 
DAN-aminoacetic acid (1), DAN-aminoacetic 
acid (2) are shown in Fig. 1. From Fig. 1, it can 
be seen that the wavelength of  emission peak is 
520 nm, the wavelengths of  excitation peak are 
370, 400 nm. Since DAN itself is a strong 
fluorephore with excitation and emission wave- 
lengths of 340 and 390 nm, if the excitation 
wavelength is 370 nm, the excess of  DAN in the 
reaction will interfere with the emission of  the 
fluorescence products, therefore, the excitation 
wavelength of  400 nm was chosen in our experi- 
ments and a low and stable reagent blank was 
obtained. 

The effect of  pH on fluorescence intensity of the 
system was shown in Fig. 2. From Fig. 2, it can 
be seen that the fluorescence intensity is the 
strongest and remains stable in the range of  pH = 
10.2-10.5. 

In this paper, the following buffers were exam- 
ined: Na2CO3, b o r a x - N a O H ,  NH3-NHaC1, 
K2HPO4, aminoacetic acid. The results showed 
that 2 ml of  0.5 tool 1- ~ aminoacetic acid buffer 
was the most suitable. 

3.3. Effect o f  D A N  concentration 

The effect of  DAN concentration on fluores- 
cence intensity of the system was studied. The 
results were shown in Fig. 3. From this figure we 
can see that the suitable concentration of  DAN 
was 0.01%. 

i 

.A ~m) 

Fig. 1. Fluorescence spectra (a) excitation spectrum ("~em = 520 
nm), (b) emission spectrum (2ex =400 nm). (1) AA-DAN- 
aminoacetic acid, (2) DAN-aminoacetic acid conditions: ascor- 
bic acid: 0.2 mg ml - 1, DAN: 0.01%; aminoacetic acid: 0.5 mol 
l - l ,  2 ml, pH=l.03. 
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Fig. 2. Effect of  pH. Conditions: ascorbic acid: 0.05 mg ml - ~, 
DAN: 0.01%; aminoacetic acid: 0.5 mol 1 - i ,  2 ml. 

3.4. Effect of temperature 

High temperature could destroy the structure of  
AA and quench the fluorescence of  the system. 
Our experiments indicted that when the tempera- 
ture was higher than 50°C, the fluorescence inten- 
sity of the system was completely quenched. The 
suitable temperature was 30°C or so. 

3.5. Stable tests 

The experiments indicated that at room temper- 
ature the fluorescence intensity of the system 
reached a maximum after 40 min and remained 
stable at least for 1 h. In addition, effect of  
surfactants of fluorescence intensity of the system 

was examined, the results showed the enhance- 
ment effect was not obvious. 

3.6. Calibration curve and detection limit 

The calibration curve was made according to 
the procedure in the optimum conditions. The 
results indicated that the fluorescence intensity of 
the system was a linear function of AA concentra- 
tion in the range of 2-300 lag m l -  1, the regression 
coefficient is 0.9993, the detection limit (S/N = 2) 
is 0.4 lag ml 

3.7. Recover)' test 

In the serum, recovery tests of AA were made. 
The results were shown in Table I. From Table 1, 
it can be seen that recovery ratios were upwards 
of 90% and serum didn't need complicated biolog- 
ical treatment. Therefore, the proposed method 
for determining AA was satisfactory. 

3.8. Sample determination 

The proposed method was used to determine 
AA in Vc tablets (Jilin Tonghua Baishan 
Medicine Factory of China) and compared with 
the most commonly used OPDA method [8]. The 
results were shown in Table 2. From Table 2, it 
can be seen that the accuracy and precision of the 
method are satisfactory. 

3.9. The characteristics oJ the proposed method 

AP 

Fig. 3. Effect of DAN concentration. Conditions: ascorbic 
acid: 0.25 mg ml-~; aminoacetic acid: 0.5 mol 1 -t ,  2 ml, 
pH = 10.3. 

In comparison with the most commonly used 
OPDA method, the proposed method possesses 
the following characteristics: 

1. The detection limit is 0.4 lag m l -  ~, which is 
obviously lower than that of  OPDA method [8]. 
so the sensitivity of  the proposed method is 
higher. 

2. In OPDA method, the redox reagent, such 
as norit (carbon), 2,6-dichloroindophenol, N-Bro- 
mosuccinimide and iodone, must be used to oxi- 
dize AA to DHAA, while in this method it is 
unnecessary to add a redox reagent to the reac- 
tion system. We think that AA will not be trans- 
ferred to D H A A  in the absence of the oxidizer 
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Table 1 
Recovery test in the serum 

J. Yang et al. / Talanta 44 (1997) 855-858 

Added Vc (gg ml -I) Found Vc (gg ml l) X ± S Recovery (%) 

20.0 18.92, 17.95, 18.33, 18.92, 18.95 18.6±0.45 93.1 
100.0 94,8, 96.1, 94.3, 93.4, 95.2 94.8 ± 1.01 94.8 

Table 2 
Determination of samples 

The proposed method OPDA method (8) 

Found Vc (%) X ± S Found Vc (%) ,X ± S 

52.3, 50.9, 54.6 52.4, 50.5, 50.9 
50.9, 52.3 52.2 ± 1.5 53.4, 54.2 52.3 ± 1.6 

and  there is a tautomeric  between enediol and  
2-hydroxy carbonyl  groups in the alkaline 
medium.  Therefore, the possible mechanism is 

i l lustrated as follows. 

O P D A  method.  
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Abstract 

A new method of physically immobilizing a biomolecule of analytical interest in poly(vinyl alcohol) cryogels was 
developed to obtain suitable biosensors. An amperometric glucose sensor was constructed using glucose oxidase 
immobilized on membranes obtained by a freezing-thawing cyclic process. No chemical cross-linking agent was used. 
Sensor behaviour was evaluated electrochemically with a hydrogen peroxide electrode. The glucose content in 
standard solutions was determined and linear calibration curves in the 5 x 10 5-3 x 10- 3 mol 1 ~ range were 
obtained. Temperature and pH effects on the electrochemical response were described and kinetic parameters in the 
immobilized system were evaluated. © 1997 Elsevier Science B.V. 

Keywords: Biosensors glucose oxidase; Physical immobilization; PVA cryogels 

1. Introduction 

Amperometric  enzyme-based biosensors con- 
tinue to generate much interest in clinical, envi- 
ronmental and quality control analyses. The 
performance of enzyme electrodes are strongly 
dependent on enzyme immobilization techniques. 
Generally, entrapment of  enzyme molecules in 
polymeric membranes is considered an attractive 
procedure because it is regarded as a mild cou- 
pling method that preserve quaternary protein 
structure and most  o f  its activity, even if in some 
cases it can be reversible. 

* Corresponding author. Fax: + 39 49 8295662. 

A method has been developed for the physi- 
cal immobilization of enzymes in poly(hydrox- 
yethylmethacrylate)(HEMA) membranes and 
glucose [1] and choline [2] sensors have been 
studied and characterized. The immobilization 
procedure, based on low-temperature ~, induced 
polymerization of an aqueous solution of 
monomer  and enzyme, produced a matrix char- 
acterized by a porous cross-linked structure, 
with both features of  hydrophilicity and bio- 
compatibility. 

Pursuing our interest for biocompatible mem- 
brane electrodes with good electrochemical per- 
formances, we immobilized glucose oxidase 
(GOD) in poly(vinyl alcohol)(PVA) cryogels ob- 
tained by freezing-thawing cyclic processing. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 

PII S0039-91 40(96)021 30-3 
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Poly(vinyl alcohol) is a biocompatible polymer 
[3], that is considered an appropriate matrix for 
sensor preparation. Lactate oxidase was incorpo- 
rated in a PVA network prepared by cross-linking 
the reactive nucleophilic groups (as hydroxyl and 
amino) with aromatic tri-isocyanates [4]. Other 
authors demonstrated the possibility of immobi- 
lizing glucose oxidase [5] and lactate oxidase [6] in 
a PVA matrix on platinized graphite electrodes by 

irradiation, obtaining an enzyme layer sand- 
wiched between two polymer layers. Enzymes 
were entrapped in a PVA membrane that was 
cross-linked by means of UV light [7]. Immobi- 
lization of microorganisms with phosphorylated 
PVA gel was also reported [8]. Recently a mixture 
of PVA and polyhydroxy cellulose was used to 
immobilize tyrosinase on a glassy carbon elec- 
trode [9] and a glucose sensor was realized by 
immobilizing glucose oxidase in a composite 
membrane of silk fibroine and PVA [10]. 

Acetogenium kivui cells were immobilized in 
PVA cryogels [11] to obtain biocatalytic reduction 
of CO2 and Pseudomonas sp. cells were immobi- 
lized to construct an L-Proline biosensor [12]. 

The proposed method of enzyme immobiliza- 
tion in PVA hydrogels is characterized by the 
absence of chemical cross-linking agents that 
could compromise its biocompatibility or of phys- 
ical agents, such as V radiation that could deacti- 
vate the biological substrates, due to damage 
caused mostly by the indirect effect of water 
radiolysis. 

The exposition of aqueous PVA solutions to 
several freezing-thawing cycles leads to reinforced 
gels owing to a densification of the macromolecu- 
lar structure [13,14], that is function of the cycling 
time and temperatures. After the freezing-thawing 
process, the chains are physically cross-linked by 
semipermanent entanglements, molecular associa- 
tions or crystallites. These novel networks are of 
significant interest in the biomedical field because 
they are nontoxic for organisms, contain no impu- 
rities and their water content matches that of 
biological tissue. 

In this paper, GOD immobilized in PVA cryo- 
gel was used to assemble an amperometric sensor 
measuring hydrogen peroxide produced in the 
enzymatic reaction. The parameters that could 

affect the electrode performances were evaluated 
and the electrochemical features of the system are 
also described. 

2. Experimental 

2.1. Reagents 

Glucose oxidase (EC 1.1.3.4, type II-S from 
Aspergillus niger, 18 000 units g-1 solid), peroxi- 
dase (POD, EC 1.11.1.7, type VI from 
Horseradish, 250 purpurogallin units mg-  1 solid), 
o-dianisidina dihydrochloride (ODA) and fl-glu- 
cose were obtained from Sigma Chemical (St. 
Louis, USA). Stock solutions were prepared in 
bidistilled water or buffer solution and stored in 
the dark at 4°C. Glucose solutions were allowed 
to mutarotate overnight at room temperature be- 
fore use. 

PVA with an average Mw = 50 000 and Mw = 
124 000-186000 both with a degree of hydrolysis 
of 99% were purchased from Aldrich Chemie 
(Stenheim, Germany) and used without further 
purification. All others analytical grade chemicals 
were purchased from Carlo Erba (Milano, Italy) 
or Merck (Darmstadt, Germany). 

Control serum was manufactured by Technicon 
Instruments (Tarrytown, USA) and marketed by 
Bayer Diagnostics (Oreq-Tournai, Belgium). 

2.2. GOD immobilization and sensor preparation 

PVA solutions in 0.1 M phosphate buffer at pH 
6 were heated in an oven at 90°C for a time no 
longer than 5 h to achieve complete polymer 
dissolution. When the solution had cooled to 30- 
35°C the appropriate amounts of GOD dissolved 
in few lal of buffer was added. The viscous honey- 
like solution was carefully mixed and then soni- 
cated to remove air bubbles at a temperature 
below than 37°C. After partial filling with PVA 
solutions, polyethylene vials (5 mm i.d.) were 
sonicated again and left at - 25°C for 12 h. After 
this first freezing process, they were allowed to 
thaw at 4°C for up to 12 h. Five freezing-thawing 
cycles were used for the PVA gel preparation. The 
sponge-like material obtained with this procedure 
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was cooled at - 2 0 ° C  and sliced into about 120 
micron discs with a microtome. The discs were 
carefully washed six times with a phosphate buffer 
(20 ml, pH 6) for 12 h at 4°C. 

The apparent GOD activity was determined by 
dipping a membrane in a 0.1 M glucose solution 
(2.8 ml, 0.1 M in phosphate buffer, pH 6) and 
incubating for 1 min, with stirring at 25°C. After 
removal of  the membrane, a solution of 100 ~tl 
POD (50 purpurogallin units ml-~)  and 20 gl 
ODA (1% m/v in water) was added and the 
solution transferred to a glass cells to read the 
absorbance value at 460 nm. 

The working electrode was a platinum wire (0.5 
mm diameter) sealed in a glass tube and polished 
with alumina powder to ensure a flat surface. A 
membrane disc, placed on the electrode surface 
and fixed with a teflon cap having a 3 mm hole, 
gave the active sensor. When not in use the mem- 
branes were stored at 4°C in 0.1 M phosphate 
buffer at pH 6. 

2.3. Apparatus 

The determination of  hydrogen peroxide was 
performed in an electrochemical cell with a work- 
ing volume of 20 ml, in a three-electrode configu- 
ration. The three electrodes were connected to an 
AMEL (Milano, Italy) 559 model potentiostat. A 
saturated calomel electrode and a platinum foil 
with large surface area were used as the reference 
and counter electrode, respectively. All the experi- 
ments were carried out in a temperature-con- 
trolled cell using a Haake F3-C thermostatic bath. 

Spectrophotometric measurements were carried 
out with a Hitachi U-3200 spectrophotometer 
equipped with a 1 cm thermostated cell. 

The scanning electron microscopy was per- 
formed with a Cambridge Stereoscan 250 (Cam- 
bridge, UK) operating at a 20 kV accelerating 
voltage. 

2.4. Electrochemical measurements 

Glucose determination was carried out electro- 
chemically by measuring the hydrogen peroxide 
production as a result of  the enzymatic reaction. 
This was done by immersing the sensor in stirred 

0.1 M phosphate buffer at pH 6 and applying an 
oxidative potential of + 600 mV against a satu- 
rated calomel electrode. When the backround cur- 
rent had stabilized, an appropriate amount of 
glucose solution was introduced to give a prese- 
lected concentration. All measurements were car- 
ried out using a thermostated bath at 25°C, unless 
otherwise mentioned. 

3. Results and discussion 

The procedure described produces a matrix of a 
physically cross-linked polymer containing un- 
crossed-linked polymer and water. The porous, 
hydrophilic and permeable membranes had inter- 
esting mechanical characteristics and can be han- 
dled easily. The properties of this gel depended, 
under the same conditions of  temperature and 
freezing time and number of cycles, on the molec- 
ular weight of the uncrossed-linked polymer and 
its concentration in an aqueous solution. 

In fact, the characteristics of  hydrogels are de- 
termined by the size of  particles that make up the 
supermolecular structure and these small spheres 
increased in diameter with each freezing-thawing 
cycle. Freezing time and freezing temperature are 
very important in determining the cryogel struc- 
ture. The stability and strength of gels increased 
with an increase in freezing time. Stable gels were 
formed even when solutions were frozen at - 
20°C for only 1 h, but the strongest gels resulted 
after 24 h. When the freezing temperature was 
changed to 0°C, the ensuing gel could not hold 
their weight even after four freezing-thawing cy- 
cles. Thawing temperature was not very important 
for the final structure of  gel, provided it is above 
0°C. 

In water, the PVA gel is essentially insoluble, 
but undergoes significant swelling [15]. Experi- 
mental measurements related to swelling be- 
haviour of the gel demonstrated that a significant 
densification of the structure was obtained after 
five freezing-thawing cycles and with a thawing 
time of approximately 4 h [14]. The increase of 
mechanical strength as the number of cycles in- 
creased was probably due to the increased degree 
of crystallinity [16]. 
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Although even a solution of  10% wt of  PVA led 
to a gel formation, stronger structures with high 
stability were obtained from solutions of  at least 
15% wt. 

The features of  two kinds of  polymers were 
examined: A, obtained from an aqueous solution 
of  24% wt of  PVA with an average Mw = 50 000 
and B, from a solution of 15% PVA (highest 
solubility grade) with an average Mw = 124000- 
186 0 0 0 .  

Fig. 1 shows the scanning electron micrographs 
of these two matrices. Although both PVA solu- 
tions led to stable polymers, stronger gels were 
obtained with the higher molecular weight. The 
structure looked closer and the pores were 
smaller. 

(a) 

( b )  

Fig. 1. Scanning electron microphotographs of PVA mem- 
branes. A, 24% PVA with an average Mw=50000; B, 15% 
PVA with an average Mw = 124 000 186 000. 
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Fig. 2. Activity retention curves for the immobilized enzyme 
after repeated washings. (@) Membrane A with a 6 mg g ' 
enzyme loading; membrane B with a ( l )  6 mg g 1, (A) 3 mg 
g-  1 and (O) 1.5 mg g - ' enzyme loading. 

In order to measure the apparent activity truly 
fixed, important  to forecast its analytical perfor- 
mance as a sensor, and to determine the percent- 
age leakage from the gel, the following method 
was used. Several pieces with a total weight of  
about  1 g were washed with a phosphate buffer 
(20 ml, pH 6) for 12 h, then the washing solution 
was assayed for enzyme activity. This process was 
repeated eight times, using the same matrix sam- 
ple. After the last washing, the matrix was also 
assayed for apparent  enzyme activity. The results 
are shown in Fig. 2. With an enzyme loading of  6 
mg g -  1 of  monomer  solution, the greater part  of  
the total activity introduced passed into the solu- 
tion in the first three washings and only 5 - 6 %  
and 9 -10% for polymer A and B, respectively 
were really fixed permanently. In order to verify 
the effect of  the enzyme loading on the amount  of  
activity truly fixed, the specific activity of  polymer 
B was also measured using initial amounts of  1.5 
and 3 mg g - '  of  solution. The detected activity 
corresponded to a percentage immobilization of 
up to 22 and 20%, respectively. As shown in Fig. 
2, this means that the percentage of fixed activity 
with respect to the introduced amount  became 
less upon increasing the enzyme loading, whereas 
the specific activity seemed to increase very little 
for values higher than 3 mg g - l .  Moreover it is 
important  to evaluate either the total weight of  
enzyme introduced or its molecular weight be- 
cause these are all important  factors in the under- 
standing of  the immobilization process. 
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All the following measurements were carried 
out with membranes obtained from an enzyme 
loading of 6 mg g i and washed six times with 
buffer solutions and so that all not fixed G O D  
had been rinsed out. 

The apparent  activity of  immobilized G O D  in 
measured membranes (120 lain thickness and 5 
mm diameter) used for the amperometric  analysis 
were found to be about 90 and 150 m U  cm 2 for 
the polymers A and B, respectively. The enzyme 
was retained in the network of the polymer B in 
larger amounts than A and this was compatible 
with the stronger structure observed for the hy- 
drogel obtained from the kind of PVA with higher 
molecular weight. 

Typical calibration graphs for GOD-modif ied A 
and B polymer electrodes, measured by anodic 
oxidation of H202, are shown in Fig. 3. The 
response to glucose gave linear patterns in the 
5 x  10 5 3 x  10 3 M r a n g e w i t h a l i n e a r r e g r e s _  
sion equation of y = 0.099x + 0.003, R 2 = 0.9992 
for electrode A and y = 0 . 1 4 1 x + 0 . 0 0 4 ,  R 2 =  
0.9994 for electrode B, where y was the current 
(laA) and x was the substrate concentration 
(mmol 1 i). A detection limit of  3 x 10 -5  M was 
estimated with a signal-to-noise ratio > 3. The 
relative standard deviation for five replicate deter- 
minations of  1 mM glucose solution was 2.5%. 

As expected, the response increased with the 
amount  of  apparent  enzyme activity immobilized 
in the membrane.  These changes, however, were 
not directly proport ional  to the enzyme content. 
In fact, the slopes of  the resulting calibration 
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Fig. 3. Calibration graphs for glucose obtained at pH 6 and 
25°C. (B) sensor with membrane A (lower Mw); (O) with 
membrane B (higher Mw). 
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Fig. 4. Hanes plot of the calibration data for a glucose oxidase 
electrode with membrane B. 

graphs in the linear range, and hence the sensitiv- 
ities, were 0.099 and 0.141 laA 1 mmol i for the 
electrodes A and B, respectively. 

The glucose response curves can be described 
by the Michael is -Menten equation, expressed in 
the electrochemical Hanes form: 

C/i  = (C + Kl~7(app))/ima x 

where C = glucose concentration, i = steady-state 
c u r r e n t ,  imax = maximum steady-state current and 
Km(app ) = apparent  Michaelis-Menten constant. 

The linear portion of  the curve (Fig. 4), corre- 
sponding to the response in the kinetic regime for 
electrode B, gave values of  4.5 mM for Km(app ) 

( -  x intercept) and 1.126 ~tA for /max (reciprocal 
of  the slope). The response for electrode A gave 
the same value for Km(apv~ and 0.890 IaA for /max" 

Surprisingly, the apparent  Michael is-Menten 
constant calculated was very low. Generally, an 
increase in K,, value for immobilized enzyme sys- 
tems was observed, owing to the effect of  confor- 
mation changes in the enzyme as a result of  the 
chemistry of  cross-linking and the effect of  the 
diffusion of substrate towards the active sites. The 
gel material obtained through the process of  freez- 
ing-thawing cycles is a physically cross-linked 
polymer containing uncrossed-linked polymer and 
water [13]. The enzyme is retained in the network 
but it behaves as it were freely soluble and main- 
tained the same active conformation, Moreover 
the presence of a high water content and hydroxyl 
groups in the polymer provides microenvironmen- 
tal conditions particularly favorable for glucose 
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oxidase. The structure of  this matrix and its hy- 
drophilicity reduces the mass-transport resistance 
to the diffusion of  a substrate. 

The poor  linearity observed in Fig. 4 seems to 
imply diffusional limitations for lower glucose 
concentrations. An attempt was made to analyse 
the same data with the method proposed by A1- 
bery, Bartlett and coworkers [17-19], even though 
Albery's theoretical model does not take into 
consideration the concentration polarization in 
the enzyme layer and therefore these conclusions 
should to be considered correct as regards mass- 
transport limitations, but only approximate as 
regards the real experimental situation. 

From this model, the k's/k'ME ratios were calcu- 
lated, where k~ was the mass-transport rate con- 
stant for the substrate diffusion through the 
membrane and k~E was the effective electrochem- 
ical rate constant for the enzyme electrode. Values 
of  1.4 and 1.3 for electrodes A and B were ob- 
tained respectively, indicating that transport of  
glucose through membrane was partially rate lim- 
iting, mostly at low substrate concentration [20]. 

A low value for the apparent Michaelis- 
Menten constant implies more favorable condi- 
tions for GOD activity, but lowers the upper limit 
of  the linear response range. 

The pH influence on the sensor B was also 
investigated and Fig. 5 shows the sensor response 
to glucose solution in the pH range of 4-8 .  It can 
be seen that the optimum pH was found at 5.5, 
the same value reported for the free enzyme 
[21,22]. The lack of  the typical shift toward more 
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Fig. 5. Biosensor B response dependence on pH in 1 mM 
glucose solution at 25°C. ( I )  0.1 M citrate buffer; (e) 0.I M 
phosphate buffer. 
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Fig. 6. Biosensor B response dependence on temperature in 1 
mM glucose solution, pH 6. 

alkaline values upon immobilization procedures, 
confirmed the hypothesis that GOD in this matrix 
behaved as if it were free. 

Fig. 6 shows the trend of the electrode B re- 
sponse as a function of  temperature. The response 
increased with a temperature increase from 15 to 
50°C. In this range there were no irreversible 
modifications to the system; measurements carried 
out at 25°C with the same electrode again showed 
the original signal. 

Response is modulated by the mass-transport 
through the membrane and therefore the electrode 
signal is considerably influenced by the thickness 
of the enzyme layer. Hence this parameter must 
be carefully controlled. The electrode signal of  ten 
membranes with the same diameter, average 
weight and presumably the same thickness 
showed a relative standard deviation less than 5%. 

The response time, for the examined biosensors 
A and B, was within 120 s and it remained 
unchanged for the entire life of  the membranes. 

The long term stability of  the GOD modified 
polymer was good. In order to examine the effect 
of  storage, the membranes were detached and 
washed after each assay in buffer solutions and 
kept at 4°C. After 2 months the electrode signal 
decreased by about 10% in comparison with the 
initial value measured at a single concentration in 
the linear response range. 

Physical immobilization procedures are always 
connected with protein leaking on long term stor- 
age or exposures over large volumes, mainly if 
there are modifications of  ionic strength or pH 
values. 
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Some membranes of an interesting batch (about 
0.5 g) in buffer solution (25 ml) for a 2 months 
period were kept under control and an enzyme 
leaking of  about 1-2% with respect to the original 
enzyme loading, corresponding to a 5-10% re- 
spect to the activity measured in the membranes 
after six washings, was actually observed. 

From our results it could be claimed that this 
kind of leakage has no effect on normal, analyti- 
cal biosensor performances, but it could otherwise 
be a problem when proposing the biocompatibil- 
ity of the system. 

The electrode B was used to determine glucose 
in a real sample and the results, relative to the 
analysis of  a control serum, were compared with 
those obtained for the same sample by the enzy- 
matic-spectrophotometric method which is gener- 
ally used in routine biomedical analysis. 

Nominal value of serum = 4.17 mmol l  ~ (scat- 
tering range 3.67 4.67 mmol 1 ~); mean value 
found by spectrophotometric method (tripli- 
ca te )=  3.87 _+0.04 mmol I '; mean value found 
by amperometric method (triplicate) = 3.95 _+ 0.08 
m m o l l  

4. Conclusions 

This work supports the results that PVA cryo- 
gel produced by a cyclic freezing-thawing process 
is a suitable material for the immobilization of 
GOD on electrode surfaces and has some advan- 
tageous characteristics over other immobilization 
methods. The hydrogel membranes resulting from 
this treatment have interesting mechanical proper- 
ties and the immobilization is achieved without 
use of chemical or reinforcing cross-linking 
agents. 

In particular, the following considerations may 
be made. 

(a) The PVA cryogel with higher molecular 
weight offers better performances owing to the 
closer structure, higher amount of  immobilized 
enzyme and magnitude of the electrode signal. 

(b) The data obtained indicate that the PVA 
hydrogel provides very favorable environmental 
conditions for glucose oxidase and the enzyme 
behaves as if it were virtually free. 

(c) The low Km(app ) value of  the system limits 
the linear range and the possibility of extending 
the upper limit to higher values should be investi- 
gated. 

(d) The response time and the long term stabil- 
ity of this glucose sensor are good. 

(e) The immobilization method needs to be fur- 
ther improved so as to prevent all the enzyme 
leaking. 
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Abstract 

The preconcentration and recovery of lead and cadmium traces at ng 1 1 level were evaluated in standard solutions 
and natural aqueous samples using a FIAS (Flow Injection Atomic Spectrometry) apparatus. The method is based 
on retention of the complex formed between Pb or Cd and 1,2-dihydroxy-3,5-benzendisulphonic acid (Tiron) on a 
macroporous anion-exchange resin. The recovery of the analytes was obtained by elution with 0.1 M HC1 and their 
determination was performed by Graphite Furnace Atomic Absorption Spectrometry (GFAAS). The detection limits 
were 9 and 7 ng 1 - ~ for Pb and Cd respectively. The effects of sample solution pH and composition and of interfering 
agents as well as reagent purity are discussed. The technique was applied to the analysis of natural waters. © 1997 
Elsevier Science B.V. 

Keywords: Cadmium; Flow injection atomic spectrometry; Lead; Natural waters; Preconcentration; Tiron 

1. Introduction 

Two important  features distinguish heavy 
metals from other toxic pollutants: they are not 
biodegradable and their toxicity is controlled by 
their physico-chemical form. Heavy metals can be 
found in waters (fresh, sea, lake, waste), food 
(fruit, fish, milk), soils, sediments and biological 
samples [1]. 

Several studies concerning determination of  ul- 
tratraces of  metal ions in water samples with 
preconcentration and/or separation of the analyte 
from its matrix have been reported [2-7]. 

* Corresponding author. 

The aim of this study was to determine very 
low concentrations of  metal ions, namely lead and 
cadmium, in liquid samples, Lead and cadmium 
commonly occur in the environment due to the 
contribution of anthropogenic sources, such as 
waste incineration and combustion of  coal and 
oil, and are among the most  toxic heavy metals 
for human health. 

Fang et al. [5,6] and Sperling et al. [7] deter- 
mined cadmium and lead in sea-water and drink- 
ing water with a preconcentration system based 
on on-line sorbent extraction. A micro-column 
packed with silica C-18 and sodium diethyldithio- 
carbamate (DDTC) as ligand were used in con- 
junction with a flame atomic absorption 
spectrometer. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02 131-5 
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A flow injection preconcentration technique 
and atomic spectrometry were coupled in this 
study; this allows several advantages such as min- 
imised interference effects, enhanced sensitivity, 
ease of automation and matrix removal [8]. The 
method is based on the complexation of Pb and 
Cd with Tiron, 4,5-dihydroxy-l,3-benzendisul- 
phonic acid, which forms negatively charged com- 
plexes, then retained by a macroporous 
anion-exchange resin. Metal complexation with 
Tiron takes place via the two hydroxylic moieties 
which allow a reversible chelation, whereas the 
two sulphonic groups allow the retention of the 
complex on the anion exchange resin. The total 
metal recovery from the resin was then obtained 
with a small volume of 0.1 M HC1, which was 
immediately analysed using graphite furnace 
atomic absorption spectrometry (GFAAS). Alter- 
natively, it is possible to drive the eluate to the 
nebulizer of a flame atomic absorption spectrome- 
ter. 

An advantage of the proposed method is the 
use of an anion exchange resin, which has a wider 
operating pH range (0-14) with respect to the 
C-18 sorbent (2-8) and allows the use of an acidic 
eluent, more suitable than an organic one in 
GFAAS determinations. In fact we verified in our 
laboratory that the measured metal concentra- 
tions in ethanol media decreased with time, prob- 
ably due to absorption on the walls of the vessel. 
Moreover Tiron has a greater stability than 
DDTC and can be stored for a long time without 
degradation. 

The method proposed in this paper is one of 
the approaches developed in our laboratory 
[3,4,9,10] for trace metal preconcentration. Ad- 
vantages of the present technique over previous 
systems [9,10] coupled to inductively coupled 
plasma atomic emission spectrometry (ICP-AES) 
are slightly lower detection limits, reduced sample 
and reagents consumption and lower running 
costs (in the case of ICP-AES, the torch is pow- 
ered during all the analysis cycle). 

On the other hand the formerly developed 
GFAAS preconcentration technique [3], which 
was based on the direct insertion of the enrich- 
ment column in the autosampler arm, has lower 
detection limits than the present one and reason- 

Table 1 
Heating cycle program for lead determination by GFAAS 

Temperature °C Ramp time (s) Hold time (s) 

90 1 10 
130 50 20 

1100 20 10 
20 5 5 

1800 0 4 
2600 1 5 

able running costs. Anyway the alignment of the 
column tip with the graphite furnace is a delicate 
task and requires frequent readjustments. The 
present method based on FIAS system is more 
straightforward, does not require trained opera- 
tors or expensive consumables. 

2. Experimental 

2.1. Instrumentation 

A Perkin-Elmer Model 5100 atomic absorption 
spectrophotometer with Zeeman-effect back- 
ground correction was used for Pb and Cd deter- 
minations. Pyrocoated graphite furnaces with 
L'Vov platforms were used and measurements 
were performed at 283.3 nm Pb and 228.8 nm Cd 
analytical lines with a 0.7 nm slit. The heating 
cycle programs are reported in Table I and Table 
2. 

The preconcentration manifold used (Fig. I (a)), 
a Perkin-Elmer FIAS-200, is composed of two 
peristaltic pumps and a four-way switchable 
valve. 

Table 2 
Heating cycle program for cadmium determination by 
GFAAS 

Temperature °C Ramp time (s) Hold time (s) 

90 1 5 
130 30 30 
900 40 20 

20 5 5 
1600 0 5 
2700 1 2 
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Fig. 1. (a) Scheme of the instrumentation utilised. (b) Micro- 
conic column. A, PTFE tubings with flanged ends; B, threaded 
fittings; C, 75 mesh Teflon filters; D, conical column with lid: 
E, AGMP-I packing; and F, column housing. 

The pump rate (range 1-12 ml min ~) and 
valve position are completely software-controlled. 
Tygon pump tubings were used (i.d. 1.40 mm for 
Tiron and sample solutions and i.d. 0.76 mm for 
HCl). 

UV-VIS Absorption measurements were per- 
formed with a double-beam spectrophotometer 
Hitachi 150-200. 

A Mettler Delta 320 pH-meter equipped with a 
combined glass-calomel electrode was used for pH 
measurements. 

High-purity acids and ammonia were obtained 
with a sub-boiling quartz still (K. Kurner). 

All polyethylene labware was washed by im- 
mersion in 1 M HNO3 for 48 h and stored in 
1 x 10 2 M HC1 until the moment of use. 

Eppendorf dispensers or Gilson micropipets 
were used to prepare solutions. The accuracy of 
the dispensed volumes was periodically checked 
by weighing. 

All sample manipulations were performed un- 
der a laminar flow hood in a laboratory provided 
with filtered air. 

2.2. Reagents and materials 

Analytical grade 100-200 mesh, macroporous 
anion-exchange resin AGMP-I(Bio-Rad) was 
used in CI- form for preconcentration. 

Analytical grade 100-200 mesh, iminodiacetic 
functionalised resin Chelex-100 (Bio-Rad) and sil- 
ica RP-C18 (40-63 I~m, Merck) were used for 
reagent purification. 

The microconic column used for preconcentra- 
tion, loaded with 0.03 ml of AGMP-1 (Fig. l(b)), 
was prepared by filling the column with a suspen- 
sion of resin dispersed in 1 M HC1, using the 
slurry technique. Two 75-mesh Teflon filters were 
placed on both ends of the column. 

The columns used for purification were pre- 
pared by filling short Tygon tubes (1.5 cm; i.d. 
3.90 mm) with a suspension (total weight 0.05 g) 
in 1 M NH4OH for Chelex-100 and in methanol 
for silica RP-C18 respectively, using the slurry 
technique. The particles were kept in place with 
two plugs of Teflon net inserted at the ends of the 
column. 

High-purity water (HPW) was produced with a 
Milli-Q system and used to dilute all reagent 
solutions. 

4,5-dihydroxy- 1,3-benzendisulphonic acid 
(Tiron), monohydrate disodium salt (Merck was 
dissolved in water at the desired pH and used 
after purification (see below). 

Ammonium acetate buffer (prepared by mixing 
the appropriate amounts of concentrated acetic 
acid and ammonia previously purified by sub- 
boiling distillation) at pH values in the range 
4.0-6.0 was used. Concentrated ammonia and a 
3 x 10 2 M ammonium borate buffer were em- 
ployed in pH range 7.0-9.0. For pH lower than 
4.0 a 0.1 M trichloroacetic acid solution was used. 

Lead and cadmium standard solutions were 
prepared from 1000 mg 1 i stock solutions of 
PbC12 and CdC12 (Merck) and diluted as required 
with HPW. 

A matrix modifier for Cd and Pb AAS determi- 
nations (prepared by mixing 0,2 g NH4H2PO 4 and 
0.01 g Mg(NO3)2 in 10 ml of HPW) was used. 

Drinking water was collected from the hydric 
distribution of the city of Turin. Lake and sea-wa- 
ter were collected in Antarctica during the X 
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Table 3 
FIAS-program for sample preconcentration 

Step Time (s) Pump 1 (ml min -1) Pump 2 (ml min - I )  Valve position Description 

1 60 1 0 Inject 
2 20 0 0 Inject 
3 60 1 0 Inject 
4 20 0 0 Inject 
5 60 l 0 Inject 
6 240 0 1 Fill 
7 20 0 4 Fill 
8 60 2 4 Inject 

Loading sample 
Pause a 
Loading (1 x 10 -~ M Tiron) 
Pause a 
Loading (buffered HPW) 
Elution 
Rinsing (6 M HC1) 
Column rinsing (buffered HPW) 

a Technical delay necessary to replace sample container with Tiron or HPW container. 

expedition within the Italian Antarctica Project. 
The samples were immediately filtered through 
0.45 gm filters and kept frozen during transporta- 
tion and storage. 

2.3. Procedure 

The method is based on retention on a macrop- 
orous anion-exchange resin of the negatively 
charged complex formed between Pb or Cd and 
Tiron; elution is obtained with 0.1 M HC1. 

Proper volumes of sample, buffer solution and 
Tiron were pre-mixed and fluxed through a micro- 
column filled with the resin; since a subsequent 
washing with buffered HPW only gave reduced 
recoveries (73.0 + 0.5% for Pb; 64 + 6% for Cd), 
due to a partial retention of Pb and Cd on the 
surface of tubings; this step was modified and for 
the optimised procedure 1 ml of 1 x 10 -2 M 
Tiron solution was used. Finally buffered HPW 
was loaded in order to drive the sample and Tiron 
through the column. The metal was eluted in 
countercurrent with 0.1 M HC1. The column was 
washed with 6 M HC1 and conditioned with HPW 
buffered at the pH of the following experience. 
The eluate (0.5-1.0 ml) was directly collected in a 
sampling cup for GFAAS determination. The au- 
tosampler of the GFAAS was programmed to 
inject 20 lal of sample and 10 ~tl of matrix modifier 
for each analysis. 

In order to load the desired sample volume 
through the column and elute the retained metal, 

a FIAS program consisting of eight steps was 
designed (see Table 3). 

3. Results and discussion 

The preconcentration procedure was optimised 
evaluating the percentage recoveries of each metal 
(10 ~tg 1-~ Pb, 1 pg 1-~ Cd) as a function of the 
pH of sample solution (that is pre-mixed ligand, 
buffer and metal solutions), of ligand concentra- 
tion and of eluent type. 

All these experiments were carried out with a 
sample and eluent volume of 1 ml, i.e., a precon- 
centration ratio of 1, in order to obtain a high 
sample throughput. In each determination the 
loading and elution volumes may slightly change 
(and usually do) and their values strongly depend 
upon the wear of the tubings. These factors were 
controlled, by weighing the sample bottle before 
and after loading and weighing the elution cup 
before and after elution. After calculating the 
loaded and eluted volumes a correction factor was 
applied to the percentage recovery. The formula 
used was: 

{(A/B x C)-(A1/B1 × C1)}/D × 100 

where: 
A and A1 are the volumes of the sample and 

blank eluates; 
B and B 1 are the loaded volumes of the sample 

and blank; 
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C and C I are the concentrations of  the sample 
and blank eluates; 

D is the metal standard concentration. 

3.1. Recow'rv as a j imct ion  o f  t3Te o f  eluent 

Two different eluents, namely 0.1 M HCI and 1 
M HNO~, gave the best results for metal ion 
recoveries. The recovery was higher when eluent 
was 0.1 M HC1 (Pb: 94 + 4%, Cd: 76 _+ 2%), since 
CI ions have a greater affinity for Pb and Cd 
than NO~ (Pb: 87 + 12%, Cd: 74_+ 3%). 

The presence of chloride influenced the subse- 
quent GFAAS determination of lead. In fact 
when lead is vaporised and atomised from a chlo- 
ride matrix, the presence of PbCI 2 (g) has been 
observed [11] prior to the appearance of Pb (g): a 
small amount  of  chlorine in the graphite furnace 
will bind lead to form PbCI= (c) or PbCI 2 (g). The 
proposed mechanism of atomisation is as follows: 

PbCl~_(ad) -+ PbCle(g) ~ Pb(g) + Cle 

where 'ad '  stands for 'adsorbed'  in agreement 
with [11]. Chloride matrix interference is due to 
the formation and loss of  volatile lead chloride 
species (PbC1 (g) and PbCI= (g)) in the gas phase. 

This effect was taken into account by evaluat- 
ing sample concentrations with standards pre- 
pared in 0.1 M HCI and using a matrix modifier 
which inhibits sample volatility (see Fig. 2(a) and 
(bt). The same modifier was used for cadmium 
determination as advised in the literature. 

3.2. Recot~erv as a.lmu'tion of loading and elution 
j¢tOW-I+alc 

The recovery yield of  analytes was investigated 
for several loading and elution flow-rates; while 
the loading rate was kept constant to 1 ml rain 
and then 2 ml min t. the elution rate was varied 
from 1 m l m i n  ~ to 3 m l m i n  ~ .Thebes t  recov- 
eries (Pb: 94 + 4%: Cd: 76 + 2%) were found at a 
loading and elution rate of 1 ml rain i (Fig. 3 
and Fig. 4), because it allows for a long contact 
period between resin and solution (metal-Tiron 
complex in the load step and 0.1 M HCI in the 
elution step). 

3.3. EffEct q / ' p H  and Tiron concentration 

Using a load and elution rate of  1 ml rain ~ the 
pH range of 3.0 9.0 was tested. The recovery 
increases with increasing pH in accordance with 
the values of the conditional stability constants 
for the metals, and pH 9.0 gave the highest recov- 
eries. 

Different ligand concentrations were investi- 
gated ( 5 x  10 ; 5 ×  10 " M). The recovery in- 
creases with increasing ligand concentration, since 
the equilibrium is shifted toward complex forma- 
tion. Higher Tiron concentrations were not tested 
in order to avoid competit ion between complex 
and free ligand for the exchange sites on the resin. 

Figs. 5 8 show the recovery behaviour (%) of 
Pb and Cd respectively as a function of the 
above cited parameters. The reduced recovery 
of Cd in respect to Pb is essentially due to 
a lower stability constant, which in turn is 
related to the presence of negatively charged 
oxygen-donor groups in Tiron molecule. 
The effect of  these groups on complex stability 

0~35 

~J 

0.089 

b 

0 Time (sec.) 3.00 

b 

a 
I 

0 Time Isec.) 3.'0O 

Fig. 2. (a) Atomic absorption spectrometry signal of lead in 
the presence of matrix-modifier, a. background; b, analyte. (b) 
Atomic absorption spectrometry signal of lead in the absence 
of matrix-modifier, a, background: b, analyte. 
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Fig. 3. Percentage recovery of  lead as a function of  elution 
flow-rate (ml r a i n -  t) at a constant  loading-rate (1 ml rain ~). 

appears to depend on the acidity of the metal ion 
concerned. When acidity increases, the affinity of 
the metal ion towards negative O - - d o n o r  ligand, 
e.g., the O H -  ion, is also increased [12]. Anyway 
the recovery of cadmium is reproducible and the 
procedure can be used for analytical purpose. 
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Fig. 5. Percentage recovery of  lead as a function of  pH (Tiron 
concentrat ion 5 × 10-  ~ M). 

3.4. InterJering agents 

The effects of ionic strength (0.5 and 1.0 M 
NaCI), surfactants (10 and 100 mg 1-~ poly- 
oxyethylene-23-1aurylether (Poly) and the con- 
comitant presence of 20 mg 1 -1 Ca and 2 mg 1- 
Mg were investigated. The chosen interferents are 
those likely to be present in natural waters. The 
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Fig. 4. Percentage recovery of  lead as a function of  elution 
flow-rate (ml nirn - ]) at a constant  loading-rate (2 ml rnin - ~). 
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Fig. 6. Percentage recovery o f  lead as a Function o f  Tiron 
concentrat ion (pH = 9.0). 
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Fig. 7. Percentage recovery of cadmium as a function of pH 
(Tiron concentration 5 x 10 3 M). 

experiments were carried out at pH 9.0, at a 
ligand concentration of 5 x 10-3 M and a flow 
rate of 1 ml rain ~ corresponding to the maxi- 
mum recovery. A 2 M NaC1 solution (pH 9.0) was 
purified from Pb and Cd impurities (about 1.5 gg 
1-~), before preconcentration and then diluted to 
the desired concentrations: NaC1 solution was 
eluted through a microcolumn packed with 
Chelex-100 in NH4 + form. 

Table 4 
Effect of different interfering agents on lead and cadmium 
recovery 

Interfering agent Recovery % 

Pb Cd 

1 M NaC1 83+1 52-2 
0.5 M NaC1 93.4 ± 0.9 70,8 ± 0.7 
10.0mgl t Poly 90.4±0.9 73±3 
100.0 mg l- t Poly 78 ± 3 60 ± 7 
20.0mgl i Ca+2.0mgl-t Mg 82±2 78_+2 

Three replicates. 

Table 4 shows recoveries obtained in the pres- 
ence of the different interfering agents. The trend 
of the recoveries in the presence of NaC1 is due to 
a competition between C1 and the metal com- 
plexes for the exchange sites of the resin, whereas 
Ca and Mg compete with the analytes for com- 
plexation. For all the agents considered the recov- 
ery was lower at higher interferent concentrations, 
but the interferences were not so large to hinder 
the use of the method for natural samples. In 
particular the method can be used for the analysis 
of  sea water, whose ion strength is approximately 
0.5 M. 

3.5. On line procedure 
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Fig. 8. Percentage recovery of cadmium as a function of Tiron 
concentration (pH = 9). 

The former experiments were performed by 
batch mixing ligand and sample. On-line mixing 
of sample and Tiron solutions allows a satisfac- 
tory recovery (92.7 + 0.4%) of lead, but very low 
recoveries for Cd (28 + 1%). This fact could be 
explained by considering the low kinetic of reac- 
tion for Cd-Tiron. 

3.6. Enrichment and detection limits 

Lead enrichments were initially evaluated for a 
preconcentration ratio of 10 (from 1 to 10 gg l -  
Pb). The recovery was highly satisfactory (95 ___ 2) 
for this kind of samples and blank signals were 
under the detection limit. Recovery for a precon- 
centration ratio of 50 was also evaluated. Solu- 
tions containing 50 ng 1 " ~ of Pb were 
preconcentrated up to 2.5 gg I ~ and the recovery 
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resulted 95.5%. In this case the blank levels were 
at 13 ng 1-~ before preconcentration. 

A similar approach was considered for Cd. 
Solutions (100 ng 1 l) were preconcentrated to 1 
tag 1-~ and gave a satisfactory recovery (76.0 _+ 
0.4%). The recovery percentage in solution con- 
taining 50 ng 1-~ Cd and preconcentrated to 2.5 
lag 1 ~ was slightly inferior: 69.1%. 

For  these enrichment procedures the blanks 
were purified using a method below detailed. 

The detection limits of  the technique, evaluated 
as three times the standard deviation of  the blank 
(for the experiments with a preconcentration ratio 
of 50), were 9 ng l - l for Pb and 7 ng l - ~ for Cd. 

3.7. Analysis of real samples 

This preconcentration method was used for the 
analysis of  Antarctic lake water and Turin drink- 
ing water. For  these experiment the preconcentra- 
tion ratio was 50 and purified Tiron was used (see 
below). 

Pb and Cd were determined with the standard 
addition method in drinking water to be 218 + 6 
and 51 _+ 2 ng 1-1, respectively. In Antarctic lake 
water (Carezza Lake, Ross Bay) Pb was found to 
be 22 _+ 1 ng 1 ~ for Pb, while Cd resulted lower 
than the detection limit. 

The accuracy of the method was checked by 
analysing a sample of uncontaminated sea-water 
from Antarctica spiked with 1 btg I - '  of  Pb and 
250 ng 1-~ of Cd. The analysis was performed by 
standard addition method. The signal given by the 
original metal content, which is in the order of few 
tenths of  ng 1-1, was subtracted as a blank signal. 

The concentrations found were 950 + 87 ng 1- 
of Pb and 281_+6 ng 1 ~ of  Cd, in good agree- 
ment with the expected values. The deviations 
( - 5.0% for Pb, + 12.4% for Cd) could be due to 
the sum of  errors occurring during the procedure, 
i.e., in metal standard dilution, in loaded and 
eluted volumes and in the GFAAS measurements. 
Anyway the results are satisfactory, especially if 
the low concentration levels involved are taken 
into account. 

These data confirm the applicability of the 
method to the determination of  ultra-traces of  
metal ions in natural samples. 

3.8. Tiron purification 

The main source of contamination was found to 
be the impurity content of Tiron. Therefore the 
following methods for its purification were investi- 
gated: (l)  crystallisation; (2) Chelex- 100 treatment; 
(3) elution through silica RP-C18 after addition of 
1 M 8-hydroxyquinoline to Tiron solution; and (4) 
elution through AGMP-1 functionalised with 
Tiron. 

The crystallisation of Tiron was obtained taking 
advantage of its lower solubility in an acid 
medium. Concentrated HC1 was gradually added 
(1 ml every day) to a saturated solution of Tiron 
(2.5 g in 6 ml of  HPW) in order to obtain long thin 
crystals and to facilitate purification. In fact a 
flock precipitate would not be suitable for purifica- 
tion because of  co-precipitation phenomena. 

By the second method the metal impurities were 
bound to the resin owing to iminodiacetic groups. 

Method (3) is based on the ability of  8-hydrox- 
yquinoline to form neutral complexes with the 
metal ions which could be removed from Tiron 
solution by retention onto a C-18 microcolumn. 

In the AGMP-I  method the resin exchange sites 
were saturated with Tiron. The saturation of the 
resin (10 ml of  1 x 10 -2 M Tiron for 0.05 g resin) 
was evaluated spectrophotometrically by monitor- 
ing (at 290 nm) the concentration of  Tiron in the 
effluent. Since the stability constants for metal-lig- 
and complexes are greater for Tiron bound onto 
the resin than for the free one (solution) [13], it 
was possible to remove metal ions impurities by 
fluxing the solution of  Tiron through a micro- 
column filled with the so modified AGMP-1 resin. 

These purification methods were formerly stud- 
ied in our laboratory for the preconcentration of  
iron (see results in Table 5). 

Table 5 
Purification percentage efficiency 

Method 1 Method 2 Method 3 Method 4 

% Effi- 94.3 68.9 100 100 
cieney 
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The last method was chosen because it is quick, 
simple, it does not require the addition of any 
reagent, it could be performed on-line and gives 
the best performance. 

For this reason it was used also for Pb and Cd, 
whose concentrations in 1 x 10 -~ M Tiron were 
about 5 6 gg 1 ~ (after 50-fold enrichment); us- 
ing the last method the metal impurities in Tiron 
were reduced below the detection limit. 

4. Conclusions 

The preconcentration method developed to de- 
termine traces and ultratraces of Cd and Pb al- 
lows a precise and accurate determination of 
metal ions at low concentration (ng 1-~) in natu- 
ral samples, and in the presence of interfering 
agents. Blanks are very low and detection limits 
are satisfactory. 

The time required for preconcentration and de- 
termination of lead and cadmium levels close to 
the detection limit is about 30 min; the sample 
throughput increases if there is no need to reach 
such low concentrations. For instance it is possi- 
ble to analyze nine samples in an hour at 100 ng 
1 ~ level by loading 2.5 ml of the sample and 
eluting the analyte in 0.25 ml. This small volume 
is enough for several GFAAS determinations. 

Talanta 44 (1997) 867 ?,'75 S75 

The method described can be used for several 
applications, not only for natural water samples 
but also for environmental or industrial samples. 
The procedure has been adapted in our labora- 
tory also tk~r the determination of aluminium [4] 
and iron. 
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Abstract 

A combined method for the preconcentration and selective spectrophotometric determination of both valencies of 
iron, i.e., Fe(II) and Fe(III), down to 0.4 lag 1-~ has been developed. Iron(Ill) from synthetic and natural water 
samples has been concentrated on a melamine-formaldehyde resin at pH 5; iron(II) was not retained under identical 
conditions. The oxidized iron was concentrated on a second resin column. The iron in both columns was eluted with 
1 M HCI solution and separately analyzed by the 1,10-phenanthroline-citrate spectrophotometric method. The effect 
of pH, adsorption and elution rates, and interferences on the developed procedure were investigated. Metal ions that 
can be retained by the resin at moderate concentrations, e.g., A13 +, do not cause interference in more dilute solutions 
encountered in natural water samples. At least 160-fold volume enrichment can be easily obtained using an 
adsorption flowrate of 50 ml min - ~. A hydrothermal water sample was analyzed by the recommended procedure and 
by a literature method, and the results were statistically compared by t- and F-tests. © 1997 Elsevier Science B.V. 

Keywords: Iron(II) and iron(llI); Melamine-formaldehyde resin; Preconcentration; Separation 

1. Introduction 

Spectrophotometric determination of iron in 
different oxidation states in water has been a 
matter  of  concern in analytical chemistry since the 
mid 1950s [1]. The low concentration of iron 
present in natural waters (at mg 1- 1 levels) neces- 
sitates the selection of  a suitable preconcentration 
procedure [2]. 

Most of  the published spectrophotometric 
methods for the simultaneous determination of 
Fe(II) and Fe(III)  involve the measurement of  

either valency in one sample portion, and of total 
iron, after oxidation or reduction, in another sam- 
ple portion; the concentration of the other species 
is obtained by difference [3]. Such a procedure 
requires the usage of a selective photometric 
reagent capable of  determining one of the valen- 
cies, usually the lower valency, of  iron. 

1,10-Phenanthroline has been shown to be a 
reliable colorimetric reagent for Fe(II) [4], but 
errors can arise in the presence of Fe(III) which 
can form a yellow complex with phenanthroline 
[1]. In this case, the absorbance of the Fe(II)-com- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-91 40(96)021 32-7 
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plex is not stable due to the slow reduction of the 
ferric complex [5]. However when phenanthroline 
is used along with citrate, the latter as the mask- 
ing reagent for Fe(III), both ferrous ion and total 
iron (after reduction with hydroxylamine or 
ascorbic acid) can be determined using this proce- 
dure [6]. 

Another reagent which selectively forms a 
coloured complex with Fe(II) but not with Fe(III) 
is ferrozine [3-(2-pyridyl)-5,6-bis(4-phenylsul- 
phonic acid)-l,2,4-triazine] [7]. On the other hand, 
a ferric ion-specific reagent is tiron which may 
also enable the determination of total iron after 
catalyzing the autooxidation of Fe(II) to the ferric 
state in aerated solution [3]. 

On-line separation and preconcentration of 
both valencies of iron by a rapid and selective 
procedure is very important in flow injection anal- 
ysis (FIA) which has received considerable atten- 
tion in recent years [8,9]. For example, the 
Fe(II)-specific ferrozine may be used in this re- 
gard, enabling direct feeding of Fe(III) contained 
in the sample to AAS while the Fe(II)-ferrozine 
formed in-line is temporarily retained on a C~8- 
modified silica column and subsequently eluted 
with methanol [9]. This work aims to utilize the 
inexpensive and conventional phenanthroline-cit- 
rate reagent in conjunction with a melamine- 
formaldehyde preconcentrating resin column for 
developing a FIA-compatible spectrophotometric 
procedure for the simultaneous determination of 
Fe(II) and Fe(III) in natural waters, 

The preconcentration and separation of ele- 
ments by the use of chelating resins have been 
extensively reported and recently summarized 
[10]. Polyacrylonitrile [11], epoxypropyl methy- 
lacrylate grafted into a polyvinyl fiber with tannin 
[12], polyether foam [13], and polyether-type 
polyurethane foam [14,15] have been utilized as 
effective preconcentration agents for selectively 
retaining Fe(IlI) from water. 

Melamine-formaldehyde resins having the 
methylol melamine functional groups [16], which 
have been used for long in textile-finishing and 
leather tanning operations [17] have recently been 
utilized in Cr(VI) preconcentration [18] and 
Cr(III)/Cr(VI) separation prior to AAS analysis 
[19]. Preliminary experiments showed that this 

resin could serve the purpose of selective precon- 
centration of the higher valency of iron, thereby 
giving rise to this work. 

2. Experimental 

2. l. Reagents 

All chemicals used were of analytical grade (E. 
Merck), and distilled water was used throughout. 

The melamine-formaldehyde resin was pre- 
pared from formaldehyde, NaOH and melamine 
according to the procedure set by Gams et al. [20], 
washed with 0.1 M HCI, 0.1 M NaOH and suffi- 
cient water in this order, dried, grounded, and 
classified to a particle size range of 500-600 mesh 
as described elsewhere [18]. The IR Spectrum of 
the resin was compared with that of the literature, 
and essential band assignments were made from 
the observed wavenumbers. 

The stock solutions were prepared as follows: 
Fe(III), 1000 ppm: 4.320 g of ammonium ferric 

alum was dissolved in 10 ml concentrated HC1 
and some water, and diluted to 500 ml with water. 

Fe(II), 1000 ppm: 3.510 g Mohr's salt, i.e., 
(NH4)2SO4' FeSO46H20, was dissolved in 2 ml 
concentrated HC1 and some water, and diluted to 
500 ml with water. (Deaerated water purged with 
N2 was used for the Fe(II) solution) The Fe(I1) 
stock solution was freshly prepared every week, 
and stored in the dark for inhibiting oxidation to 
Fe(III). 

Both solutions were standardized by EDTA 
titration [21]. 

Phenanthroline, %0.2 (w/v): 0.2 g of 1,10- 
phenanthroline hydrochloride was dissolved in 
100 ml hot water and cooled to room tempera- 
ture. 

2.2. Procedure jor  the preconcentration o f  
iron(Ill) and iron(II) ions 

A double-column procedure was used for pre- 
concentrating iron(I1) and iron(III) from synthetic 
and natural water samples. Two grams of the 
resin suspended in water was slurry-packed in 
each glass column (i.d. 1.0 cm) at a height of 8 cm 
and rinsed thoroughly before use. 
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The water sample containing up to 2 ppm of 
ferric ion and adjusted to an optimal pH of  5.0 
(using acetic acid/sodium acetate buffer) was 
passed through the first column at a rate of 20-25 
ml rain-  1. The sample volume was usually taken 
as 250 ml. To the effluent of the first column were 
added several drops of concentrated (14 M) 
HNO3 and concentrated H202 in hot solution so 
as to oxidize the Fe(II) to Fe(III) [22]. 

After oxidation, the pH was readjusted to five 
with sodium acetate and acetic acid, and the 
solution was passed through the second column as 
before. The originally present Fe(III) and Fe(II), 
the latter after oxidation, was retained by the first 
and second columns, respectively. 

The iron retained in each column was eluted 
with 25 ml of 1.0 M HC1 at a flow rate of 3 ml 
min ~ and analyzed by the phenanthroline 
method. The used resins were washed with water, 
0.1 M NaOH, and finally with sufficient water 
until neutral prior to next use. 

The effects of possible interferent ions were 
investigated under identical conditions with those 
of iron uptake. The interferent ions were added in 
varying amounts to 250 ml of 2 ppm Fe(IlI) 
solution, and the final mixture was passed 
through the resin column with subsequent analy- 
sis. The effect of  the essential interferent, i.e., 
AI 3 +, was further studied as a function of total 
metal concentration and pH. The dependence of 
iron recovery on pH, and on solution flowrates at 
adsorption and desorption were separately ana- 
lyzed while keeping the other parameters con- 
stant. 

2.3. Procedure for the simultaneous determination 
qf iron(II) and iron(Ill) in synthetic and natural 
samples 

The spectrophotometric method developed by 
Nigo et al. [6] was followed for determining both 
ferrous and total iron in a sample. To the acidic 
column eluate containing preferably 1-50 mg 
iron, 5 ml of 10% NH2OH. HC1 was added and 
the mixture was titrated dropwise with 5 M NH 3 
solution until a pH of 2 -3  was reached. After 
letting stand for 2 min, 10 ml of  25% diammo- 
nium hydrogen citrate solution was added to 

bring the pH to ~ 5. After the addition of 5 ml of 
0.2% phenanthroline solution, dilution to a final 
volume of 50 ml was made. The absorbance at 
512 nm of  the resulting solution was measured 
against a reagent blank within 30 min. The acidic 
eluates of the first and second columns, when 
analyzed by this procedure, yielded the Fe(III) 
and Fe(l l )concentrat ions,  respectively, originally 
present in the water sample. All spectrophotomet- 
ric analyses were accompanied by flame AAS for 
confirmation using the analytical wavelength of 
Fe at 248.3 rim; a spectral bandpass of 0.5 nm and 
a lamp current of 10 mA was selected with an 
air-acetylene flame for atomization. 

The real sample containing both valencies of 
iron was collected from Yalova Termal hy- 
drothermal water reserves, acidified with HCI (10 
ml concentrated HC1 to 1 1 of water) before being 
brought to the laboratory, and immediately ana- 
lyzed on the day of sample collection. An inde- 
pendent analysis for confirming the Fe(III) and 
Fe(II) results of the developed method was carried 
out by ion-exchanger colorimetry using the proce- 
dure set by Nigo et al. [6]. For this purpose, the 
phenanthroline citrate reagent was used without 
and after the addition of hydroxylamine hy- 
drochloride for the determination of Fe(II) and 
total Fe in two different sample aliquots, respec- 
tively, using Dowex 50W-X2 resin as the iron- 
concentrating medium from relatively large 
volumes of water. In the case of Fe(II) analysis 
alone where NH~OH. HCI addition was omitted, 
dropwise neutralization of the acidic water sample 
with 5 M NH3 solution was made after the addi- 
tion of the citrate buffer so as to prevent any local 
hydrolytic iron precipitation possibilities. 

2.4. Procedure for measuring the batch capaciO, 
of the resin jhr iron 

Iron(Ill)  solutions of concentration (2.0- 
10.0) x 10 4 M were contacted batchwise with 
the resin at a liquid-to-solid ratio of 200, i.e., 10 
ml of solution per 50 mg of resin, in stoppered 
flasks placed in a thermostatic (25_+0.1°C) 
shaker/water bath for 4 h. The highest (satura- 
tion) amount of iron bound per unit mass of resin 
was noted. 
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2.5. Instruments 

A Perkin-Elmer 300 atomic absorption spec- 
trometer and a Hitachi 220 A UV-Visible spec- 
trophotometer were used for iron determinations. 
The pH measurements were made with a 
Metrohm Herisau E-512 pH-meter equipped with 
a glass electrode. The infrared spectrum of the 
resin in KBr pellet was recorded with a ATI 
Unicam (Mattson 1000) FT-IR spectrometer 
within the wavenumber range of 4000- 500 cm - ~. 

3. Results and discussion 

3.1. The resin functional groups and Fe(IIl) 
uptake 

The IR-spectral band assignments (in cm -x) 
showing the presence o f - - N H  CH2OH groups 
bound to carbon atoms of the resin were made as 
follows: 

- O - H  (OH bending): 1346.1 (s), C - O H  (C-O 
stretch): 1061.5 (s), NH: 3346-3360 (m), NH: 
1500 (w). 

The selective uptake of Fe(III) over Fe(II) by 
the resin may partly be associated with the fact 
that ferric iron is a harder acid in the sense of 
HSAB Theory [23] showing a higher affinity to 
the hard O -  and N -  donor Lewis bases of the 
trimethylolmelamine structural units of the resin 
molecule. It has been well established in the litera- 
ture that transition metal ions in high oxidation 
state tend to coordinate to hard a donor-n donor 
ligands, and that in selective adsorption, inner- 
sphere complex formation may be preferred over 
ion-exchange [24]. Considering the predominantly 
hydrolytic complex environment of Fe(III) at the 
working pH (i.e., pH 5), the capability of mixed 
complex formation of Fe(III) (e.g., some Schiff- 
base-type bidentate N,O-donor  ligands (L) form 
mixed hydroxo-complexes with ferric iron having 
the formula Fe 1]1 L(OH)2 constituting the pre- 
dominant species in the neutral region) may rea- 
sonably explain the selective uptake of Fe(III) 
over Fe(II) on the resin having N -  and O-donors  
[25]. Due to the complex nature of the melamine- 
formaldehyde polymer, it is quite difficult to ex- 

actly identify the mechanism of Fe(III) uptake, as 
in the case of polyether-type polyurethane foam 
where ether-like solvent extraction, ligand addi- 
tion or exchange, anion exchange and cation 
chelation mechanisms could be involved 
[14,15,26]. 

3.2. Selection of optimal pH of preconcentration 

The optimal pH of iron preconcentration was 
chosen in regard to both prevention of hydrolytic 
precipitation of Fe(III) at the ppm level and of 
Fe(II) oxidation to the ferric state. The percentage 
recovery of iron achieved when 250 ml of 1 ppm 
Fe(III) at various pH was passed through 2.0 g of 
resin in column is shown in Fig. 1. On the other 
hand, the non-retention of Fe(II) was clearly 
demonstrated where Fe(II) was not held by the 
resin between pH 2.0 and 5.9 (tested at 0.5 pH 
unit intervals). The influent and effluent pH were 
the same at pH 5 (where 100% Fe(III) recovery 
was observed) which was selected as the optimal 
pH in the successive experiments. Since the conju- 
gate acid of the trimethylol melamine moiety has 
a pKa of ~ 4  [16], the amine group should be 
available for iron binding at this pH. 

The species distribution diagrams for the hy- 
drolytic Fe(III) complexes, i.e., FeOH: +, 
Fe(OH) 2÷ and Fe2(OH) 4 + in the heterogeneous 

8 

100 - - ~ - -  • 

8 0 -  

6 0 -  

4 0 -  

2 0 -  

0 

pH 

Fig. 1. Percentage recovery of  iron as a function of  pH. 
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system show that the solution becomes oversatu- 
rated with respect to solid amorphous  Fe(OH)3 
over most of  the pH range. However, additional 
polynuclear hydrolysis species occur as kinetic 
intermediates in the usually slow transition to 
Fe(OH)3 (s) in the weakly acidic pH range [27]. 
Moreover,  the upper limit of  Fe(III) concentra- 
tion that can remain in solution at a predeter- 
mined pH is also a function of total iron 
concentration. Thus, due to the slow character of  
the phase transition and to the additional iron 
complexation effect of  acetate [28] used in the 
buffer for adjusting the pH of synthetic solutions, 
the uptake of Fe 3 + ions at several ppm level from 
aqueous solutions of  pH 5 could be investigated 
free from interference of hydrolytic precipitation 
within the relatively short time period of the 
experiments. Furthermore,  iron(III), but not 
iron(II), has a tendency to form mixed hydrolysis 
complexes with N, O - d o n o r  ligands [25], which 
may also apply for the uptake by the resin. Be- 
sides hydrolytic equilibrium expectations, the se- 
lected pH is suitable from a kinetic standpoint as 
the oxidation of Fe(II) is very slow below pH 6 
[27]. The rate of  oxidation of Fe(II) in solutions 
of pH > 5 has been reported to be first-order with 
respect to the concentrations of  both Fe(II) and 
02 [27], and second-order with respect to the 
O H -  ion concentration [29]. Therefore Fe(II) 
present in a water sample may be safely deter- 
mined along with Fe(III). However, it is still 
advisable to add at least ten-fold NH2OH. HCI to 
the ferrous analyte solutions to prevent its oxida- 
tion to Fe(IlI) before the addition of phenanthro- 
line [21] when the analyte does not originally 
contain Fe(lII). 

1 0 0 n  

80 -- I / - - - ~ - - ~ 4 ,  

*~ 60-, / 

÷ , ~ / 
o ~ 

4 0  - / 

/ 

/ 

2 0 -  
Eluant volume 

i 

0 i i i i 

0 0  0 5  1 0  1 5  2 0  2 5  
Eluant HCI molarity 

Fig. 2. Percentage recovery of iron as a function of eluant 
acidity. 

3 ml min ~ In order to find out an optimal 
concentration factor (of iron from natural wa- 
ters), two different eluant volumes, i.e., 10 and 25 
ml, were selected using 0.1-2.0 M HCI as the 
eluant (Fig. 2). The effect of  elution rate on 
recovery (Table 1) was tested using 25 ml of  1.0 
M HCI as eluant; a precautious value of 3 ml 
rain-~ was adapted in further experiments. As a 
conclusion, it may be deduced that iron(III) from 
relatively large amounts of  natural water may be 
concentrated on the resin and eluted as described 
above with a high volume reduction factor useful 
for increasing analytical sensitivity. 

3.3. The f lowrate at iron adsorption and elution, 
and eluant acid concentration 

The uptake of ferric ions is very rapid as ob- 
served from nearly 100% recoveries with flow 
rates tip to 50 ml min ~ .  A precautious value of 
25 ml min - ]  was chosen as the adsorption 
flowrate in further experiments. 

It was seen that 25 ml of 1.0 M HC1 could 
effectively elute (with 100% recovery) the 250 mg 
Fe (lII) retained in the column using a flowrate of  

Table l 
The effect of elution rate on iron recover)' (eluant: 25 ml of 1.0 
M HCI) 

Elution rate (ml rain ~) Iron recovery. % 

1 5 1 0 0  

6 92 
7 90 

10 88 
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Table 2 
Recovery and precision of the preconcentration and analysis of synthetic Fe(II)-Fe(III) mixture solutions at varying proportions 
(eluate volume = 25 ml) 

A: Moderate concentrations (infiltrate volume = 250 ml) 

C(mg l -j) Fe(II)/Fe(Ill) in Recovery, % Fe(lI)/ 
infiltrate Fe(III) 

B: Small concentrations (infiltrate volume = 4 1) 

C(~mol 1 1) Fe(lI)/Fe(III) in infiltrate Recovery, % Fe(II)/ 
Fe(III) 

1.0/2.0 101/101 1.0/20 a 96.0/96.5 
1.0/1.0 100.6/100 0.6/12 a 94.9/96.2 
1.0/0.5 98.7/100 0.2/4.0 ~ 95.8/98.4 
0.5/3.0 100/100.3 0.2/0.2 96.0/97.1 
0.5/0.5 100/100 4.0/0.2 98.7/97.2 
RSD =0.7% RSD =1.3% 

"A ratio of 1:20 Fe(II)/Fe(III) is meaningful in simulated natural water samples [9]. 

3.4. Preconcentration/analysis of  Fe(II)-Fe(III) 
synthetic mixtures and precision 

The analysis results of  synthetic Fe(II)-Fe(III)  
mixture solutions at moderate and dilute concen- 
trations are depicted in Table 2 using 250 ml 4 1 
infiltrate and 25 ml eluate volumes. The precision 
data for 8 determinations of  F e ( I I ) +  Fe(III)  mix- 
tures (at varying proportions) between 0.5-2.0 mg 
1-1 concentrations yielded an average relative 
standard deviation (RSD) of 0.7%, whereas the 
RSD was ca. 1.3% for mixture solutions between 
0 .2-20 ~tmol 1- i .  At least 160-fold volume enrich- 
ment (from 4 1 to 25 ml) could be easily achieved 
without serious loss of  recovery efficiency and 
precision. 

3.5. Calibration and precision 

The calibration curves were perfectly linear, 
and when the factors of  molar absorptivity, recov- 
ery and volume enrichment were taken into ac- 
count, these calibration equations were found as: 

A512 n m  = 1.94 x 10 .3 C for 500 ml 
A512 n m  = 1.51 x 10 2 C for 4 1 samples, where 

C is the concentration of iron in the sample 
solution in ~tg 1 1. These curves were essentially 
identical for column-retained 'original'  Fe(III)  
and first oxidized, then column-retained or 'con- 
verted'  Fe(II). When the standard deviation of  
blank absorbance, calibration sensitivity (i.e., 
slope of  the calibration equation) and literature 

coefficients [30] were considered together, the de- 
tection and quantification limits for 4 1 samples 
were 0.4 and 1.3 gg 1-1, and for 500 ml samples 
2.8 and 9.3 gg 1 1 , respectively. Although ad- 
sorption from water volumes greater than 4 1 was 
not employed, it is envisaged that lower detection 
limits may be attained. The developed method is 
probably capable of  determining iron in most 
spring and coastal [31] waters, but not sensitive 
enough as required by oceanographic environ- 
ments [29]. Since a preconcentration step is in- 
volved, the precision of  the method is better than 
those of  a great many direct spectrophotometric 
procedures [3,7]. 

3.6. Batch capacity of  the resin for Fe(III) ions 

The resin exhibited a Langmuir-type adsorption 
isotherm for iron (not shown). The saturation 
capacity was 7.2 mg Fe/g-resin. Naturally satura- 
tion would not be attained even with relatively 
large volumes of  natural waters passed through 
the resin column. 

3. 7. Interferent ions and analysb of  a real 
(hydrothermal water) sample 

The following cations did not interfere at 100 
ppm concentrations in the preconcentration and 
determination of 1 ppm Fe 3 + ion: Mg 2+, Ca 2 +, 
Cr 3+, Ni 2+, Co 2+, Zn 2+, Cu 2+, Cd 2+, pb 2+. 

Aluminium(III)  at 5 ppm level interfered, but 
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could be masked with phosphate or fluoride, ne- 
cessitating higher concentrations of  the latter (See 
Table 3). Probably AP + was retained in a similar 
binding mode as Fe 3 +. The excessive amounts of  
CI , N O 3 ,  C104-, S O l - ,  PO 3-  and CH3COO-  
did not interfere provided that the pH did not 
exceed 5. Thus, most ions that bear the potential 
of accompanying iron in natural waters were ei- 
ther interference-free or could be masked easily 
without prolonging the time required for the rec- 
ommended procedure. 

Since AP + showed the potential of being the 
essential interferent in natural waters, it needed 
special treatment. Batch equilibration tests carried 
out by agitating 100 mg resin in 50 ml aqueous 
solution at pH 5 for 2 h yielded different results 
for iron and aluminium uptake whereas equilibra- 
tion could not be attained under dynamic condi- 
tions. According to batch results, the ratio of the 
distribution coefficients (D) of Fe(III) and AI(III) 
on the resin, i.e., selectivity defined as Dye~ 
Da~,determined separately, in binary mixtures and 
in ternary mixture solutions containing 3.6 ppm 
Fe 3 +, 1.8 ppm AP + and 12.5 ppm F -  were 12.0, 
10.2 and 38.4, respectively. When the initial metal 
concentrations were reduced prior to batch con- 
tact, i.e., to 0.4 ppm Fe 3 + and 0.05 ppm AP+,  
either in separate solutions or in combination, 
iron retained its uptake efficiency on the resin 
while aluminium was not retained at all probably 
due to the increased abundance of the chemically 
inert polyhydroxo complexes in A1 speciation [32]. 

T a b l e  3 

A l u m i n i u m  in te r fe rence  a n d  its e l imina t ion  b y  m a s k i n g  

( a m o u n t  o f  i ron( I I I )  t aken :  2 p p m )  

i o n  a d d e d ,  p p m  Fe  r ecove ry  % 

A13~ P O  3- F 

1 - -  70.0 

2 . . . . .  69.5 

5 69.5 

l0  . . . .  57.7 

100 - -  100.0 

- -  100 100.0 

5 100 - -  100.0 

5 - -  100 100.0 

Column experiments showed a different picture 
since 0.5 ppm AI 3+, either alone or in the pres- 
ence of 10 ppm F - ,  was not retained on the resin. 
When 0.4 ppm Fe 3 + alone, in combination with 
0.05 ppm A13 +, or in a ternary mixture contain- 
ing 0.05 ppm AI 3+ and 0.35 ppm F ~-, were 
passed through the resin, iron uptake was 100% in 
all three cases, and AP + did not pose any prob- 
lems. These observations lead to a hypothesis 
capable of explaining the competition of AP + on 
the selective resin sites responsible for Fe 3 ~ up- 
take and of  the elimination of A1 interference: 
ferric iron forms the more stable hydroxo-com- 
plexes while AP + forms the more stable fluoride 
complexes (log f13 values of F " are 12 and 15 for 
Fe 3 + and AP ~, respectively. Moreover the AP 
F -  system has a log/?4 value of 17.8) [28]. In 
batch experiments, iron uptake is slightly in- 
creased in the presence of fluoride as Fe(III) gets 
undersaturated with respect to the colloidal ferric 
hydroxide precipitation, and as polyhydroxo- 
iron(III) complex formation is diminished as a 
result of F-~ complexation. Iron most probably 
binds to the resin-methylolamine moieties in the 
form of mixed complexes, and one or two sites 
around its coordination sphere are sufficient to 
anchor iron to the resin even if the other sites are 
preoccupied by OH ~ or fluoride. AP + interfer- 
ence, normally observed at elevated concentra- 
tions, is eliminated with F due to selective 
complexation with this anion. On the other hand, 
AP ÷ may not compete at reduced concentra- 
t i o n s - w i t h o u t  necessitating F - due to coordi- 
native saturation and kinetic inertness of its 
polyhydroxo-complexes [32]. Aluminium should 
also form less stable complexes with N -  and 
O - d o n o r  groups of the resin, because the com- 
plexing affinity of Fe(III) toward such donors 
involves the use of d-electrons (e.g., d 5) while 
AI(III) lacks such valence electrons. Considering 
the reduced concentration levels of Fe(III) and 
AI(III) in natural waters and similar samples, no 
interference from A1 was expected (and actually 
observed) under dynamic column conditions; 
100% iron recoveries were easily recorded without 
a secondary aid such as fluoride. 

Hydrothermal water as the real sample was 
selected because of its known Fe (II) content 27, 
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which may sometimes be as high as 0.5 laM. This 
water was analyzed in 5 1 volumes both by the 
recommended procedure and by ion-exchanger 
colorimetric literature method [6] yielding Fe s+" 
21.5 tag 1 1, Fe2+. 34.4 ~tg 1-1 , and total iron: 
56.1 lag 1-1 as the mean values ( n=8 ) .  The 
population means and standard deviations were 
compared by two-tailed t- and F-tests within 95% 
confidence limits [33]. The two procedures were 
not essentially different in precision and accuracy. 
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Abstract 

Based on self-assembled biotinylated disulfide derivative monolayer on gold electrode, the sensors immobilized 
monolayer or multilayer membranes composed of avidin and biotinlabeled glucose oxidase (B.GOD) or of 
avidin-B. GOD complex (ABC) and B-COD were prepared. The present technique may be useful for controlling the 
enzyme content of the sensors in molecular level by repeating the deposition of enzyme layers. The sensors have the 
characteristics of shorter response time, higher sensitivity. The linear range is from 6.0 x 10-6-5.0 x 10 3 M. The 
sensor can be used for more than 1 month and can be reactivated. The sensor was used to determine glucose in 
human blood serum, and the results are satisfactory. © 1997 Elsevier Science B.V. 

Keywords: Avidin; Biotin: Enzyme sensors; Glucose oxidase; Immobilization: Self-assembled monolayer 

1. Introduction 

In order to fabricate enzyme sensors, consider- 
able effort has been devoted to the development 
of various techniques for immobilizing enzymes. 
Recently, much attention has been devoted to 
molecular-level modification of electrode surface 
with enzymes [1-3]. Self-assembled monolayers 
are widely used to modify solid electrode surface 
in molecular-level [4--6]. We have recently re- 
ported to prepare multilayer enzymes based on 
self-assembled aminoethanethiol monolayer and 
the advantage of strong affinity between avidin- 
biotinlabeled enzyme on ITO electrode [7,8]. In 

* Corresponding author. Fax: + 86 21 2576217. 

this paper we present that based on self-assembled 
biotinylated disulfide derivative monolayer on 
gold electrode monolayer or multilayer enzyme 
membranes composed of avidin and biotinlabeled 
glucose oxidase (B .GOD)  or of  avidin and 
B . G O D  complex and B . G O D  (ABC-B.GOD) 
are prepared. The sensors have the characteristics 
of shorter response time, and higher sensitivity. 

2. Experimental section 

2.1. Materials 

Biotinlabeled glucose oxidase (B-GOD, 200 
units mg mg l protein, biotin content: 5.1 mol 

0039-9140,97,'$17.00 © t997 Elsevier Science B.V. All rights reserved. 

Pll S0039-91 40(96)021 33-9 
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mol -~ protein) were purchased from Sigma 
Chemical (St. Louis, USA). Avidin (13.2 units 
mg-1, from chicken egg white) was obtained 
from Calzyme Lab. (Csan Luis Obispo, USA). 
Bis(N-biotinylhydrazidoethyl) disulfide (BDS) ob- 
tained from Dojindo Chem. Lab. (Japan). Glu- 
cose was obtained from Wako (Japan). 
Dulbecco's phosphate buffer saline (PBS) (PH = 
7.4) was used throughout. 0.1 M BDS solution 
was prepared with DMSO, and diluted to 1.0 x 
10- 4 M with ethanol. 

2.2. Electrode preparation 

Gold electrodes (0.7 mm diameter, 0.5 cm 
length, 0.11 cm 2 area). The Gold electrode was 
washed with 1: HNO3, acetone and water in ultra- 
sonic waves, then was pretreated by electrocycling 
in 1.0 M HzSO4 (1.7 V - ( - 0 . 2 ) V  versus Ag/ 
AgC1) with scan rate of 10 V/S for 5 min [9]. The 
procedure for the modification of the surface of 
gold electrodes is schematically illustrated in Fig. 
1. The gold electrode was immersed in 1.0 x 10 -4 
M BDS/ethanol for 14 h for electrode 1. Electrode 
2 was prepared by immersing electrode 1 in avidin 
(50 mg ml-1) and B. GOD (50 mg ml- l )  alter- 
nately for 30 min. For the construction of elec- 
trodes 3-6, a multiple Avidin-B.GOD Complex 
(ABC) solution which was prepared by mixing an 
equal volume of avidin (50 mg m1-1) and 
B.GOD (25 mg ml 1) solution was used. Elec- 
trode 3 was prepared by immersing the electrode 1 
in ABC solution for 2 h. Electrodes 4, 5 and 6 
were prepared by the modification of electrode 1 
with ABC for 2 h and then B. GOD (50 mg ml - 1) 
for 30 rain alternately each. 

2.3. Determination method 

All electrochemical measurements were made 
with Model 173 potentiostat/Galvanostat and 
Model 175 Universal Programmer (EG and G 
Princeton Applied Research). A conventional 
three electrode setup was employed with the en- 
zyme modified gold electrode as the working elec- 
trode, Pt wire as auxiliary electrode, and Ag/AgC1 
as the reference electrode. The oxidation current 
of H202 produced by enzyme reaction was mea- 

sured at 0.65 V versus Ag/AgC1. All measure- 
ments were performed at room temperature. 
When checking the long-term stability of the sen- 
sors, the sensors were stored in PBS buffer at 4°C 
if not use. 

3. Results and discussion 

3.1. Electrochemical characteristic of electrode 1 

The biotin-functionalized self assembled mono- 
layers on gold can change the property of the 
electrode surface [10]. Fig. 2 shows the cyclic 
voltammograms of Fe(CN)~- ions at bare gold 
electrode and electrode 1. The biotin-functional- 
ized self-assembled monolayer can increase the 
electrode reaction of Fe(CN) 3 ions at gold elec- 
trode surface. This is different from self-assem- 
bled n-alkylthiol monolayers which prevent the 
electrode reaction of Fe(CN) 3 ions at the elec- 
trode surface [11]. Fig. 3 plots the oxidation cur- 
rent of the bare and electrode 1 at 0.65 V versus 
Ag/AgC1 as a faction of H202 concentration. The 
results show that the biotin functionalized self-as- 
sembled monolayer also increase the transport of 
H202 molecules to gold electrode surface where 
H202 should oxidized. It suggests that electrode 1 
is useful for construction of enzyme sensors which 
detect H202 produced by the enzyme reaction. 

3.2. The responses of electrodes 2 -6  to glucose 

We and other groups have recently reported the 
use of an avidin-biotin complexation technique 
for immobilizing enzymes on the electrode surface 
[7,8,12-14]. Electrodes 2-6 were prepared by uti- 
lizing the strong affinity among avidin, biotinla- 
beled enzyme and biotin monolayer which was 
self assembled on gold electrode surface. Fig. 4 
shows a typical response of electrodes 2-6-10 
mM glucose. Electrode 2 which has a single layer 
of B-GOD bridged by avidin layer exhibited evi- 
dent current response to glucose. However, the 
response was low because of monolayer of 
B.GOD. In order to enhance the response, a 
much large amount of B-GOD can be expected to 
be immobilized directly in the form of ABC. 
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Fig. 1. Preparation of electrodes 1 6. 

Electrode 3, which was prepared by immobilizing 
ABC membranes through complexation with bi- 
otin monolayers of  electrode 1, showed a higher 

current response to glucose than electrode 2 (see 
Fig. 4b), indicated that more enzyme molecules 
were immobilized on gold electrode surface. On 
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E (V vs. Ag/AgCl) 

Fig. 2. Cyclic voltammograms of  1.0 x 10 -3  M K3[Fe(CN)6 ] 
on the bare gold electrode (a) and the electrode 1 (b). Scan 
rate: 100 mV s - 1  

the other hand, because each avidin protein con- 
tains four sites to biotin and the B" GOD used is 
substituted with an average 5.1 biotin residues per 
molecule, in principle, ABC membrane surface 

3 

b a 

- 2 

1 

0 
0 5 10 15 20 25 

H=O 2 (retool/L) 

Fig. 3. Current response of  bare gold electrode (a) and elec- 
trode 1 (b) to H202. Applied potential: 0+65 V (versus Ag/ 
AgC1). 

4J 
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lo: 

imin 
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t t 
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e 

Time 
Fig. 4. Typical respone of  electrode 2(a), 3(b), 4(c), 5(d), and 
6(e) to 10 mmol 1- T glucose. Glucose was added to the sample 
solution at the time indicated by arrow. 

can further load B ' G O D .  When electrode 3 was 
immersed in B - G O D  solution, more B" GOD was 
immobilized on the electrode surface. Therefore, 
the current response of  electrode 4 to glucose was 
further increased (as shown Fig. 4c). Electrode 5 
and electrode 6 were prepared by depositing ABC 
and B - G O D  alternately on the electrode for 2 
times and 3 times, respectively. As shown in Fig. 
4(d, e) the current values of  the electrodes depend 
linearly on the number of ABC-B.GOD layers. 
For  the reason, the alterant and repeated deposi- 
tion of  ABC and B . G O D  thus provides a useful 
method for regulating the response sensitivity of 
enzyme sensors. 

Fig. 5 shows the calibration curves for elec- 
trodes 2-6.  The electrode 6 was most sensitive 
among the electrodes and the linear range of 
glucose was 6.0 × 10 - 6 -  5.0 × 10 - 3  M. On the 
other hand, although the electrodes 2 - 5  showed 
less sensitive than did electrode 6, the linear range 
of  glucose was higher. The useful calibrations 
were over more than 30 mM which covers the 
blood glucose level of  diabetic patients. This 
means that the technique may be useful for con- 
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Fig. 5. Calibration curves of electrodes 2-6. Electrode: 6(a), 
5(b), 4(c), 3(d) and 2(e). 

trolling the performance characteristics of  enzyme 
sensors such as low and up detection limit and 
magnitude of  the output current by simply chang- 
ing the number of deposition of  the enzyme layer 
on the electrode surface. 

Table 2 
Comparison of response to glucose between before and after 
reactivation for electrodes 4 6 

Electrodes Beginning After 2 weeks (nA) 
(nA) 

No reactiva- Reactivation 
tion 

4 385 294 404 
5 589 437 570 
6 782 571 758 

the sensors to 10 mM glucose for 35 days. Al- 
though decrease in out-put current was observed 
in the first 5 days, after that period, the current 
values remained almost constant. This tendency in 
long-term stability was common to all electrodes 
2-6.  Meanwhile, the sensitivity of sensors pre- 
served for long-term or/and used for many times 
could be recovered by immersing in 50 mg m l -  
avidin and 25 mg ml ~ B . G O D  mixed solution 
for 30 min. In Table 2 comparison with the 
current values between before and after reactiva- 
tion for the electrodes 4 6 which were preserved 
for 2 weeks conforms that the electrodes can be 
repeatedly reactivated. 

3.3. Response time of electrodes 

Table 1 shows the response time of electrodes 
2 - 6 - 1 0  mM glucose. The results confirm that for 
all sensors the amperometric response are very 
rapid and response time is independent of the 
amount of B . G O D  on the electrode surface. 

3.4. Stability 

3.5. Determination of glucose in blood serum 

Human blood serum, 100 ml, was added in 8 ml 
PBS solution, and the current response of glucose 
at electrode 6 was determined. The results of 
glucose in three human blood serum samples are 
shown in Table 3. They are approached by the 
results determined by spectroscopic method and 
the recovery is among 90-110%. 

In order to evaluate the long-term stability of 
the sensors, we measured the current response of 

Table I 
Response time to glucose of electrodes 2-6 

Electrodes 2 3 4 5 6 

Response time(s) 2.1 3.1 2.8 3.7 3.0 

4. Conclusion 

We have demonstrated that the self-assembled 
biotinylated disulfide derivative monolayer is use- 
ful for constructing monolayer or multilayer en- 
zyme membranes through avidin-biotin 
complexation. The method for the enzyme immo- 
bilization in molecular-level has the characteristics 
of fabricating enzyme sensors which have fast 
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Table 3 
The determination results of glucose in blood serum 

Glucose content Glucose added Total Glucose mea- Recovery (%) 
I0 4 mol I -~ 10 -4 mol 1 -~ sured 10 -4 mol 1 - t  

Glucose content in 
blood serum (10 3 mol 
l 1 ) 

Value of Glucose by 
spectroscopic method 
(10 - 3  tool 1 l) 

0.95 1.0 2.04 109.0 
1.01 1.0 2.11 110.0 
l. 12 1.0 2.02 90.0 

7.60 7.45 
8.08 7.86 
8.96 8.74 

response  to glucose,  s imply  r egu l a t i ng  the  re- 
sponse  sensi t iv i ty  o f  the  e n z y m e  sensors  by  chang-  
ing  the  n u m b e r  o f  d e p o s i t i o n  o f  the  e n z y m e  

layers,  a n d  r epea ted ly  r ecove r ing  the  sensi t iv i ty  o f  
sensors  wi th  av id in  a n d  b i o t i n l a b e l e d  e n z y m e  

com plex  so lu t ion .  Th e  sensors  were used  to deter-  
m i n e  glucose in  h u m a n  b l o o d  s e r u m  a n d  the  
resul ts  are qu i te  sa t is factory.  
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Abstract 

The protonation equilibrium of the Tris(Hydroxymethyl)aminomethane (TRIS) has been studied using an auto- 
mated potentiometric system. The temperature was kept constant at 25°C and the ionic strength was 0.1.0.5, 1.0, 2.0 
and 3.0 mol dm 3 in N a C I O  4. The experimental constants, obtained at different ionic strengths, were correlated by 
means of the modified Bromley methodology (MBM) and the thermodynamic protonation constant found to be 
log o/3 = 8.07 ___ 0.01. Those values together with some others for NaC1 medium were used to construct a thermody- 
namic model on both molal and molar scales for the protonation equilibrium of TRIS. © 1997 Elsevier Science B.V. 

Keywords: Acid-base equilibria; Bromley's parameters; Ionic medium influence; TRIS 

I. Introduction 

A previous work [1] about fluoride determina- 
tion by ion selective electrode in samples with 
high AI 3÷ concentrations has shown the high 
stability of  aluminium-Tris(hydroximethyl)ami- 
nomethane (TRIS) complexes, although such 
complexes are not quantitatively described in the 
literature. 

Metal-ligand complexes have been studied by 
the potentiometric technique using glass elec- 
trodes when the acid-base behavior of  both, the 

* Corresponding author. 

metal and the ligand, is well established, i.e., when 
a proper chemical model ( thermodynamic stabil- 
ity constant values and an estimation method for 
the activity coefficients computat ion of all the 
species) is defined. Such model is available for 
aluminium in pure sodium perchlorate using an 
approach developed by Baes and Mesmer [2] to 
estimate the ionic medium effects. Other approach 
used to estimate activity coefficient values is the 
Modified Bromley Methodology (MBM) [3,4] 
used by our working group for the last 5 years, 
that requires the knowledge of the interaction 
parameters of  all the cations and anions present in 
the solution. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)021 34-0 
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In relation to the protolysis equilibrium of  Tr- 
is(hydroxymethyl)aminomethane some works 
have been found in the literature but their results 
are not useful enough for our study. The use of  
single NaC1 medium is reported in two papers 
[5,6], giving stoichiometric formation constant 
values which coincide within their random errors. 
From other papers, the thermodynamic constant 
value seems to be well defined [7,8]. However 
values in NaC104 medium reported by several 
authors are not enough information to have 
knowledge of the behavior of the system in our 
experimental conditions. 

In order to define this system, i.e., to confirm 
the thermodynamic constant and calculate the 
Bromley's interaction parameters in a pure ionic 
medium, a systematic potentiometric study of  the 
protonation constant of tris(hydrox- 
ymethyl)aminomethane at different ionic 
strengths has been performed using NaC104 as 
the ionic medium. 

The protonation constants obtained in this 
work, together with data found in the literature 
will be used to build up a chemical model by the 
Bromley's methodology which will explain the 
behavior of  this acid-base system in perchlorate 
and chloride media. 

2. Experimental 

2.1. Reagents and solutions 

The chemicals used were all of  analytical grade 
and used without further purification. Sodium 
perchlorate monohydrate (Fluka p.a.) was em- 
ployed as the ionic medium. A stock solution of  
NaC104 was prepared and its concentration was 
tested gravimetrically after evaporation of an 
aliquot at 110°C. All solutions of this study have 
been prepared in a single NaC104 medium. 

The following stock solutions were prepared 
and used as titrants: 

CT2 = A 2 mol d m -  3 NaOH 

+ ( I -  A2) mol dm - 3 NaC104 

where I is the total ionic strength. The ionic 
strengths studied were 0.1, 0.5, 1.0, 2.0 y 3.0 mol 
dm 3. The Cx2 solutions were prepared in N 2 
atmosphere to avoid CO2 contamination. 

These solutions were standardized against tr- 
is(hydroxymethyl)aminomethane [9] and potas- 
sium acid phthalate [10], respectively. 

The test solution were prepared with the follow- 
ing general composition: 

C B = B mol d m -  3 tris(hydroxymethyl) 

aminomethane + I mol dm - 3 NaCIO4 

where the values of  B were 10 -1, 5 x 10 -2, 10 -2 
or 5 x 10 _3 mol dm -3. 

2.2. Apparatus and experimental technique 

The experiments were carried out as potentio- 
metric titrations with constant ionic strength us- 
ing an automated system developed in our 
laboratory which can control up to three titra- 
tions at the same time [11]. 

The titration cell with magnetic stirring was 
immersed in a thermostatic bath at 25.0 + 0.1°C. 
The titrations were performed in a N2 atmosphere 
to avoid CO2 contamination during the experi- 
ments. The glass electrode (Methrom 6.0101.100) 
and the double-junction reference electrode [Ag- 
AgCl(s), Methrom 6.0726.100] were connected to 
an operational preamplifier in order to adapt the 
electric signal to the voltmeter. The electromotive 
force measurement was carried out with a 
Hewlett-Packard VXI E1326B voltmeter (resolu- 
tion of  six decimal digits and accuracy of  0.008% 
of  the read + 15 gV) connected to a computer. 
The titrant additions were performed with a 
Metrohm Dosimat 665 burette with a precision of  
+0.01 ml. The potentiometric measurements 
were made with the following galvanic cell: 

Cvz = AI mol dm - 3 HC104 

+ ( I -  AI) mol dm 3 NaC104 

Ag, AgCl(s)/I mol dm - 3 NaC104 sat 

AgC1//Test solution/Glass electrode (1) 
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where I is the ionic strength of  the solutions. As 
can be seen reference electrode has been de- 
signed including NaC104 as inert solution to 
minimize liquid junction potential. 

Each titration took around 15 h and at least 
three different concentration were carried out 
for each ionic strength studied. Each titration 
was repeated at least twice in order to ensure 
the reproducibility of the data. For  each titra- 
tion it was considered that equilibrium was 
reached when the electromotive force measure- 
ment was kept constant during 5 min in a _+ 
0.05 mV interval. 

2.3. Determination of h 

The free hydrogen ion concentration, [H +] 
-~ h, was determined by measuring the emf. of 
cell Eq. (1) in the course of the titrations. At 
25°C the emf of the cell may be expressed as in 
Eq. (2) and Eq. (3). 

E = E o + g log h + Ej(h) (2) 

Ej(h)=j,, .h+jba~kw h 1 (3) 

E0 value is specific for each titration carried out 
and is calculated in the first points (acid 
plateau) of  each titration where no TRIS equi- 
librium is present. The value of the autoproto- 
tolysis constant of water (kw) was determined 
previously for each ionic medium by means of 
potentiometric ionic media titrations. These 
parameters (E0 and kw) were calculated using a 
derivation of Gran's method and numerically 
refined by the non linear least squares computer 
program Model Function version [12] of Leta- 
grop. 

Acid and basic liquid junction potential coeffi- 
cients (Jac and Jbas, respectively) were determined 
from potentiometric ionic media titrations [13] 
as well. As liquid junction potential values de- 
pend only on the ionic strength, they can be 
considered as constant for each ionic strength in 
the latter potentiometric titrations with tris(hy- 
droxymethyl)aminomethane. 

3. Results 

The protonation equilibria of  tris(hydrox- 
ymethyl)aminomethane can be written as in Eq. 
(4) 

H ÷ + T r  ~- HTr  + (4) 

and the corresponding stoichiometric protona- 
tion constant for a given medium of  constant 
ionic strength can be expressed as in Eq. (5) 
where the superscript indicates the ionic 

strength. 

, f l _  [ HTr+  ] 
[H + ][Tr] (5) 

The data were treated by means of graphical 
and numerical methods. 

In a first approach to know the value of the 
protonation constant and to search some possi- 
ble systematic errors in the total concentration 
of the reagents used, a graphical treatment was 
carried out [14]. The experimental r~ values 
ranged between 0 and 1 in the interval 1 <  
p H <  11, which confirm the presence of one 
protonation step and the absence of systematic 
errors in the experiments. As an example, Fig. 1 
shows an example of ~ function when I = 2 M. 

The values obtained in the graphical treat- 
ment were numerically refined with two different 
programs the Nytit version [15] of the Letagrop 
program and Bstacll  program [16], minimizing 
the absolute square error sum of the measured 

0,8 06 
0,4 

0,2 

i 
0 - + ~  

0 2 4 6 8 10 12 

Fig. 1. Experimental r~ values plotted as a function of  pH in 2 
M NaC104 medium at different tris(hydrox- 
ymethyl)aminomethane concentrations levels. 
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Table 1 
Stoichiometric protonation constant for tris-(hydroxymethyl)aminomethane protonation at different ionic strengths in N a C 1 0  4 

medium, obtained by the different numerical methods 

Ionic strength (mol dm -3) log off 

NYTIT BSTAC Proposed values 

0.1 8.065 _+ 0.01 8.056 __+ 0.008 8.06 __+ 0.01 
0.5 8.04 _+ 0.05 8.091 ___ 0.004 8.091 ___ 0.004 
1.0 8.199 4- 0.004 8.216 __+ 0.002 8.207 ___ 0.008 
2.0 8.422 _+ 0.002 8.418 _+ 0.001 8.420 + 0.002 
3.0 8.64 _+ 0.01 8.650 _ 0.006 8.65 + 0.01 

potential (UE). Both programs have different min- 
imization algorithms and different systematic er- 
ror detection strategies. 

The values obtained by this two numerical 
treatment programs are compared in Table 1. As 
it can be seen, the values from the different nu- 
merical treatments are equal within the limits of  
experimental error. The proposed value of the 
stability constants for I = 0.1, 1, 2 and 3 M ionic 
strengths have been calculated averaging the val- 
ues obtained by the two numerical treatment pro- 
grams (Nytit and Bstac). However for I =  0.5 M 
the error associated to the formation constant 
value was completely different with the two pro- 
grams. As precision with Nytit  is more than ten 
times larger, only the result obtained by Bstac has 
been considered. Fig. 1 also shows the fit between 
the experimental curves ~ = f ( - l o g  h) and the 
theoretical plot of  r1 versus ( -  log h) constructed 
with the protonat ion constant in NaC104 at the 
different ionic strengths, proposed in this work 
and listed in Table 1. 

4. Discussion 

As stated in the introduction, one of the aims 
of  this work is to develop a thermodynamic model 
in order to explain the behavior of  the protolysis 
of  tr is(hydroxymethyl)aminomethane in single 
NaCIO 4 media. There are several literature refer- 
ences to the protonat ion constant of  tris(hydrox- 
ymethyl)aminomethane at 25°C in NaC10 4 and 
NaC1 media [5,6]. 

The chemical model has been constructed by 
means of  the Modified Bromley Methodology, 
MBM [3,4]. In this method, it is necessary the 
knowledge of at least three stoichiometric con- 
stant values, in the same media, at different ionic 
strengths in order to calculate the thermodynamic 
constant value of  the equilibria and the corre- 
sponding interactions parameters for each species 
taking part  in the equilibrium. 

The thermodynamic constant ofl~ for the proto- 
nation equilibria of  tris(hydrox- 
ymethyl)aminomethane can be expressed as Eq. 
(6): 

{HTr + } [HTr+]~nTr+ (6) 
°fli {Tr} {H + } - [Tr]TTr[H +]FH + 

where ), is the molar  activity coefficient and { } 
indicates activity. Combining Eq. (5) and Eq. (6), 
the expression to correlate the stoichiometric pro- 
tonation constant can be written as: 

log°fl = loglfl + log 7"rr. + - log 7n + - log 7Tr 
(7) 

The individual activity coefficients on the molar  
scale of  the charged species, 7~, can be substituted 
using the Bromley function, Eq. (8), where A = 
0.5111 dm 3/2 mol - I n ,  I is the ionic strength on 
the molar  scale, ZM the ionic charge of M, ZM the 
charge of  the ionic species with the opposite sign 
to M and Cx its molarity. 

log 7M - 
AZ2MIln _~ 
1 + v ,'~ ~ E hM×(IZ~I + IZ×I) ~ 

(8) 
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The parameter  /)MX can be expressed as in Eq. (9), 
where BMX is the interaction parameter  o f  the ion 
pair MX on the molar  scale. 

;9~.< (0.06 + 0.6B~×)l-~Zx I 
" - [1 + (1.51/IZMZXl)] 2 + BMX (9) 

In the case o f  uncharged species the activity coeffi- 
cient is expressed by means of  the molar  salt 
coefficient S by using an expression similar to that  
proposed by Long and Mc Devit (Eq. (10)) [17]: 

log ;'MX = S M x .  io,,i ...... dium/ (10) 

Rearranging Eq. (7) and making use o f  Eq. (8) Eq. 
(9) Eq. (10) it is possible to obtain expression Eq. 
( 11 ) to correlate the pro tonat ion  constant  at differ- 
ent ionic strength 

log'~/)' = log~/] + /~Trl4 ~.CIO 4 I + BH4 ,C'lO/I 
+ Sr,..Na(.l()41 ( 1 1 ) 

This expression depends only on the value o f  the 
the rmodynamic  constant  for the equilibrium taking 
place and the interaction parameters  (B) or salt 
coefficient (S) of  the different ionic or  neutral 
species. 

The value o f  BH, ClO = 0 . 1 8 1 5 + 0 . 0 0 0 5  was 
. . " 4 . - -  , 

previously determined [3] while the the rmodynamic  
constant  and the rest o f  the interaction parameters  
have to be calculated. The correlat ion o f  our  
proposed values in Table 1 was made by means o f  
the p rogram Model  Funct ion  version [12] o f  Leta- 
grop The results obtained f rom Eq. (11) are the 
following: 

log~/] = 8.07 + 0.01, BTr H + .CIOI 

-- 1.02 __+ 0.02 and S-r,. N,ClO 4 = 1.05 _+ 0.02 

Fig. 2 shows the fit between our  proposed  log~fi 
values and the theoretical curve obtained with these 
results. The obtained the rmodynamic  constant  
value coincide with the values reported by Bates 
and Hetzer [7] (8.069) and by Dat ta  et al. [8] (8.074). 

The data  collected in Table 1 and those biblio- 
graphic stoichiometric constants  reported for NaCl  
[5.6] were finally used to define the the rmodynamic  
model in C1 as well as C I O 4  medium, by 
correlating both  systems at the same time [14]. The 
results on both molal  and molar  scales are collected 
in Table 2 and the fit for molar  data  can be observed 

S 7  

I I°g I[~ / 

g,2 ] 

~1 d i l l  /} 

Fig. 2. Variation of log [] with ionic strength together with the 
theoretical function. 

in Fig. 3. With this model  the stoichiometric 
constant  for the p ro tona t ion  o f  TR1S can be 
obtained in both C1 or CIO4 salt medium or 
mixture o f  both  at any ionic strength lower than 3 
mol dm 3. The uncertainty in the B and S parame- 
ters is similar for both media (NaC1 and NaC10  4) 
a l though their values are quite different. 

As it can be observed in Fig. 3, even if the 
stoichiometric values proposed in both media could 
be considered similar, the general shift o f  both 
system is different, showing a slight convex distri- 
bution for NaC1 medium and a concave one in the 
NaC104 medium. The behavior  o f  this system is 
similar to those obtained for other  compounds  
having a amine group in their structure, as can be 
seen in the diethanolamine case [18]. 

Table 2 
Thermodynamic protonation constant and Interaction 
parameters on molal and molar scales obtained with the 
Moditied Bromley Theory in NaCIO4 as well us NaCI media 

log ~'/; Molar scale Mohd scale 
8.071 + 0.006 8.067 _+ 0.007 

+ 3~(log "[1) 

NaC104 medium BT,H ('1o Bt,nn ~I()4 
= 1.01 _+ ~.06 = 0.7.'/+ d.06 

S T I  . N ; I ( ' I O  4 <~)' ] 1 . N e t (  I (  )4 

= 1.04 + 0.06 - 0.76 + 0.06 

NaG1 medium BhH~ .¢1 B~,~. ~t 
- 0.06 + 0.06 0.23 j: 0.04 

- 0.02+0.06 - 1).19+0.04 
U 6.47×10 a 4.52:,* 1(I 4 

Where U is the square cuadratic errors. 
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Fig. 3. Graphical representation of the experimental values of the constants in NaCI (11) and NaCIO4 (O) media together with the 
theoretical function. 

Although somebody can argue the small differ- 
ence between the two lines in Fig. 3, especially at 
high ionic strengths, the different behavior is im- 
portant from the methodological point of view. 
For example we have observed that a convex 
shape is directly related with low or even negative 
values of the interaction parameters (B or S). A 
concave shape is always obtained with positive B 
and S values for all the species playing the equi- 
librium; as the B values increase, the concavity of 
the log/~/I plot is more pronounced. A near linear 
shape seems to be related with similar values of 
the B and S parameters, where the corresponding 
estimated 7i values of the different species are 
nearly equal at high ionic strengths; in such situa- 
tions the slope of the log fl/I plots is directly 
related to the activity coefficient of the third 
species participating in the equilibrium. 
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Abstract 

AMP and HEDP complexation constants for seven divalent cations (Ca, Cu, Cd, Fe, Ni, Pb and Zn) have been 
determined by acid-base titrations at 25 +_0.5°C, at constant ionic strength (0.1 M KNO3) with Martell and 
Motekaitis's computer programs. Speciation diagrams enable us to compare AMP, HEDP and TPP complexing 
properties. AMP complexes more strongly all seven divalent cations than HEDP and TPP, which have similar ligand 
behavior. Among the divalent cations studied here, the ligands have lowest affinity with calcium and usually higher 
with copper. In all the cation/ligand systems, the major species are ML and MHL which are charged species. The 
uncharged ionic species Ca2 yo, CaH4XO and CdH 2 yo (H6X = AMP and H4Y = HEDP) which can potentially exist 
in solid phase, cannot be neglected. Moreover hydroxide complexes have to be taken into consideration in the 
complexation constant determinations and in the environmental impact. © 1997 Elsevier Science B.V. 

Keywords: Complexation; Divalent cations; Phosphonic acids; Speciation 

I. Introduction 

Common washing powders contain surfactants, 
builders, peroxides and enzymes. Sodium 
tripolyphosphate (TPP) is the oldest builder, but 
phosphorus is now known to be a major  factor in 
the eutrophication of lakes and rivers. The phos- 
phorus in TPP detergents can account for 50% of 
the phosphorus in natural waters [1]. To combat  
eutrophication, the phosphate content in natural 
waters must be decreased and the most  effective 
way to do this would be to decrease the amount  
of phosphorus in detergents. 

* Corresponding author. Fax: + 33 555 457459. 

The main TPP substitutes are zeolites, nitrilotri- 
acetic acid, citrate, phosphonates and polycar- 
boxylates [1,2]. Phosphonates or polycarboxylates 
improve the action of  zeolites and other detergent 
compounds by their complexing behavior, espe- 
cially with calcium and heavy metal cations. This 
is of  interest because calcium deactivates the sur- 
factants, and heavy metal cations catalyse perox- 
ide decomposition. The EEC has recently 
established ecological criteria (decision no. 95/ 
365/CE [3]) for the attribution of an 'Ecolabel '  to 
formulations for textile detergents. In this study, 
we determine protonation and complexation con- 
stants with various cations for two phosphonic 
acids frequently encountered in detergent formu- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
1'11 S0039-91 40(96)021 36-4 
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Scheme 1. Phosphonic acid formulas. 

lations: nitrilotris(rnethylenephosphonic acid) 
AMP and 1-hydroxyethane-l,l '-diphosphonic 
acid HEDP (see Scheme 1). 

Like TPP, these compounds will enter the 
ecosystem with domestic waste waters. Although 
AMP and HEDP have a very low biodegrad- 
ability, HEDP is almost totally decomposed in 
surface waters when exposed to sunlight [4] and 
AMP is totally decomposed into various pri- 
mary products [5]. However, before this abiotic 
degradation process begins, they are able to par- 
ticipate in cation mobilisation from river sedi- 
ments. Thus we determine AMP and HEDP 
complexing properties with cations normally 
present in natural waters (Ca(II), Fe(II)), and 
with heavy metal cations (Cu(II), Zn(II), Ni(II), 
Cd(II), Pb(II)) able to come from industrial 
wastes. Some complexation constants have been 
previously published, and in some cases with a 
great number of figures, however most authors 
do not indicate precisely the nature of all com- 
plexed species taken into account in their calcu- 
lations. The present study was carried out to 
determine these equilibrium constants paying 
special attention to the reproducibility of the 
calculated values and with a special emphasis on 
the computational process. 

Stability constants were used to draw up spe- 
ciation diagrams indicating major species present 
in natural waters (pH range from 5 to 9), 
thereby enabling us to determine the interference 
of hydroxide ligands. AMP and HEDP com- 
plexing behaviors are compared with that of 
TPP, in order to evaluate their environmental 
impact. In fact if the complexing properties of 
these compounds have already been studied with 
some cations, a forecast of their complexing be- 

havior in the natural media has never been 
done. 

2. Mater ia l s  and methods  

Equilibrium constants were calculated from 
data obtained by potentiometric titrations, pH 
titrations were done with a Metrohm 716-DMS 
automatic titrator. The combined glass electrode 
(Ag-AgC1, Metrohm 6.0233.100) was calibrated 
by hydrochloric acid titration with sodium hy- 
droxide. Martell and Motekaitis [6] computer 
programs were used to analyse the pH data, 
Our stability constants were determined accord- 
ing to IUPAC recommended procedure [7] for 
testing the potentiometric apparatus and its 
technique for the pH measurement of metal- 
complex equilibrium constants with the glycine/ 
nickel(II) system ( I =  1 mol 1 ~ NaC1, 25°C). 
Experiments were carried out twice, and in du- 
plicate by two manipulators (eight experiments 
with each system, protonation and complexa- 
tion). Our protonation constants coincide ex- 
actly with IUPAC values. Taking into account 
standard deviations, our values for complexation 
constants are in good agreement with, though 
always slightly higher than, IUPAC values. 

AMP and HEDP are pure grade Fluka prod- 
ucts. Metal salts (nitrate) are pure grade com- 
pounds. The cation salt solutions were 
standardised with EDTA according to classic 
methods. The phosphonic acid and cation con- 
centrations were 2.10 3 mol 1- 

All the potentiometric titrations were per- 
formed at 25_+0.5°C in 0.1 rnol 1 ~ KNO3 so- 
lution and under purified nitrogen stream. Each 



V. De&chat et al./Talanta 44 (1997) 897 907 

Table 1 
Protonation constants  (1= 0.1 mol 1-~ (KNO3) , 25 _+ 0.5°C) 

899 

A M P  HEDP 

Literature ~' Present work Literature" Present work 

log K~ 12.1 12.5 _+ 0.2 11.2 
log K, 7.3 7.22 _+ 0.03 7.00 
log K~ 5.86 5.90 _+ 0.02 2.79 
log K 4 4.64 4.59 +_ 0.03 1.8 
log K 5 1.5 1.6 _+ 0.3 
log K 6 0.3 0.5 _+ 0.3 

11.0 _+ 0.2 
6.9 + 0.1 
2.7_ '0.1 
1.6 _+ 0.2 

i, is the number  of  acid functions, K, = [HiL]/{[H+][H~ iL]l. 
~' Taken from [10,11]. 

experiment was carried out at least three times, 
each one in triplicate. 

3. Determination of equilibrium constants 

When determining equilibrium constants vari- 
ous data must be taken into consideration: 
• experimental data: concentrations, volume, pH, 
• theoretical data: water ionic product, activity 

coefficients. 
The protonation and complexation constants are 
obtained using an iterative method. The computer 
program calculates a pH value as close as possible 
to the observed pH: 

pHca~c =./(experimental and theoretical data, 
equilibrium constants)= experimental pH. 

The main difficulty is deciding when the itera- 
tion should stop, because in most cases the values 
of the calculated equilibrium constant keep vary- 
ing but at levels not significant with respect to the 
uncertainty on the pH measurements. 

The uncertainty of each one of these parame- 
ters leads to the uncertainty of equilibrium con- 
stants. The main problem is caused by the pH 
because it is difficult to calibrate precisely the 
electrode, especially at pH>_ 10.5. Water ionic 
product in 0.1 mol 1 l KNO~ medium at 25°C is 
taken as 10 13.78 [8]. 

The data treatment is carried out according to 
the following systematic procedure: 
• first, the data are analysed considering every 

species (phosphonate or hydroxyde complexes) 
which might exist; 

• secondly, speciation diagrams are drawn up to 
show the complexed species present in solution: 

• finally, the data treatment is performed again 
considering only the interfering species, and in 
the pH-range where phosphonate complexed 
species are present. 

The use of this procedure allows to obtain reliable 
stability constants. Moreover, the treatment of 
more than ten experiments contributes also to 
determine a reliable standard deviation (%, 10 of 
the calculated stability constants. 

Protonation constants were determined with the 
PKAS computer program [6] (Table 1). Consider- 
ing i as the number of acid functions, we define 

Ki = [H,L]/{[H *][H,` ,L]} 

for the equilibrium 

H* +H~ 1L ¢ HiL 

where the charges are omitted for easier printing. 
There is good agreement between calculated 

and experimental pH, and between literature and 
present protonation constants values. The high 
uncertainty in log K1 is linked to the pH uncer- 
tainty in basic media. Whole protonated species 
represent a very low amount in the pH-range of 
the experiments, thus it is difficult to determine 
precisely their stability constants. Anyway, Gren- 
the [9] considers stability constant uncertainty of" 
0.05 (in log units) as a very high precision. 

Complexation constants were determined with 
the BEST computer program [6] (Table 2). For 
each equilibrium: 

MH(i ilL + H + ~ MHiL 
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Table 2 
Complexation constants ( I=  0.1 mol 1-'  (KNO3), 25 ± 0.5°C), ~'Mmi-,.L • ~Mr~L = [MH~L]/{[MH(~-~)L][H+]} flMH~L = [MH~L]/{[M][L][H+] i} 

AMP HEDP 

Literature a Present work Literature a Present work 

log K log fl log K log fl log K log fl log K log fl 

Cu(ll) ML 17.4 17.4 ± 0.2 11.84 
MHL 6.4 23.8 6.35 ± 0.09 23.78 ± 0.06 7.47 19.31 
MH2L 4.7 28.5 4.57 ± 0.06 28.36 ± 0.06 4.80 24.11 
MH3L 3.5 32.0 3.46 ±_ 0.09 31.8 ± 0.1 
MH4L 0 32.0 1.4 ± 0.6 33.3 ± 0.6 

Ni(II) ML I 1.1 11.3 ± 0.3 5.64 
MHL 8.3 19.4 8.28 ± 0.08 19.6 ± 0.2 9.14 14.78 
MH2L 5.8 25.2 5.67 ± 0.02 25.3 ± 0.2 6.08 20.86 
MH3L 4.5 29.7 3.4 ± 0.4 28.5 ± 0.6 

Cd(II) ML 11.6 12.2 ± 0.2 5.98 
MHL 7.0 18.6 7.16 ± 0.06 19.4±0.2 9.33 15.31 
MH2L 5.7 24.3 5.68 ± 0.05 25,0 ± 0.2 5.58 20.89 
MH3L 4.8 29.1 4.13 ± 0.08 29.2 ± 0.2 

Pb(lI) ML 15.8 ± 0.1 
MHL 6.7 ± 0.2 22.5 ± 0.2 
MH2L 5.16±0.06 27.7±0.2 
MH3L 3.8 ±0.1 31.4±0.3 
MH4L 1.9 ± 0.6 33.6 ± 0.4 

Zn(II) ML 16.4 16.3 ± 0.2 8.19 
MHL 6.1 22.5 6.1 ±0.1 22.5 ±0.1 8.01 16.2 
MH2L 5.1 27.6 4.89 ± 0.05 27.3 ± 0.2 
MH3L 4.1 31.7 4.0 ± 0.2 31.38 ± 0.05 
MH4L 1.7 33.4 2.5 ± 0.2 33.8 ± 0.2 

Ca(II) ML 7.5 7.6 ± 0.2 6.04 
MHL 9 1 6 . 5  8.9±0.1 16.6±0.1 8.16 14.2 
MH2L 6.6 23. I 6.30 ± 0.07 22.9 ± 0.06 7.63 21.83 
MH3L 5.5 28.6 5.1 ±0.1 28.0±0.1 
MH4L 4.1 + 0.4 32.1 _ 0.4 
M2L 2.9 ± 0.4 10.5 ± 0.4 3.63 9.67 

Fe(II) ML 13.5 12.7 ± 0.2 
MHL 6.49 19.99 6.4 ± 0.3 19.2 ± 0.3 
MH2L 5.41 25.4 6.30 ± 0.3 25.88 ± 0.08 
MH3L 4.2 29.6 

12.0±0.2 
5.4±0.2 17.3±0.2 
3.0±0.4 20.1±0.5 

8.62±0.09 
6.96±0.04 15.6±0.1 

4.8±0.1 20.3±0.2 

8.7±0.1 
7.5±0.1 16.3±0.1 
4.5±0.2 b 20.7±0.3 

10.3±0.1 
6.27±0.04 16.6±0.2 

3.8±0.3 20.2±0.5 

6.2±0.2 
7.67±0.07 13.9±0.1 

4.5±0.2 10.7±0.2 

12.9±0.3 
4.87±0.05 17.8±0.3 

3.3±0.3 21.0±0.4 

a Taken from [10,11]. 
b Occurrence of the insoluble complex species CdH2L(s ) [12]. 
c Immediate formation of an insoluble compound Pb2Lts~ [12]. 

we define a stepwise formation constant: 

KMH(i--1)L [MH;L]/{[MH(,_,)L][H+]} MHiL 

and an overall stability constant: 

flMml~ = [ M H ~ L ] / { [ M ] [ L ] [ H  + ]'} 

A l t h o u g h  o m i t t e d ,  t h e  e l ec t r i ca l  c h a r g e s  o n  M H i L  

spec ies  a r e  n o t  t h e  s a m e  d e p e n d i n g  o n  t h e  l i g a n d s  
X 6 - ,  y4 a n d  Z 5 -  (see S c h e m e  1). 
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The greater interference of hydroxide/cation 
complexes with HEDP than with AMP might 
explain the better agreement obtained with AMP. 
There is a higher disagreement between experi- 
mental and calculated pH at basic pH, especially 
with Cu, Zn and Pb. This might be due to 
difficulties in the pH calibration at basic pH and 
uncertainties concerning the hydroxide/cations 
formation constants (which were not determined 
from our experimental data, but taken from the 
literature [10,11]). It is difficult to estimate con- 
stants for species representing less than 18% for 
the whole pH-range. 

During our previous study [12], hydroxide/ 
cation formation constants were also calculated, 
which explains the gap between complexation 
constant values. The Zn/HEDP complexation 
constants determined then are not fully reliable 
because of a zinc solution purity problem. 

Sawada et al. [13,14] neglected the interference 
of hydroxide/cation/phosphonic acid ternary com- 
plexes and also the presence of higher complexes 
such as M2L or ML 2, but such species can perturb 
the pH adjustment. It is very difficult to evaluate 
the contribution of such complexes under our 
experimental conditions. We usually worked only 
with ratio M/L = 1, and therefore could precisely 
determine the stability constants of the common 
species such as ME, MHL... 

Since the concentrations of calcium cations are 
probably higher than those of phosphonic acids in 
natural waters, we also studied the complexation 
behavior for a ratio Ca/L = 2, thus enabling us to 
determine M2L complexation constants. We also 
studied the possibility of CO2 interaction with the 
Ca 2 +/phosphonic acid system [15]. Atmospheric 
CO2 does not lead to pertubations on the com- 
plexation properties. 

4. Discussion 

Our values of complexation constants with 
AMP confirm previous observations by Sawada et 
al. [13,14]: 
• In the case of transition-metal complexes, the 

KMHx constants for Cu, Zn and Pb are similar 
and always smaller than the second protona- 

tion constant of AMP (7.22), but Ni and Cd 
data do not follow such a rule. 

• In the case of calcium complexes, KMux is 
higher than KHx and KMx. 

The M - N  bond of the transition metal complexes 
would be strong and not affected by the first 
protonation of the complex which would occur on 
the O of the phosphonate group. On the other 
hand, the M - N  bond of the alkaline earth metal 
complexes would be mainly ionic and thus, very 
weak, therefore the first protonation of the com- 
plex would rupture this weak bond and occur on 
the nitrogen atom [13,14]. 

In any case, differences between MHiX and 
MH~,~X logarithmic constants (i_>1 with Cu, 
Zn, Cd and Pb; i>  2 with Ca and Ni) are close 
(1 2 log units), indicating that they correspond 
to a protonation on a free O - of the phosphonate 
group. This is confirmed since this is also ob- 
served for HEDP cations stability constants. The 
gap from 1 to 2 log units between these differ- 
ences can be explained by electrostatic interac- 
tions occurring during the various protonations. 

The HEDP hydroxyl group might interfere in 
the cation complexation [16,17], explaining the 
higher difference between MY 2- and MHY 
logarithmic constants with Cu, Zn and Fe. This 
interference is also used to explain the special 
behavior of HEDP with calcium where KMH~ > 
K~4~ [18,19]. 

4. I. Ligand affinity towards various cations 

Complexing classification was estimated by 
considering the total fraction of cation linked to 
the ligand, calculated from our AMP and HEDP 
stability constants. TPP stability constants were 
taken from studies [20,21] with similar experimen- 
tal conditions (temperature and ionic strength). 
The ligand complexation properties with the vari- 
ous cations are determined in the pH-range of 
natural waters (5-9), with ligand and cation con- 
centrations corresponding to our experimental 
conditions (2.10 3 mol 1-L), and also with phos- 
phonate concentrations nearer to those encoun- 
tered in natural media (2.10 7 mol 1 1), always 
with a cationqigand ratio M/L = 1. 
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Fig.  1. C o m p a r i s o n  o f  t he  l i gands  a f f in i ty  c lass i f i ca t ion  w i t h  t he  v a r i o u s  ca t ions .  

Fig. 1 shows the fraction of  cations not linked 
to the ligand ( =  free cation + cation linked to 

hydroxide ions) at various pH. The following 
classifications can be made: 
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AMP Cu(II) > Zn(II) ~ Pb(II) > Fe(II) > Cd(II) 

Ni(II) >> Ca(II) 

HEDP Fe(II) > Cu(II) >> Zn(II) > Cd(II) > Ni(II) 

>> Ca(II) 

TPP Cu(II) > Ni(II) ~ Zn(II) ~ Cd(II) > Ca(II) 

The decrease of  complexed cation at low concen- 
trations is coherent with equilibrium rules. This 
phenomenon is less marked with AMP, but much 
more so with HEDP and TPP. At basic pH, with 
all the cations except Ca, 99% of  the metal cations 
are linked to AMP at high concentrations, 
whereas at low concentrations only Cu, Zn and 
Pb complexes represent at least 98%. In the same 
pH range, at high concentrations 98% of Cu, Fe 
and Zn cations are linked to HEDP and 97% of 
all metal cations except Ca are complexed by 
TPP. At low concentrations these percentages de- 
crease to 23% for Zn and 92% for Fe with HEDP, 
and to 47% for Cu and to 93% for Cd with TPP 
at pH 7. 

Complexing classifications are similar at high 
and low concentrations. There is usually an in- 
crease in the complexed cation level with pH. TPP 
with Cu and Zn and HEDP with Cu do not 
follow such a rule. The percentage of cation 
linked to the ligand decreases from pH 8. This 
indicates that hydroxide complexation properties 
with these cations are stronger than those of  TPP 
and HEDP at pH 9. This hydroxide complexes 
interference appears from pH 7 at low concentra- 
tions and makes affinity classification with TPP 
difficult. The three ligands, however, have the 
lowest complexing properties with Ca and usually 
highest with Cu. AMP has similar complexation 
properties with Cd, Ni and Fe, somewhat lower 
than those of Zn and Pb. The same is true of TPP 
with Ni, Zn and Cd. We cannot distinguish a 
family of cations with similar behavior with 
HEDP. 

This classification is very similar to the Irving- 
Williams series of stabilities for chelates formed 
by metal ions with ligands [22]: 

Zn < Cu > Ni > Co > Fe > Mn 

In electrostatic terms, we would expect that the 
smaller the size of the metal ion, the greater the 

stability of the complex species. For Fe(II), 
Zn(lI), Cu(II) and Ni(II), we did not obtain such 
a correlation with any of  the three ligands studied, 
but observe that Zn always has higher complexing 
properties than Cd. This concept has been verified 
for alkaline-earth cations with H ED P  [16] and 
AMP [13]. This phenomenon could be easily eval- 
uated only with cations from a same column in 
the periodic table but is difficult to observe with 
cations from the same line, because the ionic radii 
are closer. 

4.2. Complexation proper O, classification Of 
ligands 

AMP is a stronger complexing agent than 
HEDP and TPP. We verified this with three typi- 
cal cations of great interest in natural media. Ca is 
a major cation in water. Cu is often present in 
water because of its extensive use in farming, and 
its wide range of  toxicological effects increases its 
interest. Both Ni and Cd have an intermediate 
behavior, but cadmium has a greater environmen- 
tal impact because it is highly toxic. Furthermore, 
although Ni ore consumption is greater than that 
of Cd (18000 and 800000 tons year ~, respec- 
tively), Cd concentrations in nonpolluted waters 
are of the same order of magnitude than those of 
Ni (ca. 1, and 2-13 gg 1-~, respectively) [23]. Zn 
and Fe complexing behaviors are similar with 
those of Cu and Cd. 

Fig. 2 shows the complexation property classifi- 
cation of the three ligands with Ca, Cu and Cd at 
a molar ratio M/L = 1, in the pH-range of natural 
waters (5 to 9) at two concentration levels, 2.10 3 
and 2.10 -7 mol 1 1. 

The complexation behaviors of H ED P  and TPP 
are similar and much lower than that of AMP 
with copper and cadmium. H ED P  has slightly 
stronger complexation properties than TPP, ex- 
cept at pH 5 with copper and for pH >_ 6 with 
cadmium at high concentrations. AMP, HEDP 
and TPP have similar behaviors with calcium. 
This ligand classification is affected by pH only at 
high concentrations (2.10 3 mol 1 ~). 

AMP therefore appears to be the stronger lig- 
and, the evolution of the complexation level with 
pH makes it difficult to draw a classification 
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between HEDP  and TPP. Therefore AMP might 
modify the heavy metal cations speciation in natu- 
ral medium, more than HEDP and TPP. 

4.3. Speciation diagrams 

In natural aquatic and geological environments, 
the mobility and toxicity of  a metal are deter- 
mined by the thermodynamic activity of the spe- 
cies causing the toxic effect and not by the total 
soluble concentration of  the metal [23,24]. A com- 
plete knowledge of speciation is therefore essential 
in order to assess the total environmental impact. 
Speciation diagrams were calculated with the SPE 
computer program [6] (Fig. 3). They are represen- 
tative of ligand behavior with each cation. 

At high concentrations, in our pH range, all the 
complexed species studied occur, except Call2 yo, 
CdH4 X°, Cull4 X°, CuH3X- and CuH2Y °. The 
major species are CaHX 3 , Ca 2 yo and CaZ 3- in 
the Ca/ligand systems. CuL and CdL with 
CdHX 3- and CdH Y- are the major species in 
the Cu/ligand and Cd/ligand systems, respectively. 
Free cations are significant in every system except 
Cu/AMP. Hydroxide complex species are negligi- 
ble at high concentrations, but CdOH +, CuOH +, 
Cu(OH) ° and Cu(OH)3 are present with HEDP  
and TPP at low concentrations ([M]= [L]= 
2.10 -7 mol 1-1). At such concentrations, ligand 
interference decreases sharply. The percentage of  
free cations is higher, and it is the only metallic 
species in the Ca/ligand system. With each ligand, 
ML is the major species with Cu and Cd. Lamson 
et al. [25] studied the Ca /HEDP system in physio- 
logical conditions (pH 5.5-7.0, 25°C, I =  0.1 mol 
1-1). They calculated speciation diagrams which 
are similar to ours, the same complexed species 
are present with similar proportions. 

There is a high probability that all the charged 
species will stay in the liquid phase. Moreover in 
the natural water pH-range, all these phosphonate 
complexed species are anionic, as are natural lig- 
ands (such as humic substances, clays...), thus, no 
electrostatic adsorption phenomena will occur. 
Uncharged ionic species such as Ca2 yo, CaH4XO 
and CdH 2 yo can potentially exist as a solid phase. 

5. Conclusion 

AMP is a stronger complexing agent with the 
seven divalent cations than H ED P  and TPP which 
have similar ligand behavior. These phosphonic 
acids have higher affinity with Cu and lowest with 
Ca. H ED P  will not modify heavy metal cations 
speciation more than TPP, whereas AMP might 
contribute to mobilize cations from sediments. A 
toxicologic study of MX 4 , M H X  3- ,  MH2 X2 , 
M i12- and MH Y- should be done to estimate 
AMP and H ED P  potential harm to aquatic fauna 
and flora. Speciation diagrams, at low concentra- 
tions, confirm the hydroxide complexes signifi- 
cance in the HEDP and TPP systems with Cu and 
Cd. This is why hydroxide species have to be 
taken into consideration when determining com- 
plexation constants and, moreover, for an assess- 
ment of the impact of toxic cations on ecosystems. 

Acknowledgements 

The authors are grateful to Mrs A.K. Bourg, 
for her careful correction of the English text. 

References 

[1] R. Carbiener, Compositions Lessivielles avec ou sans 
Phosphates et Protection des Milieux Aquatiques, (Rap- 
port), 1990, p. 77, 78, 131. 

[2] P. Zini, Polymeric Additives for High Performing Deter- 
gents, Technomic, Lancaster PA, 1995. 

[3] J. Off. Comm. Eur., Nr. L-217, p. 14-30, 13 Sept, 1995. 
[4] J. Steber and P. Wierich, Chemosphere, 15 (1986) 929; K. 

Fischer, Water Res., 27 (1993) 485. 
[5] J. Steber and P. Wierich, Chemosphere, 16 (1987) 1323. 
[6] A.E. Martell and R.J. Motekaitis, Determination and Use 

of Stability Constants, 2nd Ed., VCH, New-York, 1992. 
[7] A. Braibanti, G. Ostacoli, P. Paoletti, L.D. Penit and S. 

Sammartano, Pure Appl. Chem., 59 (1987) 1721. 
[8] M. Maeda, O. Hisada, Y. Kinjo and K. Ito, Bull. Chem. 

Soc. Jpn, 60 (1977) 3233. 
[9] I. Grenthe, 7th International Symposium on Solubility 

Phenomena, Oral Communication, Leoben (Austria), 
(23-25 July 1996). 

[10] L.D. Pettit and H.K.J. Powell, IUPAC Stability Con- 
stants Database, version 2.61, Academic Software, Otley 
(UK) 1995. 

[11] R.M. Smith and A.E. Martell, Critical Stability Con- 
stants, Vol. 1 to 6, Plenum Press, New-York, 1974 to 
1989. 



V. Deluchat et al . /  Talanta 44 (1997) 897 907 907 

[12] V. Deluchat, B. Serpaud, C. Caullet and J.C. Bollinger, 
Phosphorus Sulfur and Silicon, 104 (1995) 81. 

[13] K. Sawada, T. Araki and T. Suzuki, Inorg. Chem., 26 
(1987) 1199. 

[14] K. Sawada, T. Araki, T. Suzuki and K. Doi, Inorg. 
Chem., 28 (1989) 2687. 

[15] V. Deluchat, B. Serpaud, E. Alves, C. Caullet and 3.C. 
Bollinger, Phosphorus Sulfur Silicon, 109-110 (1996) 
209. 

[16] E.N. Rizkalla and T.M. Zaki, Talanta, 27 (1980) 715. 
[17] M,[. Kabachnik, R.P. Lastovskii, T.Y. Medved', V.V. 

Medyntsev~ I.D. Kolpakova and N.M. Dyatlova, Proc. 
Acad. Sci. USSR, 177 (1967) 1060. 

[18] R.L. Carroll and R.R Irani, Inorg. Chem., 6 (1967) 
1994. 

[19] R.A.M.J. Claessens and J.G.M. Van Der Linden, J. In- 
org. Biochem., 21 (1984) 73. 

[20] M. Taqui-Khan and P. Reddy, J. lnorg. Nucl. Chem., 
35 (1973) 79. 

[21] H. Ellison and A. Martell, J. lnorg. Nucl. Chem., 26 
(1964) 1555. 

[22] H. Irving and R.J.P. Williams, J. Chem. Soc., 162 
(1953) 3192. 

[23] H.G. Seiler, A. Sigel and H. Sigel, Handbook of Metals 
in Clinical and Analytical Chemistry, Dekker, New- 
York, 1994. 

[24] F.M.M. Morel and J.G. Herin$, Principles and Applica- 
tions of Aquatic Chemistry, Wiley, New-York, 1993. 

[25] M.L. Lamson, J.L. Fox and W.I. Higuchi. Int. J. 
Pharm., 21 (1984) 143. 



E L S E V I E R  Talanta 44 (1997) 909-915 

Talanta 

Comparative voltammetric studies of immunoglobulins and 
DNP-labelled immunoglobulins 

M.D.  Sfinchez-Sufirez, A. Cos ta-Garc ia  * 

Departamento de Quimica Fisica y Analitica, Universidad de Oviedo, 33006 Oviedo, Asturias. Spain 

Received 2 April 1996: received in revised form 18 October 1996: accepted 21 October 1996 

Abstract 

A comparative electrochemical study of human immunoglobulins IgGt and IgGs carried out at a hanging mercury 
drop electrode shows that mechanisms other than the reduction of interchain disulphide linkages are responsible for 
the cathodic peaks observed for such proteins. Considering that the nature of the electrochemical process observed 
for immunoglobulins are poorly defined and not fully understood, a new approach to the electrochemical determina- 
tion of such proteins, involving the use of 2,4-dinitrophenol (DNP) as a label, has been developed. Dynamic linear 
ranges of nearly two magnitudes and detection limits below 10 "~ M were achieved. © 1997 Elsevier Science B.V. 

Keywords: DNP-labelled immunoglobulins; Hanging drop mercury electrode: Immunoglobulins: Voltammetry 

1. Introduction 

The immunoassay is a technique that exploits 
an antibody as an analytical reagent capable of  
selective determination of an antigen species. Be- 
cause of the advantages associated to im- 
munoassay as high selectivity, low detection 
limits, speed, simplicity and relatively low cost 
these analytical methods are currently used in 
clinical chemistry. 

The trend away from radioimmunoassays has 
resulted in a proliferation of immunoassays using 
a wide range of non-radioisotopic labels. The use 
of  either electroactive species or enzymes as labels 
have been two different approaches to developing 

* Corresponding author. 

electrochemical immunoassays. A more direct 
method, involving no label, has been reported 
based on monitoring the changes in the electro- 
chemical response of an antibody (or antigen) 
when its specific binding partner is added to the 
solution [1,2]. 

Studies of  the electrochemical behaviour of an- 
tibodies on mercury electrodes are important for 
the development of new electroanalytical tech- 
niques which use antibodies, immunoglobulins, as 
analytical reagents. 

Proteins are adsorbed on mercury electrodes 
because of the interaction of disulphide bonds 
with the mercury surface. This adsorptive be- 
haviour has been used by several authors [1-4] 
for the electrochemical determination of proteins 
by adsorptive stripping voltammetry (AdSV). 

0039-9140/97/$17.00 ~; 1997 Elsevier Science B.V. All rights reserved. 
Pll  S0039-91 40(96)02 1 37-6 
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The reduction currents observed for proteins 
containing disulphide linkages in their structure 
have always been ascribed solely to the reduction 
of  this bond [5-14]. Some results more recently 
reported [15,16] make difficult to agree with the 
assumption usually made in the literature, and 
other possible mechanisms as conformational 
changes of the adsorbed protein or reorientation 
of the molecule leading to some perturbation of  
the double layer have been suggested [17,18]. 

Following the controversy about the nature of  
the voltammetric behaviour reported for such 
proteins, as well as the bad definition of these 
peaks, Costa et al. [19] proposed a different ap- 
proach to the electrochemical determination of  
proteins by means of  the use of  electroactive 
species as labels for these macromolecules. The 
2,4-dinitrophenol (DNP) was studied. Several rea- 
sons were supporting this choice, first the DNP 
can be easily covalently bound to proteins by 
nucleophilic substitution achieving a high substi- 
tution grade (which leads to a significant increase 
in sensitivity). Moreover, the DNP presents a 
suitable electrochemical behaviour, its reduction 
involving a great number of electrons. 

The starting point of  this investigation was a 
comparative study of  the electrochemical be- 
haviour of  two human immunoglobulins, which 
differ in the number of interchain disulphide link- 
ages, to elucidate the role these bonds play in the 
electrochemistry of  this type of  proteins. A second 
stage involved the labelling of  a mouse im- 
munoglobulin with DNP, the DNP-labelled im- 
munoglobulin electrochemical behaviour was 
studied and also was its ability to undergo an 
immunochemical reaction with anti-DNP and 
anti-mouse IgG~ antibodies. 

I 0.4 ~A 

d 

b 

a 

-~2 V -0.7 V 
(a) 

[ 0.4 ~A 

/ d  

* I 
-0.7 V ~ -0.2 V 

(b) 

Fig. I. (A) Differential pulse voltammetry responses of human 
IgG~ at a HMDE: (a) background electrolyte, (b) 10 -9 M 
IgG b (c) I0 8 M IgGl. (d) 10 -7 M IgG1; (B) Differential 
pulse voltammetry responses of human IgG 3 at a HMDE: (a) 
background electrolyte, (b) 10 - 9  M IgG3, (c) 10 - 8  M lgG3. 
(d) 10 - 7  M IgG3; fE = - 50 mV, v = 10 mV s - z  tacc = 300 
S, at open circuit. 

used as auxiliary electrode and all potentials were 
measured versus an Ag/AgCl/saturated KCI refer- 
ence electrode. 

A magnetic stirrer (Selecta Asincro) and a stir- 
ring bar (7 x 4 ram) provided the convective 
transport during the accumulation step, the rota- 
tion speed was 300 r.p.m. 

2. Experimental 

2.1. Apparatus 

Differential pulse voltammetric experiments 
were performed with a Metrohm Polarecord E- 
506. The working electrode was a hanging mer- 
cury drop electrode (HMDE), the surface of  the 
mercury drop was 0.32 mm 2. A platinum wire was 

~ b 

-0. TV -0.2¥ 
<-- 

Fig. 2. Voltammetric responses of mouse IgG 1 and DNP- 
mouse IgGl at a HMDE: (a) background electrolyte, (b) 
1 × 10 -8 M mouse IgG1, (c) 1 × 10 -8 M DNP-mouse IgG 6 
AE = - 50 mV, v = 10 mV s ~, ta~ = 240 s, at open circuit. 
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2.2. Reagents 

All compounds used were of analytical 
reagent grade. The electrolyte solution was 0.01 
M phosphate buffer, pH 7.2, prepared by using 
phosphoric acid and sodium hydroxide in 
deionized water (obtained by passing distilled 
through a Milli-Q Millipore water purification 
system). 

Human IgG~ and IgG3 were purchased from 
Sigma (St. Louis, MO, USA) and both proteins 
were reconstituted in 0.01 M phosphate buffer, 
pH 7.2 and stored at 4°C. 

Mouse IgGl (clon: 8.4a9,13), was a gift from 
Dr Juan Toyos (Dpto. Biologia Funcional, Uni- 
versidad de Oviedo, Spain) and was supplied as 1 
mg m l '  stock solution in 0.01 M phosphate 
buffer saline (PBS) with 0.1% sodium azide as 
preservative. 

2,4-dinitrobenzenesulfonic acid, sodium salt 
(DNBS) was purchased from Aldrich (Gilligham- 
Dorset, UK). 

Goat  anti-mouse IgG1 (clon: LO-M61-2) was 
obtained from ICN Biomedicals, and rat anti- 
DNP (clon: 04-8300) was purchased from Zymed 
Laboratories. 

Nitrogen N-48 (SEO) was used to remove dis- 
solved oxygen. 

2.3. Procedures 

Before each voltammetric experiment the elec- 
trolyte was purged with oxygen-free-nitrogen for 
30 rain. After addition of the sample the solution 
was purged for a further 5 min. A preconcentra- 
tion is carried out for the required accumulation 
time (t,cc) at open circuit, with stirring at 300 rpm. 
The stirring was stopped and, after 10 s equilibra- 
tion time, the potential was scanned in the differ- 
ential pulse (DP) mode in the cathodic direction, 
with a pulse amplitude of - 50 or - 100 mV and 
a scan-rate of 10 mV s ~. All experiments were 
carried out at room temperature. 

2.3.1. DNP-labelling reaction of proteins 
The conjugation of DNP to a mouse IgG~, was 

carried out according to the procedure described 
by Little et al. to obtain 2,4-dinitrophenylproteins 
[20]. The conjugate was purified by dialysis 
against ultrapure water using cellulose membrane 
(MW 12400). The Bio-Rad micro-Bradford assay 
[21] was used for measuring total protein concen- 
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tration in the solutions obtained from dialysis. 
DNP-mouse IgG~ solutions were stored at 4°C in 
the dark. 

2.3.2. ELISA procedure 
The enzyme-linked-immunosorbent-assay 

(ELISA) plates were precoated with 100 pl of the 
antigen (10 ~tl ml-1) diluted in 50 mM bicarbon- 
ate buffer, pH 9.6 and incubated during 3-4 h at 
37°C. They were washed (× 4) in PBS, pH 7.3, 
containing 0.05% Tween 20. the plates were 
blocked by incubation with 1% (w/v) BSA in 10 
mM PBS, pH 7.3, 0.1% NAN3, for 1 h at 37°C 
and overnight at 4°C. The plates were rewashed 
as before. Dilutions of mouse IgG~ (1 ~tg ml-  ~), 
used as positive control and DNP- labelled mouse 
IgGl (1 ~tg ml-1) were then made up and incu- 
bated in the wells for 3-4 h at 37°C. The plates 
were washed and then 100 }al of HRP-conjugated 
goat anti-mouse (Sigma) are incubated in the 
wells for 3-4 h at 37°C. The substrate used for 
HRP was 100 jal of o-phenylendiamine dihy- 
drochloride (Sigma) and H202 (0.3% (v/v)) in 0.1 
M citrate buffer, pH 4. Absorbance was read at 
492 nm. 

3. Results and discussion 

3. I. Electrochemical behaviour o f  human IgG 1 
and IgG3 

To elucidate the role disulphide linkages play in 
the electrochemical behaviour described for this 
type of protein on mercury electrodes, the electro- 
chemistry of two human immunoglobulins G, 
which differ in the number of interchain disul- 
phide bonds, has been compared. Immunoglobu- 
lin G~ (IgG1) and immunoglobulin G3 (IgG3) 
contain, respectively, 2 and 15 interchain disul- 
phide bonds in their structure [22]. 

This investigation was carried out by differen- 
tial pulse voltammetry (DPV) on a HMDE in the 
potential range - 0 . 2 - -  0.7 V. The IgG~ and 
IgG 3 concentrations were varied from 10 - 9  to 
10 - 7  M and the voltammograms obtained for 
them under the same experimental conditions 

(pulse amplitude (AE) - 5 0  mV, scan-rate (v) 10 
mV s-1, and accumulation time at open circuit 
(tact) 300 s) are shown in Fig. l. Both human 
immunoglobulins gave rise to a badly defined 
cathodic peak at - 0 . 5  V versus Ag/AgC1 as 
reported in the literature. 

Because of the considerable difference in the 
number of interchain disulphide linkages, a higher 
current intensity would be expected for IgG3 than 
for IgG~ if the voltammetric response were due to 
the reduction of these linkages. Actually, the IgG~ 
peak current is slightly higher than that obtained 
for IgG3. From this and other studies [15,16], it 
follows that the voltammetric peaks obtained for 
these immunoglobulins on mercury electrodes are 
due to processes other than the simple reduction 
of disulphide linkages. 

3.2. Electrochemistry o f  the DNP-mouse IgGl 

Considering that the electrochemical processes 
giving rise to those peaks are still not fully under- 
stood, the electrochemistry of the immunoglobu- 
lins was studied by using an electroactive 
molecule as a label for immunoglobulins. The 
2,4-dinitrophenol (DNP), which had been pro- 
posed by Costa et al. [19] as label for proteins, 
was used. The procedure followed to obtain 
DNP-mouse IgGl has already been described in 
the experimental section. 

Reaction parameters as DNBS, K2CO3 concen- 
trations and temperature were varied to study 
their influence on the substitution grade achieved 
in the labelling reaction, and the specificity of the 
DNP-mouse IgG1 to the antigen. 

It was observed that the substitution grade 
increases by increasing DNBS and KzCO 3 con- 
centrations and better results were obtained using 
37°C than room temperature. Regarding to the 
specificity of the DNP-mouse IgG~, the ability of 
the conjugate to undergo an immunochemical re- 
action with the antigen was evaluated by compari- 
son of the absorbance readings obtained for this 
molecule with those obtained for the mouse IgGl 
in an ELISA. According to these readings, high 
substitution grades in the labelling reaction were 
associated with more significant loss of specificity 
to the antigen. 
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The DNP- immunog lobu l in  used in the follow- at - 0 . 5  V versus Ag/AgCI,  meanwhile the D N P -  
ing studies was obtained under  that  reaction con- mouse IgG~ gives rise to two peaks at - 0.32 and 
ditions leading to higher substitution grade, i.e., - 0 . 4 6  V versus Ag/AgC1. It is clear that  those 
6.4 mg D N B S  and 22.8 mg K2CO3, dissolved in 1 peaks obtained for the conjugate are analytically 
ml of  1 mg m l -  J mouse IgG~, kept in the dark at more  useful signals than the one obtained for 
37°C for 48 h. The fact that  its specificity is lost is mouse IgG~. 
not  significant as the labelled immunoglobul in  do The accumulat ion curves for increasing concen- 
not  take par t  as an ant ibody in any o f  those trations o f  D N P - m o u s e  IgGj (Fig. 3) were ob- 
immunochemica l  reactions described further on. tained by varying the preconcentrat ion time from 

The electrochemical behaviour  o f  the D N P -  0 to 1200 s and plott ing this parameter  against 
mouse IgG~ was studied by differential pulse peak currents. The accumulat ion was carried out 
vol tammetry  (DPV) on a H M D E  and the results at open circuit under  constant  stirring. As ex- 
have been compared  with those obtained under pected, for each concentrat ion,  peak currents in- 
the same condit ions for the mouse IgG~. The crease with accumulat ion time until saturation o f  
vo l t ammograms  recorded for 1 x 10 - s  M solu- the electrode was reached. 
tions o f  each species, using AE = - 50 mV, v = 10 The analytical signal was optimized with re- 
mV s ~ and t .... = 240 s, are shown in Fig. 2. The spect to pulse ampli tude as foreseen, increasing 
mouse IgG~ yields a poor ly  defined cathodic peak pulse ampli tude gave rise to better analytical sig- 
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nals. A pulse ampl i tude  o f  - 1 0 0  mV was used 
for  the r ema inde r  o f  the s tudy.  

The repea tab i l i ty  o f  the analy t ica l  signal was 
ca lcula ted  for  D N P - m o u s e  IgG~ f rom successive 
measurements  (n = 10) o f  a 1 x 10 9 M solut ion,  
using a 240 s accumula t ion  t ime at  open circuit.  
The  relat ive s t anda rd  dev ia t ion  was 2.6% for the 
first e lec t rochemical  process  and  2.3% for the 
second one Fig.  4. 

The  D N P - i m m u n o g l o b u l i n  gave rise to cur ren t  
responses  that  increased l inear ly  with respect  to 
increas ing concent ra t ion .  Using an accumula t ion  
t ime o f  600 s, the curve for  the first e lect rochemi-  
cal process  was found  to be l inear  between 2 x 
1 0 - l 0  M and  1 x 10 9 M (r = 0.999, n = 5). The  

detec t ion  l imit  achieved ( a - -  3) was 3.6 x 10 J~ 
M. 

3.3. Interaction of  DNP-mouse IgG1 with anti- 
DNP and anti-mouse IgG~ antibodies 

The in terac t ion  in solut ion,  at r o o m  tempera-  
ture, o f  D N P - m o u s e  IgG,  and ra t  a n t i - D N P  was 

m o n i t o r e d  by D P V  on a H M D E ,  using a pulse 

ampl i tude  o f  - 100 mV, a scan-ra te  o f  10 mV s 

and an accumula t ion  t ime at  open circuit  o f  240 s. 

The  cell and  the e lect rodes  were equi l ib ra ted  with 

the a p p r o p r i a t e  D N P - m o u s e  IgG~ solut ion for 2 

h, so changes  in the e lec t rochemical  response o f  

the D N P - i m m u n o g l o b u l i n  could  not  be ascr ibed 

to a bulk  concen t ra t ion  change  by adsorp t ion  o f  

D N P - m o u s e  IgG~ on the cell walls or  sa l t -br idge 
tips, etc. A v o l t a m m o g r a m  of  a 1 x 1 0  - 9  M 

D N P - m o u s e  IgGj  was recorded  under  the condi-  
t ions ind ica ted  above.  The  solut ion was dearea ted  

for  5 min before  each po ten t ia l  scan and  the 

changes  exper imented  by this signal,  when the rat  

a n t i b o d y  a n t i - D N P  was a d d e d  at a concen t ra t ion  
o f  2 x 10 9 M to tha t  solut ion,  are  mon i to red  at  

different  in terac t ion  times. I t  can be observed 
(Fig. 5A) that  the peak  currents  o f  bo th  first and  
second processes,  registered for  the D N P - i m -  

munog lobu l in ,  decrease  g radua l ly  with in terac t ion  
t ime until  a s teady signal,  (unvary ing  with reac- 

t ion time), is ob ta ined  after  1 h 30 min (Fig. 5B). 
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When goat anti-IgG~, instead of rat anti-DNP, 
was added at a concentration of 1 x 10 -9 M no 
change in peak currents was observed in the dif- 
ferent voltammograms recorded at different inter- 
action times during a 4 h study. However, if the 
interaction was performed at 37°C the first and 
second reduction peaks both decrease with reac- 
tion time and after 2 h disappear. 

Anti-DNP antibodies show a high affinity con- 
stant for DNP, this could be the reason these 
antibodies undergo immunochemical reaction at 
room temperature, meanwhile for an anti-mouse 
IgGl a 37°C temperature is necessary. 

4. Conclusions 

From the comparative study of the electro- 
chemistry of human immunoglobulins IgG1 and 
IgG3 it can be concluded that the cathodic process 
observed for immunoglobulins on mercury elec- 
trodes involves some mechanism other than re- 
duction of interchain disulphide linkages. 

lmmunoglobulins can be electrochemically de- 
termined by labelling these proteins with DNP 
using DPV dynamic linear ranges of nearly two 
orders of magnitude and detection limits below 
10 m M have been achieved. 

The decrease in peak currents observed for 
DNP-labelled mouse IgGl in presence of anti- 
DNP and anti-mouse IgG1 antibodies could sup- 
port the monitoring of immunochemical reactions 
using electrochemical techniques. 
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Abstract 

A pH-induced differential derivative spectrophotometric procedure has been developed for the simultaneous 
determination of Phenobarbitone (PBT) and Phenytoin sodium (DPH Na) in tablet preparations. The method 
comprized of measurement of difference absorptivities derivatized in second order(ADz) of a tablet extract in 0.01 N 
NaOH relative to that of an equimolar solution in 0.01 N HC1 at wavelengths of 244.8 and 252.8 nm respectively. 
The presence of identical zero-crossing points for pure drug and tablet extract solutions established the non-interfer- 
ence of the excipients in the absorption at these wavelengths. The compliance of Beer's law was adhered over a 
concentration range of 7.5-25 lag ml -  ~ for both PBT and DPH. © 1997 Elsevier Science B.V. 

Keywords: Phenobarbitone; Phenytoin sodium; Spectrophotometric 

I. Introduction 

Derivative spectrophotometry has received in- 
creased attention in recent years in the assay of 
drugs alone or in combination from their formu- 
lations [1--3]. The procedure has been found to be 
successful in resolving two overlapping spectra, in 
the identification and quantification of drugs with 
low absorptivity values and in eliminating non- 
specific interferences from formulation matrix [4-  
6]. 

*Corresponding author. Fax: +91 1596 12112; e-mail: 
cvnp(~bits.soft.net 

Difference spectrophotometry based on pH 
changes has also been reported to be useful in the 
determination of binary mixtures [7]. In our ear- 
lier work, we have described the successful appli- 
cation of later technique for the determination of 
combination preparations [8-10]. 

There are few reports on utilization of the 
above two combined techniques for the estimation 
of  individual drug substances [11] and for com- 
bined preparations [12]. In the present work an 
effort has been made to utilize the combined 
techniques for simultaneous determination of 
phenytoin (DPH) and phenobarbi tone (PBT) in 
the presence of each other as well as the excipi- 
ents. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PI1 S0039-9140(96)02 139-X 
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The combination of  PBT and DPH Na in the 
form of  tablet preparation is widely used for 
major epilepsy and psychomotor seizures. The 
official monographs describe the procedure for 
individual assay of PBT and DPH Na [13]. A 
differential titrimetric method [14] and a deriva- 
tive compensation technique [15] has been re- 
ported for simultaneous determination of  above 
mixtures. 

2. Experimental 

2. I. Apparatus 

A JASCO model 7800 double beam UV-visible 
autoscan spectrophotometer with 1 cm quartz 
cells was used. Suitable settings were scan speed 
of  480 nm min l, chart speed of  10 nm min-~,  
ordinate maximum and minimum were adjusted 
to the magnitude of  derivative values. 

2.2. Standard solutions 

The stock solutions of pure PBT and DPH Na 
(Anglo-French, Bangalore, India) were prepared 
by dissolving 25 mg each of  the pure drugs in 50 
ml of methanol. Appropriate volume aliquots of 
the stock solution were transferred to 25 ml volu- 
metric flasks in duplicate. The volumes were made 
up with 0.01 N HC1 and 0.01 N NaOH to give a 
series of equimolar solutions containing 7.5-25 
lag ml-1  of both PBT and DPH. Similarly three 
series of  25 ml each of  equimolar solutions of 
mixtures of PBT and DPH Na in 0.01 N HC1 and 
0.01 N NaOH were also prepared by using the 
stock solutions. The first series contained a con- 
stant concentration of  PBT (7.5 lag m l -  ~) and a 
varying concentration of DPH Na (7.5-25 lag 
ml 1). 

The second and third series contained a con- 
stant concentration of  DPH Na (15/25 lag ml 1) 
and a varying concentration of  PBT (7.5-25 lag 
ml-~). The absorbance of  the solutions were 
taken within 3 h of  their preparation. All reagents 
used were of  analytical grade. 

2.3. Sample preparation 

Tablets, 20, of Phenytal 30 (Intas, India) la- 
beled to contain 30 mg of PBT, 100 mg of DPH 
Na and excipients, 20 tablets of Phenytal (Intas, 
India), labeled to contain 50 mg of  PBT, 100 mg 
of DPH Na and excipients, were accurately 
weighed, well powdered and a weight of the pow- 
der equivalent to 25 mg of  DPH Na(correspond- 
ing amount of  PBT 7.5 or 12.5 mg depending on 
the chosen marketed preparation) was dissolved 
in methanol by thorough mixing and made up to 
volume in a 50 ml volumetric flask. The sample 
solution of  25 ml each in 0.01 N HC1 and 0.01 N 
NaOH were prepared by using 0.375 ml aliquots 
of  the filtrate so as to obtain concentration 7.5 lag 
ml 1 of  PBT and corresponding amount of DPH 
Na (15 or 25 lag ml-1  depending on the chosen 
preparation). The difference spectra between the 
acidic solution and equimolar 0.01 N NaOH solu- 
tion of  pure drugs and sample were recorded from 
230-275 nm by placing the acidic solution in the 
reference compartment and the 0.01 N NaOH 
solutions in the sample compartment. A second 
derivative spectrum of  each of  the differential 
curves was subsequently recorded. The solutions 
were measured at 252.8 and 244.8 nm for DPH 
Na and PBT, respectively. 

3. Results 

The zero order spectrum of pure PBT (7.5 gg 
ml - 1) and DPH Na (15.0 lag m l -  1) either in 0.01 
N NaOH or in 0.01 N HC1 were very similar (Fig. 
1). However, the difference absorption spectrum 
of  two drugs and a mixture of PBT and DPH Na 
(7.5 and 15 lag ml 1, respectively) showed signifi- 
cant alteration (Fig. 2). 

The second derivative differential curves of 
both the drugs (Fig. 3) offered an advantage for 
their simultaneous determination by having zero 
crossing points. In particular absorbance at 244.8 
nm for PBT and at 252,8 nm for DPH were 
considered as the optimum working wavelengths 
for their determination. The derivative differential 
curves showed the best linear response to analyte 
concentrations used at these wavelengths. 
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The proport ional i ty  o f  the AD2 values and con- 
centrations of  PBT and D P H  were found  by 
measuring AD z o f  ten pairs o f  solutions o f  each 
containing 7 .5 -25  lag/ml o f  PBT at 244.8 nm and 
for D P H  N a  solutions at 252.8 nm, respectively. 
The linear regression equat ions were obtained by 
using the method  of  least squares. The linear 
regression for PBT was 

Y =  0 . 0 0 1 0 6 6 X -  0.00041 (1) 

with a correlat ion coefficient o f  r = 0.9999 at 
244.8 nm. The linear regression equat ion for D P H  
Na  was as 

Y = 0 . 0 0 0 1 2 4 X -  0.00013 (2) 

with a correlat ion coefficient o f  r = 0.9999 at 
252.8 rim. 

0 . 3 6 0  

0 . 3  O0 

0 . 2 ~ 0  

0 . 2 0 0  

w 
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0 . 1 0 0  

0 , 0 5 ( ]  

2 / ,0  2~0  2 6 0  270 
WAVELENGTH~ n m 

Fig. I. Absorption spectra of (a) Phenobarbitone (7.5 lag 
ml ~), (b) Phenytoin Na (15 lag ml-I) in 0.01 N HCI and (c) 
Phenytoin Na (15 lag ml 't, (d) Phenobarbitone (7.5 gg ml ') 
in 0.01 N NaOH, respectively. 
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Fig. 2. Difference spectra of (a) Phenobarbitone 17.5 pg ml 
1), (b) Phenytoin Na (15 lag ml- l) and (c) mixture of Pheno- 
barbitone (7.5 lag ml ~ and Phenytoin Na 15 lag ml ~) in 0.01 
N HC1 versus 0.01 N NaOH. 

For  establishing the specificity o f  the method 
for drug samples, three series each of  ten solutions 
as ment ioned under s tandard prepara t ion were 
examined at the zero crossing wavelengths. The 
solution of  the first series gave a regression equa- 
tion o f  

Y =  0 . 0 0 0 1 2 3 X -  0.00018 (3) 

with a correlat ion coefficient o f  r = 0.9999 at 
252.8 nm. The detection limit (LOD)  [16] was 1.5 
gg ml ~ and with a quant i ta t ion limit (LOQ) [16] 
o f  2 gg ml '. The similarity o f  Eq. (3) with Eq. 
(2) and with a distinct isosbestic point  at 244.8 nm 
(Fig. 4) suggested that  the presence o f  PBT didn ' t  
affect the absorptivity o f  D P H  N a  at 252.8 nm. 

The linear regression equations for second se- 
ries was 

Y =  0 . 0 0 1 0 6 7 X -  0.00019 (4) 
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with a correlation coefficient of  r=0 .9999  at 
244.8 nm. The detection limit was 0.32 lag m l -  
and quantitation limit of 1 lag ml 1. Similarly, the 
regression equation for third series was 

Y= 0 .001074X- 0.00001 (5) 

with a correlation coefficient of  r=0 .9999  at 
244.8 nm. The detection limit was 0.49 lag ml -1  
and quantitation limit of  1 lag m l -  

The similarity of  Eq. (4) and Eq. (5) with Eq. 
(1) and the presence of  distinct isosbestic point at 
252.8 nm (Fig. 5 and Fig. 6), the zero crossing 
point of  PBT suggested a non-interference of  ab- 
sorptivity of  DPH with that of  PBT at 244.8 nm. 
The AD2 values of  standard solutions of  PBT (7.5 
lag m1-1) and DPH Na (15 or 25 lag m1-1) 
relative to AD 2 of tablet sample solution were 
used for the determination of  PBT and DPH in 
the tablet preparation. The results are given in the 
Table 1. 
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Fig. 3. Differential derivative spectra of (a) Phenobarbitone 
(7.5 gg ml - i )  and (b) Phenytoin Na (15 lag ml-1) in 0.01 N 
HCI versus 0.01 N NaOH. 
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Fig. 4. Differential derivative spectra of Phenobarbitone (7.5 
lag ml - I )  and Phenytoin Na (7.5, 10, 15, 20 and 25 tag m1-1) 
in 0.01 N HC1 versus 0.01 N NaOH in curves 1 5, respec- 
tively. 

4. Discussion 

The application of  difference spectroscopy for 
the quantification of  two component formulations 
depends on the fortuitous juxtaposition of the 
isosbestic points. As already pointed out in the 
text, the difference spectroscopy alone didn't pro- 
duce the required isosbestic points. However, 
derivatization of  the difference curves resulted in 
zero crossing points, which enabled the successful 
determination of  both the drugs. The second 
derivative difference curves were relatively better 
for the estimation of  drugs compared with the 
first derivative difference curves. In the latter, the 
zero crossing point of DPH Na had fallen closer 
to the 230 nm, which is the boundary limit of  
selected wavelength range. Hence the second 
derivative difference curves were chosen. The 
combined technique offers a distinct advantage as 
it involved refinement of  spectra at two levels and 
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Fig. 5. Differential derivative spectra of Phenobarbitone(7.5, 
10, 15, 20 and 25 lag m l -  ~) and Phenytoin Na (15 lag m l -  ~) in 
0,01 N HCI versus 0.01 N NaOH in curves 1-5, respectively. 
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Fig. 6. Differential derivative spectra of Phenobarbitone (7.5, 
10, 15, 20 and 25 lag ml t) and Phenytoin Na (25 lag ml -  f) in 
0.01 N HCI versus 0.01 N NaOH in curves 1- 5, respectively. 

the interference from formulation matrix if any, 
will be at its minimum. The similarities between 
the linear regression equation, the detection and 
quantitation limits demonstrated the usefulness of 
derivative difference spectrophotometry in the 
quantitation of drug mixtures with overlapping 
spectra. 

The procedure developed is simple and repro- 
ducible. In the absence of an official method for 
the simultaneous determination of PBT and DPH 

Table I 

Na, the proposed method, if properly used can 
prove to be useful for routine analysis of the two 
drug combined formulations. 
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Assay results of PBT and DPH Na in commercial formulations by differential derivative spectroscopy 

Sample PBT DPH Na 

mg tablet-~ % w/w stated a mg tablet ~ % w/w stated" 

Brand A 49.21 98.42 + 0.92 99.65 99.65 _+ 0.32 
Brand B 29.59 98.63 + 0.25 99.78 99.78 _+ 0.71 

~' Five replicative measurements. 



922 C.V.N. Prasad et al, / Talanta 44 (1997) 917 922 

References 

[1] B. Morelli, J, Pharm. Sci., 77 (1988) 615. 
[2] B. Morelli, J. Pharm. Sci., 77 (1988) 1042. 
[3] B. Morelli, J. Pharm. Sci., 84 (1995) 34. 
[4] G. Talsky, L. Maryingand and H. Kreuzer, Angew. 

Chem. Int. Ed. Engl., 17 (978) 785. 
[5] T.C. O'Haver, Anal. Chem., 51 (1979) 91A. 
[6] F.S. Rojas, C.B. Ojedaand and J.M.C. Pavon, Talanta, 

35 (1988) 753. 
[7] T.D. Doyle and F.R. Fazzari, J. Pharm. Sci., 63 (1974) 

1921. 
[8] P. Parimoo, Drug Dev. Ind. Pharm., 13 (1987) 127. 
[9] P. Parimoo, P. Umapathi and K. Ilango, Int. Jr. Pharm., 

100 (1993) 227. 
[10] P. Parimoo, C.V.N. Prasad and R. Vineeth, J. Pharm. 

Biomed. Anal., 14 (1996) 389. 
[11] A.M. Wahbi, M. Barary, H. Mahgab and M.A. El. 

Sayed, J. Assoc. Off. Anal. Chem., 68 (1985) 1045. 
[12] A.G. Davidson and L.M.M. Mkoji, J. Pharm. Biomed. 

Anal., 6 (1988) 449. 
[13] U.S. Pharmacopeia, United States Pharmacopeial Con- 

vention, Rockville, MD., 23 (1995) 1202 1218. 
[14] S.P. Agarwal, Anal. Chem., 41 (1969) 1105. 
[15] A.M. Wahabi, H.M. Barary, F.A. El, Yazbi and S.M. 

Sabri, Analyst, 117 (1992) 785. 
[16] D.A. Skoog and J.L. Leafy, Principles of Instrumental 

Analysis, 4th Ed., Saunders, New York, 1992, p. 7. 



E L S E V I E R  Talanta 44 (1997) 923 930 

Talanta 

A linear regression method for the study of the Coomassie 
brilliant blue protein assay 

Yong-ju Wei, Ke-an Li *, Shen-yang Tong 
Department of Chemistry, Peking University Beijing 100871, People ~ Republic O/China 

Received 11 June 1996; received in revised form 16 September 1996: accepted 18 October 1996 

Abstract 

The interactions of Coomassie brilliant blue G-250 (CBB) with bovine serum albumin (BSA) and 7-globulin at low 
pH are investigated by a spectrophotometric method. It is considered that the binding of CBB to protein is because 
of the weak interactions (ionic, van der Waals, hydrogen bonding, and hydrophobic). The solution equilibria 
involving the binding of three dye species (blue, green, and red) to protein are treated in the same way as Ringbom 
model used in the treatment of complexation in analytical chemistry. Based on this treatment, the formation of an 
isosbestic point in the absorption spectra of CBB-BSA mixtures is discussed, two mathematical models for the 
description of the CBB protein assay are developed. The first model is a nonlinear equation which is rigorous in 
theory but unreliable in use because of its optimization procedure. The second model based on an approximation is 
a linear equation, it allows to estimate apparent binding constant, maximum binding number, and molar absorptivity 
of bound dye from assay data by a linear regression method. The results of the linear regression operations are 
reasonable and in agreement with experimental findings. Factors which influence the sensitivity of the CBB protein 
assay are studied using this method. Ionic strength and acidity are found to have significant effect on the binding of 
CBB to protein. © 1997 Elsevier Science B.V. 

Keywords: Coomassie brilliant blue protein assay; Solution equilibria; Spectrophotometry 

1. Introduct ion 

The Coomassie brilliant blue G-250 (CBB) 
protein assay [1] has been commonly used in 
biochemical and clinical laboratories because of 
its high sensitivity and convenience. In practice, 
the assay is conducted by adding a protein sample 
to a fixed quantity of dye reagent and measuring 
the increase in absorbance at 595 nm as a blue 

* Corresponding author. 

dye-protein complex forms. Though the perfor- 
mance of the assay is simple, its mechanism and 
solution equilibria are still under investigation 
[2 8]. A further theoretical study on the assay 
should be beneficial not only with regard to the 
quantitation of proteins but also to a deep under- 
standing of the interactions between macro- 
biomolecules and small ions or molecules. 

Previous authors have made great efforts in the 
study of the nature of the CBB protein assay. 
Compton and Jones [2] pointed out that CBB 

0039-9140,,97:$17.00 ~", 1997 Elsevier Science B.V. All rights reserved. 

Pl! S0039-9140(96)02140-6  
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exists in three forms at the usual pH of the assay: 
cationic (red), neutral (green), and anionic (blue). 
A spectral study made by Chail et al. [4] shows 
that the three dye forms have markedly different 
visible spectra from one another and that none of 
these spectra correspond exactly to the spectrum 
of the dye-protein complex. The blue dye form is 
generally considered to be the form that com- 
plexes with protein [2,4,5], since its negative 
charge argues in favor of electrostatic attraction 
to arginine and lysine side chains on protein. 
However, there are indications of the existence of 
nonelectrostatic interactions between CBB and 
proteins in addition to the electrostatic interac- 
tions. Compton and Jones [2] estimated that the 
nonionic binding energies account for about 58% 
of the total binding energy of the CBB-protein 
complex. Therefore, Atherton et al. [8] recently 
proposed a dye-binding scheme in which it is 
assumed that all the three dye species can bind to 
protein to form dye-protein complexes. 

The determination of binding constant and 
number of dye-binding sites on protein is a major 
difficulty in the theoretical study of dye-binding 
protein assays. The Scatchard equation [9] has 
long been considered to be a basic equation for 
the study of the interactions between macro- 
biomolecules and small ions or molecules. But 
there are reports pointed out that the Scatchard 
equation is not suitable for the description of 
some interactions between proteins and acid-base 
indicators such as T-azo-R [10], Chromazurol S 
[11], bromophenol blue [12], and bromocresol 
green [13] in acidic solutions. Though modified 
Scatchard equation was used to study high- 
affinity dye binding sites of the CBB protein assay 
at very large protein/dye molar ratios [6], there is 
no report on the use of this equation in the study 
of the CBB protein assay under normal condi- 
tions. 

The number of dye-binding sites on protein 
could be estimated from the slope of the CBB 
protein assay plot [5,7], but binding constants 
cannot be found by this way. Recently, Atherton 
et al. [8] developed a mathematical model for the 
description of the CBB protein assay under nor- 
mal conditions. Assay data may be fit to this 
model using curve-fitting techniques and thereby 

values of binding constant and number of binding 
sites could be estimated simultaneously for a par- 
ticular protein. This model is quite rigorous in 
theory, but it seems that the optimization (curve- 
fitting) procedure is somewhat inconvenient in 
use. 

In Ref. [12], the interaction of bromophenol 
blue with proteins in acidic solution is studied 
theoretically. As proposed by Kaler and Gavrilov 
[14], both dye species, protonated and deproto- 
nated forms, are considered to be able to combine 
with protein by intermolecular forces (mainly 
electrostatic force). Two conditional constants, 
apparent binding constant and maximum number, 
are defined to express the binding ability of the 
dye to protein under a given set of conditions. 
These two parameters can be estimated by a linear 
regression method developed in that paper. 

In the present work, the linear regression 
method proposed in reference [12] is extended to 
the study of the CBB protein assay. All the three 
dye species are treated to be able to combine with 
protein by weak interactions (ionic and nonionic) 
though their binding abilities are different. The 
solution equilibria are treated in the same way as 
Ringbom model [15] which is familiar to analyti- 
cal chemist. A linear regression equation based on 
this treatment is developed to estimate apparent 
binding constant and maximum binding number 
from spectral data measured under normal condi- 
tions. The results obtained are in agreement with 
experimental findings. 

2. Experimental 

2. I. Reagents 

BSA, 99%, was obtained from Sigma (fraction 
five, essentially fatty acid free). All calculations 
reported for BSA are in terms of a molecular 
weight of 65000. The BSA solution (1.52 × 10 -6 
mol 1-1) was prepared by dissolving 0.100 g BSA 
reagent in 1000 ml deionized water, y-Globulin 
human (7-G) was obtained from Serva (Ger- 
many). Calculations reported for 7-G are in terms 
of a molecular weight of 160 000. The ?-G solu- 
tion (6.2 × 10 -7 tool 1 i) was prepared by dis- 
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solving 0.100 g 7-G reagent in 1000 ml deionized 
water. CBB was purchased from Fluka and 
purified by following a procedure reported by 
Wilson [6,16]. The CBB stock solution (1.17 x 
10-  3 tool 1 - 1) was prepared by dissolving 0.100 g 
purified dye in 50 ml 95% ethanol, and then 
diluting to 100 ml with deionized water, The 
operating solution of  CBB was prepared by dilut- 
ing the stock solution with water properly. All 
other reagents were of analytical or guaranteed 
reagent grade. 

2.2. Apparatus 

A Shimadzu Model UV-265 double-beam spec- 
trophotometer was used for recording absorption 
spectra, and a Shimadzu UV-120-02 spectropho- 
tometer for the measurement of absorbance at a 
given wavelength. 

2.3. Me thod  

Aliquots of  5% NaC1 solution, phosphoric acid 
(7.3 tool 1- 1) or standard HC1 solution, and CBB 
operating solution were transferred into a series of 
25 ml volumetric flasks, and then protein solution 
was added to each flask in different amounts. The 
mixtures were diluted to the mark with water and 
mixed thoroughly. After 20 min, spectra or ab- 
sorbances of these solutions were measured with 
reference to water. The pH values of  these solu- 
tions were calculated according to the concentra- 
tions of the acid used, ignoring activity effect. 

3. Results and discussion 

3.1. Absorption spectra and binding equilibria 

Fig. 1 shows the absorption spectra of  CBB at 
various pH values [4]. As the pH is raised a red 
form of the dye (2 = 470 nm) is replaced by a 
green form (2 = 650 nm) in the vicinity of pH 1. 
Further pH elevation results in a shift of the dye 
species from green form into a blue form (2 = 585 
nm) at about pH 2. No isosbestic point is formed, 
indicating that three distinct dye species are 
present: 

H 2 L +  ~ H L + H  + HL ~- L + H  + (1) 

with dissociation constants pK, t = 1.15, and 
pK~2 = 1.82 [4]. 

Fig. 2 shows the absorption spectra of CBB- 
BSA mixtures [3]. They were obtained by keeping 
the CBB concentration and pH constant and 
changing the BSA concentration. With the in- 
crease in BSA concentration, the absorption 
peaks at 470 and 650 nm are replaced by a new 
absorption peak at 595 nm. An isosbestic point is 
formed at 530 nm. This spectral feature indicates 
that the free dye species are transformed into 
bound ones. 

According to the study made by previous work- 
ers [2-6], the formation of CBB-BSA complexes 
is because of  the weak (noncovalent) interactions 
(ionic, van der Waals, hydrogen bonding, and 
hydrophobic), all the three dye forms are being 
able to combine with protein although their bind- 
ing abilities are different [8]. But, on account of 
the anion L has an advantage in binding to 
positively charged amino acid residues on protein 
by electrostatic force, we take this form as the 
main binding species and use the Ringbom model 
[15] for the description of the dye-binding equi- 
libria (omitting electrical charges): 

U 75 
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Wavelen~h. ~/ 

Fig. 1. CBB absorption spectra at various pH values. CBB 
concentration constant at 1.46 × 10 s mol 1 ~. In order of 
increasing absorbances at 595 nm, pH values are 0.27, 0.65, 
0.80, 1.00, 1.17, 1.35, 1.65, 1.80. 2.17 and 2.65. 
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Fig. 2. Absorption spectra of CBB BSA mixtures. 0.158 tool 
1 - '  HCl medium, pH 0.80, CBB concentration constant at 
1.46 x 10-5 mol l-a .  In order of increasing absorbances at 
595 nm, BSA concentrations are 0.0, 3.0 x 10 -8, 6.0 x 10 8, 
9.1 x 10-*, 1.5x 10 7, 2.1 x 10 -7 , 2.7x 10 -7, 3.6x 10 7 
and 4.6 x 10 -7 mol 1 ~. 

3.2. Explanation of the formation of  the isosbestic 
point 

The formation of the isosbestic point in Fig. 2 
can be explained based on model Eq. (2). Define 
{L} as the total concentration of  free dye, {L'} as 
the total concentration of  bound dye, and CL as 
the analytical concentration of  dye, that is: 

{L} = [L] + [HL] + [H2L ] (7) 

{g'} = [L'] + [HE'] + [H2 L'] (8) 

c L = {L} + {L'} (9) 

The absorbance of the dye-protein mixture is 
(with 1 cm cell) 

A = EL[L ] + eHL[HL] + eH2L[H2L ] + eL,[L' ] 

+ eHL,[HL' ] + eH2L,[H2L' ] (10) 

where EL, eHL , ell,L, EL,, eHL, and ell2 L, are molar 
absorptivities (moi-1 1 cm-~)  of L, HL, H2L, L', 
HL', and HAL', respectively. 

Define distribution coefficients as 

L + P ,---~ L' 

H~ ~ A~ ~ H] 
HL A' HL' 

HJ ~ HJ r" 
H2 L H2L'  

(2) 

where P represents dye-binding sites on protein, A 
refers to co-existing anion(s) having unfavorable 
effect on the binding of  dye to protein, the primed 
symbols, A', L', HL', and H2L' refer to bound A, 
L, HL, and HaL, respectively. These equilibria 
may be described by proton dissociation constants 
for free and bound dye species and by binding 
constants for dye-protein and anion-protein com- 
plexes equilibria, as follows. 

Kal = [H][HLI/[HeL]; Ka2 = [H][L]/[HL] (3) 

K;, = [H][HL']/[H2L']; K'a2 - - - ~  [H][L']/[HL'] (4) 

K L, = [L']/[L][P] (5) 

K a, = [A']/[A][P] (6) 

where [P] represents the total concentration of  
free dye binding sites on all protein molecules. 

d K = [L]/{L} (11) 

d.L = [HL]/{L} (12) 

a.2 L = [H2LI/{L } (13) 

dE, = [L']/{L'} (14) 

dilL, = [HL']/{L'} (15) 

6 . 2  L, = [H2L']/{L'} (16) 

Substituting Eq. (7) and Eq. (3) into Eq. (11) 
gives: 

8 L = [LI/([L] + [HL] + [H2L]) 

= K a l K a 2 / ( K a l K a 2  + [H]Ka, q- [H] 2) (17) 

Similar substitution leads to 

due = [H]K.1/(KalK.2 + [H]K~, + [H] 2) (18) 

all2 L = [HJ2/(KalKa2 n t- [8]Kal  -~- [HI 2) (19) 

3L' = K 'a tKaz / (K 'a lK 'a2  + [ H ] K ' ,  + [8]  2) (20) 

6HL, = [HIK'I/(K'a,K" 2 + [H]K.~I + [H] 2) (21) 

•H2 L, = [H]e/(Ka,Ka2' ' + [H]K.~, + [H] 2) (22) 



Y.-j. Wei et al. / Talanta 44 (1997) 923 930 927 

Note that distribution coefficients are merely the 
functions of  pH and are independent of  dye con- 
centration. Substituting Eq. (11)Eq. (12)Eq. (13) 
Eq. (14) Eq. (15) Eq. (16) into Eq. (10) gives: 

A = (•L/~L + ~'HL(~HL + •H2L()H2L){L } 

-~- (6k,d[,-~- •HI ,•HL'-1- ~-H2L, gH2L,){L'} (23) 

Let 

• = ~'L()L -~- •HL~HL "Jl- EI-12L~H2 L 

~" = •L'(')L,-1- •HL,dHL, "t- •H~L'~H,L' 

(24) 

(25) 

where • and • '  are the mean (distribution coeffi- 
cient-weighted) molar absorptivities of free and 
bound dye at the assay pH, They are constants 
when pH and measuring wavelength are given. So 
Eq. (23) may be simplified as 

A = • I L ~  + • ' { L ' } = • c t + ( e ' - • ) { L ' }  (26) 

Where ee l  is the absorbance of the CBB blank 
solution. 

Fig. 2 shows that the maximum values of • and 
e' are at 470 nm and 595 nm, respectively. We 
could deduce that there should be a wavelength 
between 470 and 595 nm where • equals e'. As we 
can see from Fig. 2 this particular wavelength is 
530 nm. It is at this wavelength that • = E', Eq. 
(26) becomes A--•CL, which is a fixed value, 
unchanging with increase of BSA concentration, 
so the isosbestic point appears. 

The above discussion gives an explanation to 
the appearance of the isosbestic point in Fig. 2. 
The appearance of the isosbestic point in Fig. 2, 
in reverse order, provides an evidence for the 
above theory. And furthermore, based on the 
above discussion two mathematical models for the 
description of the CBB protein assay could be 
developed, as follows. 

3.3. A nonlinear equation Jor the description of 
the CBB protein assay 

In Eq. (26), both A and ECL can be measured, • '  
and e are constants under certain conditions. Let 

then Eq. (26) may be written as 

{L'} = AA/zX• (29) 

where AA is measurable, A• is a constant under 
certain conditions. 

The total concentration of free dye binding sites 
[P] may be expressed as 

[P] = (Ncp - {L'}) (30) 

where cp is the analytical molar concentration of 
protein, N the total number of binding sites per 
protein molecule. Substituting Eq. (30), Eq. (11) 
and Eq. (14) into Eq. (5) gives 

KL, = ~L,{L'}/[~LIL}(Ncp- IL'})] (31) 

Since 3L' and 31. have fixed values under certain 
conditions, we can define a new constant 

K=KL.gqjdL.= IL '} / [{L}(Ncp-  Ik'})] (32) 

Substituting Eq. (29) and Eq. (9) into the above 
equation gives 

K = (AA/Ae)/[(CL -- AA/Ae) (Ncp-  AA/A• )] 
(33) 

Rearranging this equation yields 

AA = KAe l(A•ce -- AA)(A•Ncp - AA) (34) 

If the experiment is conducted by keeping the dye 
concentration CL and other conditions constant 
and changing the protein concentration Ce, a 
group of Cp ~ AA data can be measured. These 
data may be fit to Eq. (34) using optimization 
method and, at the same time, the values of K, 
Ae, and N can be calculated. 

But, unfortunately, in our experiment the opti- 
mization results are not satisfactory. Although 
Eq. (34) is a theoretically rigorous equation, its 
mathematical properties require further investiga- 
tion. In the following section, a simple linear 
regression equation based on an approximation is 
proposed for studying the CBB protein assay. 

3.4. A linear regression method jot  the study of 
the CBB protein assay 

AA = A -- eCL (27) 

AE = e' -- • (28) 

Define distribution coefficient of P as 

6p = [P]/Ncp (35) 



928 Y.-j. Wei et a l . /  Talanta 44 (1997) 9 2 3 - 9 3 0  

Suppose dv is a constant over the entire Cp range 
studied when CL and other conditions are fixed (this 
supposition is not rigorous in theory, but it leads 
to an easy mathematical treatment and it practi- 
cally holds under normal conditions). Substituting 
Eq. (35), Eq. (11) and Eq. (14) into Eq. (5) gives 

KL, = dL,{L'}/(alL{L} dpNcp) (36) 

Under a given set of  experimental conditions, dL,, 
dL, dv and N are constants. Thus, we can define a 
new constant: 

K~ = NKL,dLdv/d L, = {L'}/{L}cp (37) 

Kc is a conditional constant, It is a measure of the 
CBB binding ability of  a protein under certain 
conditions. We call K~ the apparent binding con- 
stant [12]. 

Substituting Eq. (29) and Eq. (9) into Eq. (37) 
gives 

K~ = ( A a  /ZXE)/[(CL -- ZXA /aE)cp] 

Rearranging this equation yields 

AA = A c e  L - -  K~7 l AA/cr, (38) 

where K~ and AE are conditional constants. If  the 
experiment is conducted by keeping c L constant 
and changing cv, there should be a linear relation- 
ship between AA and AA/cr,. From the slope 
(-K~- 1) and the intercept (AeCL) of the regression 
line, K c and AE (then E ' =  A¢ + E) can be calcu- 
lated. 

Using the data measured at 595 nm in Fig. 2, a 
linear regression equation was obtained: 

AA = 0.771 - 1.78 x IO-7AA/cp R = 0.9973 

From the slope and the intercept of  above equa- 
tion, Kc = 5.62 x 10  6, and AE = 5.28 x l 0  4 m o l -  l 1 
c m -  ~ were obtained. 

This example demonstrated that the linear re- 
gression method proposed above is feasible in the 
study of  the CBB protein assay. This feasibility will 
be examined further in the following sections. 

3.5. Maximum binding number and the Sandell 
index 

The maximum binding number n and the Sandell 
index s (pg cm - z) can be calculated respectively by 

the following equations [12]: 

n = KccL (39) 

s = F/n AE (40) 

where F is the molecular weight of the protein 
assayed. 

Using the K c and AE values obtained above, 
n = 82, and s =  0.015 ~tg cm 2 were calculated. 
Both n and s values are reasonable. 

3.6. Influence of  experimental conditions on the 
binding of CBB to protein 

The influence of  ionic strength on the binding of  
CBB to protein is shown in Table 1. An increase 
in salt concentration causes a significant decrease 
in K c and n values, thus decreasing the sensitivity 
of the CBB protein assay. This effect can be 
explained as a competition between anions and dye 
species for the same binding sites on BSA, see 
reaction model (2). 

The influence of  acidity on the binding of CBB 
to protein is shown in Table 2. From this test we 
can see that in the pH range studied a decrease in 
acid concentration causes an increase in K c and n 
values, thus, increasing the sensitivity of the assay. 
This effect is due to the fact that an increase in pH 
causes an increase in L -  concentration thereby 
promoting the main reaction in model (2). But, the 
assay pH cannot be too high because a decrease in 
Ac value occurs when pH is higher than pH 1.13. 
From Table 2 we can see that the best acidity for 
the CBB protein assay is at about pH 1.13 (0.73 
mol 1-~ H3PO4) , which is slightly different from 
the acidity suggested by earlier workers (pH 0.97, 
1.46 mol 1- l  H3PO4) [1,3]. 

Table  1 

Effect o f  sodium chlor ide  concen t ra t ion  on b ind ing  of  CBB on 

BSA 

NaC1 (%,) Ae K c n s R 

0 3 .0×  l04 5 .0× 106 82 0.026 0.997 
0.1 3. l × l0  s 4.0 × 106 65 0.032 0.997 
0.3 3.0 × 104 3.5 × 106 56 0.038 0.997 
0.5 2.5 × 104 3.3 × 106 53 0.048 0.996 
0.8 2.1 × 104 3.1 × 106 51 0.059 0.998 

ce = 1.63 x 10 -5  tool  1- t, CH3PO4 = 1.46 mol  l -  i, pH  = 0.98, at  
595 nm. 
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Table 2 
Effect of acidity on binding of CBB on BSA 

H3PO 4 (mol I- L) pH AE K~ n s R 

1.46 0.98 2.5 x 104 3.3 × 106 53 0.048 0.996 

1.02 1.06 4.6 x 104 3.9 x 106 64 0.021 0,999 

0.88 1.09 4.6 × 104 4.5 x 106 73 0.019 0.993 

0,73 1.13 5.2 x 104 5.2 x 106 85 0.014 0.991 
0,58 1.18 5.1 x 104 5 . 4 x  106 88 0.014 0.997 

ct= 1.63× 10 --5 mol 1 -~, 0.5% NaC1, at 595 nm. 

Table 3 shows the influence of CBB concentra- 
tion on the binding reaction. From this test we 
can see that an increase in dye concentration 
causes an increase in n values, while Ac and Kc 
remain practically constant. Therefore an increase 
in dye concentration makes a higher sensitivity. 
This is an obvious result since more binding sites 
would be bound when the dye concentration in- 
creases. But the dye concentration cannot be too 
high in assay practice because of the restriction of  
spectral measurement. 

3.7. Binding o f  C B B  on 7-globulin 

The binding of CBB on y-globulin was investi- 
gated by using the linear regression method. Some 
results are listed in Table 4. 

4. Conclusions 

The combination of CBB with proteins at low 
pH is due to the weak interactions (ionic, van der 
Waals, hydrogen bonding, and hydrophobic). All 
the three dye forms (red, green, and blue) are able 
to combine with protein by nonelectrostatic 
forces. The anionic blue form of  the dye has an 
advantage over other two forms in binding to 

Table 3 
Effect of CBB concentration on CBB protein assay 

CL (mol I t) A~ K~ n s R 

1 . 3 1 x l 0  5 2 . 3 x 1 0 4  3 . 2 x l 0 6  42 0.068 0.990 

1.63 x 10 ~ 2.5 x 104 3.3 x 106 53 0.048 0.996 
1 .96×10  5 2.6 x 104 3.9 x 106 78 0.032 0.994 

C m p o ~ -  1.46 mol  1 1, pH = 0.98, 0.5% NaCI ,  at  595 nm. 

protein by ionic attraction, which is the key point 
of the entire binding and color changing process. 

The Ringbom model [15] used in the treatment 
of the complexation between metal ions and lig- 
ands is suitable in the expression of the dye-bind- 
ing equilibria of the CBB protein assay. In this 
model, the influence of side reactions (dye's proto- 
nation and the competition of co-existing anions 
for the dye-binding sites on protein) on the main 
reaction (binding of  the anionic blue form of the 
dye to protein) is expressed explicitly. By this 
model, the effects of acidity and ionic strength on 
the binding of CBB to protein are easier to under- 
stand. 

The concepts of mean molar absorptivities 
defined in Eq. (24) and Eq. (25) for free and 
bound dye (4 and C) are different from the usual 
concept of molar absorptivity for single species. 
They are distribution coefficient-weighted 
parameters, so that they are functions of pH. The 
sensitivity of the CBB protein assay depends 
greatly upon the difference of these two parame- 
ters (A~). If the assay pH is higher than pH 1.2, 
its sensitivity will decline due to the decrease in AE 
value although more dye species may be bound to 
protein under such conditions. 

The linear regression equation is able to give a 
reasonable description of the CBB protein assay. 
Both the apparent binding constant and the max- 
imum binding number are conditional constants, 
so their values vary along with experimental con- 
ditions. The maximum value of the maximum 
binding number determined in this paper (n = 88) 
is about the same as that determined previously 
(n = 82 105) [5-8]. This value is consistent with 
the total number of arginine and lysine side chains 
on BSA (n~,r g + nly s = 8 6 ) ,  lending credence to the 



930 Y.-j. Wei et al. / Talanta 44 (1997) 923-930 

Table 4 
Binding data of CBB on y-globulin at different pH 

H3PO 4 (tool 1-~) pH Ae K c n s R 

1.46 0.98 2.4 x 104 4.9 x 106 81 0.082 0.995 
0.88 1.09 4.4 x 104 8.7 × 106 141 0.025 0.995 

CL= 1.63X 10 -5 tool 1 -~, 0.5% NaC1, at 595 nm. 

idea that arginine and lysine residues are the 
primary binding sites for CBB. 

To use this method, one should first prepare a 
series of dye-protein mixtures containing the same 
amount of dye and having the same pH and ionic 
strength but different in protein concentration. 
Then measure the absorbances of these mixtures 
at a given wavelength (595 nm, for example). 
Finally, do a linear regression operation accord- 
ing to Eq. (38) and calculate AE, Kc, n, and s, 
respectively. Compared with other methods used 
before, this new method is simple to use. 
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Abstract 

A differential pulse polarographic method for the quantitative determination of ketorolac is described, Ketorolac 
is an antiinflamatory-analgesic agent that is directly electroreducible at the mercury electrode. The polarographic 
reduction is due to the reduction of the benzoyl moiety in the ketorolac molecule. For analytical purposes, a very well 
resolved diffusion controlled differential pulse polarographic peak obtained at pH 9 was selected. This peak was used 
to develop a new method for the determination of ketorolac in pharmaceutical dosage forms. Recovery study shows 
that the method is sufficiently accurate and precise to be applied in the individual tablet assay of commercial samples. 
© 1997 Elsevier Science B.V. 

Keywords: Differential pulse polarography; Drug analysis; Ketorolac; Voltammetry 

I. Introduction 

Ketorolac tromethamine, ( + )-5-benzoyl-2,3-di- 
hydro- 1H-pyrrolizine- 1-carboxylic acid (Fig. 1), is 
a nonsteroidal anti-inflammatory analgesic agent 

~ ~  CH2OH 
COO- H3N -C- CH20 -- I CH2OH 

Fig. 1. Molecular structure of ketorolac tromethamine. 

* Corresponding author. Fax: + 56 2 7378920; e- 
mail:asq uella@ll,ciq.uchile.cl 

[1]. Its rapid onset of action, effectiveness, lack of 
opiate action and safety make it an attractive 
agent for general purpose analgesia. Ketorolac is 
a non narcotic analgesic of great efficiency, that 
does not produce lateral effects on the central 
nervous system and does not provoke dependency 
[2 4]. It also possesses antipyretic properties, be- 
ing indicated that it is 20 times more potent than 
the aspirin [5]. Furthermore some studies of its 
inhibitor action of the plaquelet aggregation have 
been described [2]. The mechanism of action con- 
sists of inhibiting the enzyme cyclooxygenase, in- 
volved in the synthesis of derivatives of the 
arachidonic acid, that is translated to a decrease 
in the metabolic products that trigger the inflam- 
matory processes [6]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved, 
Pll SO0 39-9140(96)02143- 1 
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Ketorolac is manufactured as the tromethamine 
salt for enhanced solubility in form of tablets and 
intramuscular injectables. The recommended ini- 
tial loading dose is 30 60 mg given via intramus- 
cular injection, followed by additional doses of 15 
or 30 mg every 6 h [2]. When ketorolac 
tromethamine is absorbed after oral ingestion, or 
following intravenous injection, it is rapidly disso- 
ciated into the anion form of ketorolac at neutral 
pH. The major metabolic pathway in humans is 
glucuronic acid conjugation. The products appear 
in the urine, but not in the plasma. 

Several analytical techniques for the determina- 
tion of ketorolac tromethamine from the bulk 
drug are described. These include non-aqueous 
titration, TLC, UV spectrophotometry and HPLC 
methods [7,8]. Ketorolac has been determined in 
blood after a solid-phase extraction, by gas chro- 
matography-mass spectrometry after derivatiza- 
tion using diazopropane [9]. Other studies in 
human serum have been performed by HPLC 
[10,1l]. A flow injection analysis (FIA) method 
with spectrophotometric detection after deriva- 
tization with dichloronitrophenol in pharmaceuti- 
cal formulations was published recently [12]. 

However, to our knowledge no information 
about the electrochemical redox properties of ke- 
torolac and its analytical application have ap- 
peared in the literature. In this work we have 
carried out a study of the electrochemical reduc- 
tion behavior of ketorolac by differential 
pulse(dpp) and tast polarography and cyclic 
voltammetry. 

A dpp method is recommended for the quanti- 
tative determination of the pure drug and for 
commercial preparations. 

2. Experimental 

2. I. Apparatus 

data acquisition. A 25 ml capacity Metrohm ~' 
thermostated cell equipped with a three-electrode 
system was used. The working electrodes were a 
dropping mercury electrode (DME) and a hang- 
ing mercury drop electrode (HMDE), Metrohm ~ 
model EA-290, for polarographic and cyclic 
voltammetric experiments, respectively. As refer- 
ence electrode, a silver-silver chloride electrode 
and a platinum wire counter-electrode were used. 

Spectrophotometric measurements were carried 
out with a UV-Vis Spectrophotometer (Unicam* 
model UV-3) using 1 cm quartz cells and 
equipped with a 486 computer with a Vision '~ 
acquisition and treatment program (Unicam~). 

2.2. Reagents and drugs 

Ketorolac tromethamine standard (100% pure 
drug) was obtained from Laboratorio Saval ~ 
(Santiago, Chile). Stock solutions 2 x 10-3 M 
were prepared in distilled water. Netaf ~ tablets 
containing 10 mg of ketorolac tromethamine 
(Lab.Chemopharma S.A., Santiago, Chile) were 
commercially obtained. 

All reagents employed were of analytical grade. 

2.3. Buffer solutions 

The solutions under study were buffered using 
Britton-Robinson buffer (0.04 M phosphoric 
acid/0.04 M acetic acid/0.04 M boric acid) ad- 
justed with NaOH to the desired pH. The ionic 
strength was kept constant at 0.3 M with KC1. 

2.4. Working solutions 

An aliquot (1.25 ml) of the drug stock solution 
was diluted to a final volume of 25 ml with buffer 
(pH 9.0) to obtain a final concentration of 1.0 x 
10 -4 M. 

Differential pulse polarography (DPP), tast po- 
larography and cyclic voltammetry (CV) were car- 
ried out in an Inelecsa ~* assembly containing a 
pdcl212 potentiostat-scan generator attached to 
an Acer "~ 500+ PC with suitable software for 
totally automated control of the experiments and 

3. Methods 

3.1. Cyclic voltammetry 

For obtaining cyclic voltammetric curves a 1 x 
10 -3 M, pH 9 KT solution was used. Scan rates 
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were varied between 0.1 and 10 V s 1. Potential 
range was - 1 3 0 0  mV (initial potential) to - 
1800 mV (switching potential) versus Ag-AgCI.  

3.2. Calibration curve 

A calibration curve was produced adding differ- 
ent volumes of  standard solution to 20 ml of 
buffer solution (pH 9.0) within the polarographic 
cell. The concentrations ranged between 4.9 x 
10 5 and 4.2 x 10 --4 M. 

3.3. Synthetic samples 

Synthetic samples for recovery studies were pre- 
pared by weighing 10 mg ketorolac tromethamine 
standard plus suitable excipients according to the 
manufacturer 's batch formulas for 10 mg tablets. 
The excipients tested were. Lactose, magnesium 
stearate, hydroxy-propylmethyl-cellulose, 
polyethylenglicol, titanium dioxide, starch and 
microcrystaline cellulose. All the components 
were suspended in 6 ml distilled H20 and soni- 
cated for 3 min, then diluted to 100 ml with pH 9, 
0.04 M Bri t ton-Robinson buffer, obtaining a 
final concentration of 2.7 x 10 - 4 .  Prior to the 
spectrophotometric experiment each sample was 
centrifuged at 4000 rpm for 10 rain. The samples 
were assayed by polarography and spectrophoto- 
metry. 

Tablet assay procedure. 

3.4. Polarography 

Ten series of one tablet of  Netaf ~, 
Lab.Chemopharma S.A. Santiago, Chile (declared 
amount 10 mg per tablet) were suspended in 5 ml 
of distilled water and then diluted to a final 
volume of  100 ml with Bri t ton-Robinson Buffer 
pH 9.0. 

Then, not less than 10 ml of each solution was 
transferred to a dry polarographic cell and a 
deaeration performed for 5 min with nitrogen. 
The DP polarogram is then recorded at the DME 
between - 1200 and - 1700 mV. The current is 
measured at the peak potential of ketorolac at ca. 
- 1530 mV and the amount of ketorolac in the 
sample solution calculated from prepared stan- 
dard calibration curve. 

3.5. Spectrophotometry 

Ten series of one tablet of  Netaf ~ (declared 
amount  of ketorolac per tablet, 10 mg) were 
suspended in 5 ml of  distilled water and diluted to 
a final volume of 100 ml. A portion of this 
solution was centrifuged at 4000 rpm for 10 rain, 
then an aliquot of 2 ml was taken and diluted up 
to 25 ml with pH 9.0 buffer. Then, the sample 
solution absorbance was measured at 324 nm 
using buffer solution as a blank. The amount of 
ketorolac in the sample solution was calculated 
from a prepared standard calibration curve. 

4. Results and discussion 

Ketorolac trometamine (KT) appears to be an 
electroactive drug. Specifically, the drug is capable 
to be both, oxidable and reducible. However, 
tromethamine did not shows neither reduction 
waves nor oxidation peaks when submitted to a 
voltammetric experiment. Consequently we can 
conclude that the electroactivity was not due to 
the tromethamine moiety. As a first step KT was 
subjected to a polarographic study in the tast and 
differential pulse modes, and to a cyclic voltam- 
metric study with the aim of characterizing its 
electrochemical reduction behavior. When KT 
was subjected to reduction in the differential pulse 
polarographic mode (dpp), three well-defined 
peaks were observed (Fig. 2, peaks I, II, and III). 
The appearance of these peaks was pH-dependent 
and the evolution of  the DPP signals between pH 
1.8 and 11 are shown in the Ep versus pH graph in 
Fig. 3. Peak (I) appears between pH 1.0 to 3.0, 
peak II is present between pH 1.0 and 7.0 while 
peak III is seen between pH 7.0 to 12.0. A totally 
analogous behavior is observed by tast polarogra- 
phy (Fig. 2) and the corresponding i~ versus pH 
graph is showed in the insert of Fig. 3. The 
limiting current of peak I (or wave I), that ap- 
pears only at acidic pHs, is strongly dependent on 
pH and appears just before the signal of the 
supporting electrolyte. This characteristic suggests 
a catalytic wave due to the catalytic proton dis- 
charge, commonly found in compounds with hete- 
rocyclic nitrogen in the molecule [13]. Considering 
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Fig.  2. Differential pulse (a) and Tast (b) polarograms of 
1 x 10 - 4  M ketorolac at different pH values. 

the molecular structure of KT the only possibility 
of  obtaining a polarographic reduction signal is 
the reduction of  the carbonyl group close to the 
benzene ring and the heterocyclic moiety. Conse- 
quently, peaks (or wave) II and III are due to the 
well-known two-electron carbonyl group reduc- 
tion [14]. Peaks (or wave) II appears between pHs 
1.8 and 6, shifting towards more negative poten- 
tial values when pH increases. In Fig. 4 is clearly 
appreciated as the wave II that is observed at pH 
5 is unfolded at pH 7 to be converted into a new 
wave Ill at pH 9. Between pHs 6 and 8 both 
waves II and III are present indicating the pres- 
ence of  two different reducible species. As can be 
seen the ratio of the wave heights (II and III) 
change with pH, however, the total height of  these 
waves (II + III) remains constant. This phenom- 
ena is a very clear example of  the general pattern 
that has been well-described by Zuman [15]. This 

Ep[mV] 

[ 

-1600 

-1400 

-1200 

-1000 
0 4 8 pH ] 

0 2 4 6 8 10 12 p H  

Fig.  3. Potential peaks and limiting current dependence with 
pH for 1 x 10 4 M ketorolac solutions. II, peak (or wave) I; 

• , peak (or wave) II; and A, peak (or wave) lIl. 

general pattern is described with the following 
scheme: 

R + H  + ~-  RH + (1) 

RH + + n l e  ~P1  (2) 

R + n2e - --, P2 (3) 

2 . 0  - ....... pH 5.0 
- - - pH 6.0 .. --;.;:o , j  

1.5. . p . 9 . o  /y-- 

0.5. 

0.0. 

-1.0 -1'.2 -1'.4 -1'.6 -1'.8 

E [ V ]  

Fig .  4. Tast polarograms showing the unfolding of the benzoy] 
reduction wave of ketorolac between pHs 5 and 9. 
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Scheme I. Antecedent acid base reaction and keto-enolic 

At pH values < pK= the reduced specie would be 
RH + at the potential El, meanwhile at pH > pK, 
the non-protonated form is reduced at a more 
negative potential, E2. In the zone _ 2 pH units 
around the pK~, the two species coexists giving 
two polarographic signals. In our case, R is the 
KT molecule and RH + is the protonated KT. 
Specifically, the RH + specie corresponds to the 
KT molecule with the heterocyclic nitrogen proto- 
nated Scheme 1). The protonation on the hetero- 
cyclic nitrogen affect the reduction of the 
neighboring carbonyl group due to the existence 
of the keto-enolic equilibria as is shown in 
Scheme 1. According to the in versus pH behavior 
the pK= value, that is defined as the pH value at 
which the heights of the waves II and III are 
equal, was 6.5. Consequently, at acidic pH the 
reduction occurs via Eq. (2) and at basic pH, the 
reducible specie is the non-protonated according 
to Eq. (3). Furthermore, the acid-base reaction 
can be qualified as a surface reaction. The phe- 
nomena that allows us to distinguish the surface 
character of the acid-base process involved is a 
decrease of the limiting current (pH 7 curve in 
Fig. 4) similar to that described for this type of 
surface processes [16]. 

We found that between pH 4.0 and 5.0 and at 
pH higher than 9.0 there is only one wave present, 
which is well resolved and appears suitable to be 
investigated for analytical use. But by comparing 
the electrocapillary curves (Fig. 5), it is observed 
that only the pH 9 condition did not show ad- 
sorption interferences in the potential range where 
the drug is reduced. Consequently, a pH of 9.0, 

OH / \ 

equilibria affecting the benzoyl reduction in ketorolac molecule. 

buffered with the Britton Robinson buffer, is 
selected to develop an analytical procedure. Fur- 
thermore, considering that tromethamine (TRIS 
buffer) was a normal constituent of the pharma- 
ceutical form, the possibility of using TRIS buffer 
also was evaluated. However this buffer is ade- 
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Fig. 5. Electrocapillary curves of  ketorolac at pH 4 and 9. o, 
1 × 10 4 M ketorolac solutions; and I ,  only buffer solutions. 
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Fig. 6. Linear sweep cyclic vol tammograms of  1 x 10 -3  M, 
pH 9 ketorolac solution at different sweep rates. 

quate only at physiological conditions (around 
pH 7.4). 

In order to clarify the nature of  the limiting 
current we have obtained a linear relationship 
between the limiting current and the height of  the 
mercury column. From the dependence between 
the limiting current and the temperature a temper- 
ature coefficient of  2%°C- l  was obtained. Both 
of  these results are indicative of a diffusion con- 
trol of  the limiting current. Moreover, also we 
have obtained a linear relation between the limit- 
ing current and the concentration of  KT  (linear 
range 2 × 1 0 - 3 - 6  × 10 -6 M )  also showing a dif- 
fusion control. 

From the cyclic voltammograms observed in 
Fig. 6, we can confirm that the reduction of  KT  at 
pH 9, appears to be irreversible with a linear 
relation between ip and the square root of the 
sweep rate confirming a diffusion controlled pro- 
cess. 

In order to develop a polarographic methodol- 
ogy for determining the drug, we have selected the 
differential pulse mode. For  quantitation the cali- 
bration curve method, with concentrations rang- 
ing between 4 x 10 - s  and 4 x 10 _ 4  M, was used. 
The calibration curve is described by the follow- 
ing regression curve: 

ip(gA) = 1104.47C(M) - 0.00574 (4) 

(correlation coefficient=0.999, n- -10 ,  p H = 9 ,  
T =  25°C), where i v is the peak current and C is 
the KT concentration. The repeatability (intra- 
day) and the reproducibility (inter-day) of the 
measurement was calculated from ten indepen- 
dent runs of a 1 x 10-4 M KT solution obtaining 
a RSD of 0.5 and 0.8%, respectively. The detec- 
tion and quantitation limits were 4.04 x 10-6 and 
6.15 x 10 6 M ,  respectively. The detection or 
quantitation limits were calculated as the blank 
response plus three times or ten times, respectively 
the blank standard deviation divided by the slope 
of  the calibration curve. In order to check the 
accuracy and precision of  the developed method, 
we have also carried out a recovery study (Table 
1), obtaining a recovery of 98.25% with a RSD of 
0.94%, concluding that the proposed method is 
sufficiently accurate and precise in order to be 
applied to pharmaceutical forms. The result for 
the individual tablet assay (Table 2) for commer- 
cial tablets containing 10 mg ketorolac 
tromethamine shows a mean of  9.81 with a RSD 
of  1.85% for ten individual tablets. 

Furthermore, to obtain comparative results an 
UV spectrophotometric method was also applied. 
This spectrophotometric method was very similar 
to that described the U.S. Pharmacopeia [17] for 
the analysis of  K T  tablets. However, in order to 

Table 1 
Recovery of synthetic samples a of  ketorolac 

Sample Recovery, % 

l 97.08 
2 97.76 
3 97.40 
4 98.12 
5 98.87 
6 98.51 
7 98.12 
8 98.50 
9 97.74 

10 100.38 
Mean 98.25 
R.S.D. 0.94 

1 Each synthetic sample contained 10 mg ketorolac 
t romethamine standard plus excipients. 
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Table 2 
Individual tablet assay of ketorolac tablets" 

Tablet Polarographic, Spectrophotometric, mg 
mg tablet- l tablet 

1 9.77 9.50 
2 10.15 9.64 
3 10.0 9.60 
4 9.81 9.60 
5 9.81 9.52 
6 9.51 9.68 
7 9.85 9.50 
8 9.81 9.18 
9 9.59 9.50 
10 9.77 9.64 
Mean 9.81 9.54 
R.S.D, % 1.85 1.49 

a Netaf~, Chemopharma Lab., Santiago, Chile. Declared 
amount, 10 mg per tablet. 

use the same sample that in the polarographic 
analysis we have performed the spectrophotomet- 
ric analysis at pH 9. KT absorption spectra ex- 
hibit two well--resolved maxima at 250 and 324 
nm in pH 9.0 solution. The maxima at 324 nm 
presents better absorbility and shows a linear 
dependence with the KT concentration. For ana- 
lytical determination the calibration curve 
method, with concentrations ranging between 
6 .46x  10 -6  and 4 . 0 4 x 1 0  s M, was used. This 
curve is described by the following regression line: 

A = 21038.82C(M) + 5.014 x l0 -3  (5) 

(correlation coefficient = 0.9999, n = 10), where A 
is the absorbance of pH 9.0 solution of KT at 324 
nm. The results of the recovery study (97.39, 0.5% 
RSD) and the individual tablet assay (9.54 mg 
tablet ~, 1.49% RSD) are in accord with the 
polarographic results. 

Although both, polarographic and UV spec- 
trophotometric, showed similar accuracy and pre- 
cision, the principal advantage of the proposed 
polarographic method over the spectrophotomet- 
ric one is that the excipients do not interfere and 
the separation procedure is not necessary. Conse- 
quently, the above presented method is a good 

analytical alternative for determining ketorolac in 
tablets. 
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Abstract 

We present a simple method of protecting a Cd(H) ion-selective electrode from fouling using a dialysis membrane. 
Drift due to fouling is inevitable during continuous exposure of the electrode to the bulk solution. It presents a major 

problem in the case of automated titrations because recalibration is not possible. The drift is due to natural organic 
matter present in the sediment, and the membrane prevents its accumulation on the electrode surface. This was 
verified by calibrating a Cd electrode exposed to sediment for varying times, both with and without a membrane 
covering. There are two types of time dependent biases. A primary drift occurs without exposure to sediments and 
is probably caused by oxidation of the surface. A more important effect due to natural organic matter accumulation 
causes additional drift and deteriorates the Nernstian response of the electrode. From these results, it is possible to 
predict the uncertainty associated with measurements of binding constants and surface site densities for a Langmuir 
model. In general, the biased electrode overestimates the total metal concentration, reduces the value of the stability 
constants and increases estimates of maximum surface site densities. 0 1997 Elsevier Science B.V. 

K~,~Iu&.s: Cadmium ISE; Dialysis membrane: Fouling; Natural organic matter 

1. Introduction 

The interference of organic matter with elec- 

trode response is not a new phenomena. In 1931. 
Heyrovsky developed the ‘adsorption analysis’ 
technique, which takes advantage of the natural 
adsorption or organics to a mercury electrode. 
This adsorption of natural surface active organics 
suppresses the streaming maxima around a mer- 

cury drop electrode, and can be quantified. Some 

* Corresponding author. 

difficulties with this technique were noted by PleSe 

and putic [l], who attributed irregular surfactant 

aggregates with the mercury electrode/aqueous so- 

lution interface. 

More recently, Ochs et al. [2] studied the extent 

of adsorption of humic substances onto a hydro- 

phobic mercury electrode surface by measuring 

directly the change in double layer capacitance 

due to adsorption. They determined that these 

humic substances adsorbed significantly to both 

hydrophobic and hydrophillic surfaces, over vary- 

ing pH. It was suggested that the adsorbed mate- 

OOi9-9140~97:$17.00 C 1997 Elsevier Science B.V. All rights reserved 
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rial could influence the chemical characteristics 
and reactivity of  a surface, and therefore, its 
affinity for metal ions. 

A silver based ion-selective electrode (ISE) is 
biased by complexones such as EDTA [3] and also 
by humic acids [4]. But even in the absence of  
organic matter, it will undergo ion exchange 
reactions in the presence of light which causes 
silver halide crystal growth on, and out of the 
membrane [5] .  Scanning electron microscopy 
has also identified metallic silver on the ac- 
tive surface. This metallic silver leads to silver 
sulphide or silver oxide deposits on the electrode 
[6]. 

With the advent of  automatic titrators, con- 
stant monitoring is required. Since the electrodes 
are not removed between readings, no recalibra- 
tion is possible and some drift or fouling, due to 
contact with humic substances, is inevitable. 
These interferences can cause significant bias 
which could be removed by preventing natural 
organic matter (NOM) from contacting the elec- 
trode surface and, at the same time, allowing 
metal ions to react with the electrode. 

We present here a series of  experiments to 
evaluate the use of  a dialysis membranes as a 
shield to isolate the electrode surface from NOM 
of high molecular weight. This approach is similar 
in concept but opposite in application from using 
dialysis membranes to retain enzymes near the 
electrode surface, as was done recently in the 
development of  enzyme specific electrodes [7]. 

2. Experimental 

2.1. Titrations 

All titrations were done under CO2 free air, 
obtained by filtering incoming instrument air 
through an ascarite column and followed by a 
water wash bottle. The reactor consisted of  a 150 
ml pyrex beaker. A plexiglass lid held reference 
and pH electrodes with also the tubing required 
for titrant addition and CO 2 free air. This method 
allowed rapid insertion and removal of  electrodes 
to the reactor and thus, minimized exposure to 
ambient CO2. 

The following procedure was followed for all 
titrations. The electrode assembly was first cali- 
brated against standard buffers immediately be- 
fore the titration. The titration vessel was then 
filled with the titration solution and lowered in a 
constant temperature jacket (25°C) held over a 
magnetic stirrer. The titration was carried out 
after a 30 min equilibration time. After recalibra- 
tion, blank titrations without cadmium and/or 
sediment followed. Because titration profiles for 
the blanks did not necessarily fall on the same pH 
points as the analyte, blank titration data were 
interpolated to the corresponding pH value of the 
analyte using cubic spline method. The difference 
between analyte and interpolated blank titrant 
addition at the same pH values yielded charge 
excess in the suspension. 

Titration profile was controlled by a computer 
driven titrimeter (Tanager Scientific Systems, 
model 8901) and done at equal 0.1 pH intervals, 
based on estimates of  the buffer capacity obtained 
from the previous titration point. 

2.2. Sediment samples 

Surficial sediments from Coote's Paradise 
(Cootes sediments) were collected with a square 
dredge from the deck of  a scow in the western 
part of  Hamilton Harbour  at a depth of  less then 
3 m. The shallow depth of the embayment and 
strong winds maintain oxic conditions year round. 
Cootes sediments consist of  erosion debris, mostly 
clays, coated with a small layer of  organic matter 
arising from the very active algal and bacterial 
populations. Previous work on these sediments 
and at other locations in the harbour are given in 
Brassard et al. [8]. Loadings in Coote's Paradise 
come mainly from creek erosion (47 050 kg d a y -  1 
in 1987) and farming operations. 

Surficial sediments were stored in polyethylene 
bottles at 4°C until decanted. We used a settling 
procedure designed to remove the coarse particu- 
lates, a necessary step to prevent grinding in the 
reactor and wear of  electrode surfaces. Raw sedi- 
ment, 50 g, was diluted in 500 ml water, stirred 
vigorously and then allowed to settle for 1 rain. 
The top 1.5 cm was collected. The volume was 
replaced with water and the process repeated until 
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approximately 1 l of  solution was collected. The 
concentration was determined by filtering an 
aliquot on 0.45 gm (Millipore) and weighing the 
dried filter until constant weight. A 1 g 1 i sus- 
pension was prepared by performing the appro- 
priate dilution of the stock. Calculations from 
Stoke's settling equations predict the size distri- 
bution of the collected suspension to be less 
than 16 gm. 

2.3. Eh'ctrodes 

The Cd(II) ISE membrane was formed by 
thoroughly blending an equimolar ratio of  CdS 
and Ag2S powders under argon. A 6 mm die 
was loaded with this blend and subjected to 
8000 kg cm 2 pressure [9,10]. A temperature 
controlled jacket held the die at 150 + 5°C dur- 
ing a 16 h curing period. The resulting pellet 
was mounted at the end of a glass tube and 
sealed with a thermoplastic sleeve. A strip of 
platinum mounted at the end of a small spring 
established electrical contact between the inner 
surface of  the pellet and a copper wire. 

The Cd(II) ISE was polished before every use 
with 1.0 lain followed by 0.5 gm A1203 powder 
on a felt pad. A Radiometer pH glass electrode 
and Fisher Scientific Calomel reference electrode 
were calibrated with standard buffers before ev- 
ery use. The Cd(II) ISE was calibrated both au- 
tomatically, and manually with standard 
Cd(NO3) 2 solutions, ranging from 10 -5.5 M to 
10 3M.  

2.4. The membrane 

Regenerated cellulose (viscose process) dialysis 
tubing (Viskase Canada) with a molecular 
weight cutoff of 12000-16000 Da was cut into 
10 cm strips, three times boiled (30 min), and 
rinsed in deionized H20. The wet tubes were 
slip open and stored in deionized H20 and used 
within 3 days. After cleaning the electrode, a 
square of tubing was pulled tightly over the end 
of the Cd electrode and an O-ring was rolled 
over it from one end, up to the edge of the 
tubing to hold the membrane in place. The ar~ 
rangement is stable and the membrane could 

maintain a tight contact with the membrane sur- 
face for a week. 

2.5. Exposure to sediment 

The response of  the electrode with and with- 
out membrane were examined under three oper- 
ational conditions: (1) a pH edge titration where 
the amount of metal sorbed on the sediment 
was measured over a range of pH conditions; 
(2) drift of  electrode potential with time due to 
NOM accumulation on the surface; and (3) off- 
set in Nernstian calibration due to NOM accu- 
mulation. 

For pH edge experiments, 1.1 g 1 ~ sediment 
was resuspended in 100 ml containing about 
10 ~4 M Cd in 0.05 M KC1 and brought to pH 
3 by addition of 0.1 M HCI. The mixture was 
equilibrated in the titration reactor for 30 min 
in presence of precalibrated pH and ISE elec- 
trodes. Titration commenced with addition of  
0.1 M NaOH at equal pH intervals until pH 10 
where precipitation of Cd hydroxides dominated 
the system. 

Eight experiments were performed in order to 
determine electrode drift. In each case, an ionic 
strength of 0.01 M NaNO 3 and a pH of 4.5 
were maintained. The value of pH was deter- 
mined from previous exposures to NOM and 
corresponds to the point of maximum electrode 
bias. Sediment were monitored, both with 10 4 
Cd and without, and both with and without a 
membrane. Control solutions containing deion- 
ized H20 in place of the sediment suspension 
were also monitored under the same conditions. 

For  offset in Nernstian calibration, the elec- 
trode was placed in a sediment solution, pre- 
pared as described above, and the suspension 
was adjusted to a particular pH, ranging from 4 
to 6. This range corresponds to the greatest de- 
viation in electrode response from the edge ex- 
periments. The total exposure time ranged from 
0 to 3 h. The ~fouled' electrode was then placed 
in a series of Cd(NO3)2 standards at the same 
pH as the sediment and the Cd responses were 
measured. A similar series of experiments were 
performed with the electrode covered with the 
membrane. 
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3. Results and discussion 

3. I. pH edge titrations 

At low pH, sediment exists in a protonated 
form. As the pH of a sediment and metal suspen- 
sion increases, protons on the sediment exchange 
with metal ions in solution and the total free 
metal concentration should decrease. However, 
free cadmium concentration appeared to increase 
with pH during a pH edge titration and suggested 
that more cadmium was present in the system 
than was originally added (Fig. la,b). In this 
experiment the exposure of the electrode to NOM 
was controlled by increasing the time interval 
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Fig. 1. Distortion of  pH edge profile for Cd adsorption on 1 g 
1 i suspended sediments. (a) Concentrat ion expressed as mo- 
larity; and (b) concentration as electrode potential. Titrations 
were done with both an unprotected, and a membrane  pro- 
tected electrode. Thin lines: unprotected electrode at the indi- 
cated time interval. Symbols: membrane  protected electrode at 
[©], 2 rain, and [[]], 5 min intervals. The thick line is a control 
without membrane  and without sediments. Parameter opti- 
mization for Langmuir  fit is shown in Table 1. 

between titrant addition. This additional cad- 
mium did not come from the sediment since ICP- 
MS analysis of the sediment indicated cadmium at 
14 lag g-~ [8], which is equivalent to 0.0485 
lamol ~ 1 and is not significant. A control experi- 
ment without cadmium (not shown) resulted in a 
similar increase in electrode potential for the same 
pH range, indicating electrode bias. In contrast 
(Fig. la,b), the membrane-coated electrode 
showed Cadmium to be free until pH 6.7 and 
progressively bound afterwards. 

Similar results by Qi et al. [3] for Cd ISE 
exposed to complexing agents showed an en- 
hanced electrode response above the total 
amounts added. Exposure to the complexones 
EDTA, EDTA and NTA without Cd addition 
showed a Nernstian response to ligand concentra- 
tion. But the response did not work with weaker 
ligands such as citrate, tartrate or NH3, suggest- 
ing that the Cd binding constant of  the ligand 
must be very high to produce a bias. Sekerka and 
Lechner [4] found the same Nernstian behaviour 
using Cu ISE exposed to the above three com- 
plexones and also with humic acids. Gulens [11] 
proposed that the artificially high Cu concentra- 
tion is caused by the ligand inducing dissolution 
of  the electrode surface. In our case, for Hamilton 
harbour suspended sediments, the low molecular 
weight NOM that would pass through the mem- 
brane is either absent or, if present, would not be 
a ligand strong enough to produce the Nernstian 
response observed for complexones. 

3.2. Drift 

Our results show two distinct alteration pro- 
cesses occurring at the membrane surface. The 
first one is possibly oxidation of  the exposed 
surface and occurs any time the electrode is ex- 
posed to molecular oxygen [6]. The drift is con- 
stant in time (Fig. 2) and shows a small increase 
in drift slope when Cd concentration is increased 
ten-fold. 

The second process arises from exposure of  the 
electrode to NOM. In Fig. 2, both solutions with 
and without sediments containing 10 - 4  M cad- 
mium show a linear increase in electrode response 
with time. In the sediment suspension, the drift is 
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Fig. 2. Effect of drill on the Cd(I1) ISE for water and sediment 
solutions at 10 4 M Cd, both with and without a dialysis 
membrane. [O], water blank without membrane: [©], water 
blank with membrane: [A], sediment suspension without 
membrane: [,(!,~], sediment suspension with membrane; [ i ] ,  
10 ~ M Cd standard without membrane; and [D], 10 _3 M 
Cd standard with membrane. The 1 0  - 4  M water blank was 
shifted by 30 mV for clarity. 

more  extreme,  the difference owing entirely to the 
presence o f  N O M .  Drif t  due solely to N O M  is 
es t imated  to be 6.4 m V  h ~ by difference f rom 
the water  control .  Since this offset d i sappea r s  
when the m e m b r a n e  is in place,  the interference to 
the e lect rode surface can be a t t r ibu ted  to col lo idal  
N O M ,  above  the 1 2 0 0 0 - 1 6 0 0 0  M W  cut -of f  o f  
the dialysis  tubing.  

Organ ic  mat te r  affecting the surface o f  the elec- 
t rode  would  al ter  the Nerns t i an  response  as well. 
Fig. 3 demons t r a t e s  the deg rada t i on  o f  the Nern-  
stein response after  expos ing  the Cd(I I )  ISE to 
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Fig. 3. Calibration without dialysis membrane. Exposure con- 
ditions: [+ ], pH 4, 3.5 h exposure: [©], pH 6, 3 h exposure; 
[A], pH 5, 2 h exposure: [~], pH 4, 1.25 h exposure; [O1, 
natural pH, 5 min exposure; [A], no exposure, with mem- 
brane: and [ i ] ,  no exposure, no membrane. 
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Fig. 4. Calibration with the dialysis membrane. Exposure 
conditions: [11], no exposure, no membrane: [O], no exposure, 
with membrane: [&], pH 4, 2 h; [+], pH 4, 0.5 h: [~ii]. pH 6, 
1.25 h: [-~;], pH 6, 3.5 h: and [?~], pH 5, 2 h. 

sediment  for  ex tended  per iods  o f  t ime, wi thou t  
m e m b r a n e  pro tec t ion .  As  bo th  exposure  t ime and  
p H  increase, the devia t ions  f rom the expected 
Nerns t i an  response increase. In contras t ,  Fig.  4 
demons t ra t e s  tha t  the m e m b r a n e  prevents  N O M  
c on t a mina t i on  regardless  o f  so lu t ion  p H  or  expo-  
sure time. 

I f  we assume tha t  the e lec t rode  surface is an 
adequa te  model  for  the surface o f  a resuspended  
na tu ra l  sediment  par t ic le ,  it fol lows tha t  only 
large molecu la r  N O M ,  p re sumab ly  humic  acids, 
can significantly al ter  surface proper t ies  o f  aqua t ic  
suspensions.  This effect is i m p o r t a n t  since coat-  
ings o f  N O M  on suspended  par t ic les  are recog- 
nized as an i m p o r t a n t  agent  in metal  exchange 
with the bulk so lu t ion  and in cont ro l l ing  surface 
charge  [12-14].  

Genera l ly ,  the m e m b r a n e  appea r s  to reduce 
significantly the dr i f t  due to ox ida t ion  and  N O M  
fouling. We do not  know how this occurs.  It is 
also unclear  what  k ind  o f  b ind ing  occurs  between 
the organic  ma t t e r  and  the surface but  the fact 
that  only  col lo idal  substances  have an effect sug- 
gests tha t  N O M  act as sur fac tant  on na tu ra l  
part icles .  

3.3. E f f ec t  on adsolTt ion parameters  

Elect rode  drif t  dur ing  a con t inuous  t i t ra t ion  
can in t roduce  unaccoun ted  biases in the profile 
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causing erroneous parameter  evaluation. For  pH 
edge titrations, adsorption on surfaces is generally 
a Langmuirian exchange between protons and 
free metal. Fu and Allen [15] have tested 
adsorption models based on l:l  and 2:1 
exchanges and found the predominant  sites to 
follow a 1:1 exchange. Similar conclusions were 
reached by Bourg and Mouvet  [16]. We therefore 
assume: 

= S O H + H  z + =  - S O M  + + H  + (1) 

and ignore the electrostatic terms associated with 
surface charge. The profile for adsorbed metal, F, 
is therefore: 

1-MAXIM 2 + ] 
F = MT -- [M 2 + ] = (2) 

[ H +  ] ~_ [M2 +] 
K 

where F~,~x is the total available surface site 
concentration (M), K is the stability constant for 
the equation I, Mx is the total exchangeable 
metal, and H + is the proton concentration. 

Of  interest is how this function is distorted 
when we introduce a drift in the measurement of  
metal concentration. To do so, Eq. (2) is 
expressed as a function of  the free metal: 

[M 2 + ] = MT -- F~A×[M2 + ] (3) 

[H +.___]] + [M 2 + ] 
K 

We then adjust Eq. (3) to a series of  p H  edge 
titration data of  suspended sediments (Fig. 1), 
under an increasing time interval, and for both 
electrode conditions. Non-linear curve fitting 
(Levenberg-Marquard minimization method) was 
used to obtain optimized values for [MT], FMAX 
and K (Table 1). In spite of  our lower sediment 
concentration (1 g 1 ~ versus 50 g 1 ~), K and 
FMA x in this experiment are both  greater by 
about two orders of  magnitude than the samples 
analyzed by Fu and Allen [15]. We attribute this 
difference to the air-drying step they used to 
remove reduced materials. We think that  drying 
of  the sediment could have decomposed some of  
the organic matter  and/or forced the floc structure 
of  the sediment particles to collapse. This would 
cause a reduction in the available surface sites for 
metal binding. 

Fig. 3 shows that a greater time interval 
increases the duration of titration and, therefore, 
allows a greater bias due to fouling. Thus, 
although the unprotected electrode at 3 rain time 
interval shows distorted estimates for MT (Table 
1), the protected electrode can still match the 
control at 5 min interval. The results are 
consistent with Fig. 1 and Fig. 2. 

3,4. Sensi t iv i ty  analysis  

Adjustment of  parameters  by the Levenberg- 
Marquard  method returns a sensitivity analysis 
useful for determining the pH range where a 
particular parameter  is more important.  Fig. 5 
expresses sensitivity as a dimensionless ratio of  
the change in Eq. (3) resulting from a unit change 
in the value of  the parameter.  The binding func- 
tion is essentially dominated by estimates for total 
metal at p H  values lower than the binding con- 
stant. Past this point, its influence decreases some- 
what and the other two parameters increase their 
influence only at a pH near 9. However, the 
titration would loose its value at that point since 
the precipitation of  cadmium oxides becomes a 

Table 1 
Parameter optimization for Cd adsorption profiles (Eq. (3)) as 
biased by electrode fouling 

AT Fit % M T × 10 -5 FMA X pK r 2 

×10 5 

Control 
1 - -  8 . 6  ( 0 . 2 )  0 - -  - -  

With membrane 
2 1.76 8.4 (0.1) 6 (1.1) 4.2 (0.1) 0.992 
5 2.96 8.9 (0.3) 8 (2.7) 4.4 (0.2) 0.978 
Without membrane 
1 1.71 10.0 (0.2) 5 (1.1) 4.1 (0.2) 0.987 
2 3.53 17.0 (0.6) 13 (3.2) 4.1 (0.2) 0.982 
3 37.8 40 (12) 40 (44) 4.5 (2) 0.732 

Fit, overall goodness of fit expressed in percent deviation from 
data. 
Values in parenthesis show percent uncertainty. 
AT, time interval between titrant addition (min) for a fixed pH 
change of 0.1 units; MT, total Cd concentration (M); FMAX, 
total available surface sites (mol g J); K, stability constant for 
1:1 exchange between proton and Cd; and r 2, square of 
correlation coefficient between model simulation and data. 
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Fig. 5. Sensitivity analysis for adjusted parameters in Table 1. 
The curves shown represent a run at 2 min time interval, 
without membrane. M T, total Cd concentration (M); FMAX, 
total available surface sites (M); and K, stability constant for 
1:1 exchange between proton and Cd. 

t ion to the e lec t rode  surface. In the second case, 
the m e m b r a n e  pro tec ts  the e lec t rode  surface f rom 
con tac t  wi th  the high molecu la r  weight  col lo idal  
f ract ion.  The low molecu la r  weight  N O M  has no 
effect and,  p resumably ,  does  not  coa t  the surface. 
By ana logy ,  results  suggest tha t  only organic  mat -  
ter greater  than  1 2 0 0 0 - 1 6 0 0 0  D a  in size would  
be found  on the surface o f  na tu ra l  aggregates.  
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factor .  Fig. 5 nevertheless  shows why large uncer-  
taint ies  in FMAX and  K (Table  1) can still arise in 
spite o f  a good  overal l  fit. This  analysis  exem- 
plified the false securi ty in using goodness  o f  fit or  
cor re la t ion  as sole ind ica tors  o f  the sui tabi l i ty  o f  a 
pa ramete r .  

4, Conclusions 

Meta l  b ind ing  studies using ISE electrodes as 
ind ica tors  o f  free meta l  are  b iased  by a dr i f t  in 
po ten t ia l  p r o b a b l y  caused by ox ida t ion  o f  the 
surface and  by N O M  coat ing  the surface. The  
dr if t  increases l inear ly  in t ime and  causes ser ious 
d i s to r t ions  to es t imates  f rom b inding  models .  Ef- 
fects are small  if  the e lec t rode  is inser ted in the 
suspension only  for  shor t  pe r iods  o f  t ime, and  if  
regular ly  c leaned and  ca l ib ra ted  between measure-  
ments.  

The  impac t  is severe when the e lec t rode  is pa r t  
of  an a u t o m a t e d  t i t r a t ion  p rocedure  since recali-  
b r a t i on  and c leaning are no longer  possible.  In 
this case, the use o f  a m e m b r a n e  to pro tec t  the 
e lect rode surface reduces bo th  k inds  o f  drift.  The  
m e m b r a n e  p r o b a b l y  prevents  the first k ind  by 
h inder ing  the flow of  ox idan t  f rom the bu lk  solu- 
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Abstract 

The spectral characteristics of dithizone and its metal complexes were measured in dichloromethane as an 
alternative solvent to carbon tetrachloride which will be illegal to manufacture by the year 2000, according to the 
revised Montreal Protocol. The extraction equilibria of its metal complexes were also reported and discussed. 
Dichloromethane was found to enhance the sensitivity of dithizone towards Co(I1), Cu(II), Hg(ll). Pb(II), Zn(II), 
Bi(lII), Ag(I), In(III) and TI(I). It was also found to be a better solvent than carbon tetrachloride for the separation 
of Cd(ll) from Zn(II) and for the separation of Co(II) from Ni(lI). ~ 1997 Elsevier Science B.V. 

Ke)'words: Dithizone: Dichloromethane; Extraction; Metal Complexes 

1. Introduction 

In view of its unique position among organic 
analytical reagents, dithizone, ( P h - N - N - C ( - S ) -  
N H  NH Ph); 3-mercapto-l ,5-diphenylthiocar- 
bazone; phenyl azothioformic acid 
2-phenylhydrazide as is listed in the Chemical 
Abstracts, is a well known S, N chelating ligand. 
There is a very rich literature comprising over 
3000 published articles, extended reviews and spe- 
cial chapters in books [1 8]. Two special books 
are also devoted to its wide applications in analyt- 
ical chemistry [9,10]. 

Dithizone reacts with 20 metals and several 
organometals to form highly coloured chelate 

complexes [8,9]. As dithizone and its metal com- 
plexes are insoluble in water but soluble in or- 
ganic solvents, carbon tetrachloride was 
extensively used with dithizone in l iquid-liquid 
extraction techniques for the separation and spec- 
trophotometric determination of trace metals and 
organometals in various matrices [6-10]. 

Although other analytical techniques such as 
atomic absorption, inductively coupled plasma, 
atomic fluorescence spectrometry are used due to 
their higher sensitivities and certainly require less 
technical skill and experience for successful opera- 
tion, this tendency will continue. At the same 
time, however, the use of  dithizone for preconcen- 
tration of  trace metals prior to their determina- 

0039-9140/97/$17.00 (c~. 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)02 135-2 
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tion by highly sensitive methods is continuing 
[11-15]. 

In view of its ozone-depleting property, carbon 
tetrachloride was included among the compounds 
controlled by the revised Montreal Protocol 
which was agreed upon in London revision meet- 
ing of 1990 [16]. According to the terms of agree- 
ment, the production of carbon tetrachloride was 
to be frozen at 1989 level starting 1991 and to be 
cut by 85% from 1995 and to become completely 
banned from 2000. 

The present paper reports our results on the use 
of dichloromethane as an alternative safer solvent 
to carbon tetrachloride for analytical applications 
with dithizone. The environmental safety of 
dichloromethane may be attributed [16] to its very 
short atmospheric lifetime, so it does not rise into 
the atmosphere and cause the same problems as 
carbon tetrachloride or the CFC's. 

The spectral characteristics of dithizone and its 
metal complexes in dichloromethane are de- 
scribed. The extraction equilibria and pill/2 values 
of metal dithizonates are also reported and dis- 
cussed in comparison with the corresponding data 
in carbon tetrachloride. 

tetrachloride [7,20,21]. The visible spectra of dithi- 
zone and its metal complexes were recorded on a 
Shimadzu double-beam UV-visible scanning spec- 
trophotometer model UV-2101 PC, Metrohm 691 
pH-meter was used for pH measurements. 

The extraction constants (Kext) of metal com- 
plexes were determined by equilibrating 5 cm 3 
aliquots of dichloromethane containing known 
amounts of dithizone in stoppered glass tubes 
with equal volumes of sodium perchlorate (0.5 M) 
sodium acetate (0.02 M) mixture at different pH 
values in the presence of known amounts of metal 
ions. Preliminary experiments showed that the 
equilibrium was attained in ca. 30 rain for Ni(II) 
complex and ca. 15 rain for the rest of metal 
complexes. The extraction constants of Hg(HDz)2 
and Cu(HDz)2 were carried out in presence of 
potassium iodide and EDTA, respectively, ac- 
cording to methods suggested by Takei and Kato 
[17]. The equilibrium concentrations of the dithi- 
zone and its metal complexes were determined 
spectrophotometrically, whereas the concentra- 
tions of metal ions in aqueous solutions were 
determined by difference; [H +] was calculated 
from the pH of the aqueous phase. 

2. Experimental 

2. I. Reagents and materials 

Dithizone, dichloromethane, sodium perchlo- 
rate, sodium acetate and metal salts were A.C.S. 
(Aldrich) reagent quality. Solutions of dithizone 
in dichloromethane were purified by applying a 
similar procedure to that used for purifying solu- 
tions of dithizone in carbon tetrachloride or chlo- 
roform [7,18,19]. Deionized water was used 
throughout. Buffered (pH < 7) sodium perchlo- 
rate solutions were purified from traces of metals 
by scrubbing with solutions of dithizone in 
dichloromethane prior to use. 

2.2. General procedures 

The spectral characteristics (2rnax and E~nax ) of 
both dithizone in dichloromethane were deter- 
mined, as was done with chloroform and carbon 

3. Results and discussion 

Dithizone dissolves readily in dichloromethane 
(12.6 g l-~, 30°C) [9] to give green solution with 
two distinct absorption bands with maxima at 609 
and 445 nm, respectively (Table 1). These A values 
agree with those reported by Koskinen [22], but 
our values of F~ma x (Table 1) are slightly higher. 
Both bands are slightly shifted to lower wave- 
lengths compared to the corresponding 2ma X val- 
ues of 620 and 450 nm, respectively, in carbon 
tetrachloride [9,10]. The solution of dithizone in 
dichloromethane was found to be stable for at 
least six days if kept refrigerated. 

The spectral data summarized in Table 1 indi- 
cate that e.~, 1 and e ~ ,  2 of dithizone are 
considerably higher than the corresponding values 
in carbon tetrachloride. These findings suggest 
also that dichloromethane is a superior solvent to 
carbon tetrachloride since it enhances its sensitiv- 
ity as a spectrophotometric reagent. Its sensitivity 
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as measured by %~, 1 and em~ ~, 2 is close to that 
in chloroform, the other solvent which has been 
used extensively as a solvent with dithizone [7,10]. 
Both solvents have higher dielectric constants and 
dipole moments than carbon tetrachloride which 
may be partially responsible for increasing the 
molar absorptivities of dithizone. 

3.1. Spectral characteristics of dithizone metal 
complexes in dichloromethane 

It is known that dithizone reacts with metal 
ions to give highly coloured neutral chelates ac- 
cording to Eq. (1). 

Kext 
nH2Dzorg + M.~  = M(HDZ),o,e + nH~ + (1) 

which can be extracted into organic solvents. The 
spectral data of several metal dithizonate com- 
plexes in dichloromethane are also given in Table 
1 together with the corresponding values in car- 
bon tetrachloride [8,10]. These spectral data indi- 
cate that the ~'max values of Cd(II), Co(II), Cu(II), 
Pb(II), Zn(II) were slightly shifted to lower wave- 
lengths whereas their ~;~, 1 values increased by 
ca. 2 to 24%. 

Although 2 . . . .  values of mercury(II), Bi(III), 
Ag(I) and In(III) have been slightly shifted to- 
wards longer wavelengths nevertheless, their era, ~ 
values have also increased by ca. 3-46%. So, in 
addition to being a safer alternative solvent to 
carbon tetrachloride, dichloromethane was found 
to enhance the sensitivity of dithizone towards 
most metal ions. 

3.2. Extraction equilibria of metal dithizonate 
complexes in dichloromethane 

Table 1 gives the extraction constants and the 
pHl~_ values for metal dithizonates in 
dichloromethane as well as in carbon tetrachlo- 
ride for comparison and the following conclusions 
may be drawn from those data. 
I. The much higher phi/2 value of dithizone in 

dichloromethane (10.35) than the correspond- 
ing value (8.88) in carbon tetrachloride sug- 
gests that dithizone has a higher partition 
coefficient in the former solvent. 

2. The Kext values of metal dithizonate complexes 
in dichloromethane are generally lower than 
the corresponding values in carbon tetrachlo- 
ride. On the other hand, the p i l l2  values of 
metal dithizonate complexes in 
dichloromethane are higher than the corre- 
sponding PH~i2 values in carbon tetrachloride. 
The phi..2 values of metal-ligand complexes 
may be considered indicators of the bonding 
strength of dithizone towards a particular 
metal in a particular two phase system. These 
relatively lower values of Kext and pHI.2 in 
CH2C12 than the corresponding values in CC14 
may be attributed to the lower dipole moment 
and lower polarity of the latter solvent (CC14) 

[22]. 
3. Dichloromethane was found to be a better 

solvent than carbon tetrachloride or chloro- 
form in the separation of cadmium(II) from 
zinc(II) as shown in Fig. 1. This solvent effect 
in enhancing the separation of Cd(II) from 
Zn(II) dithizonate complexes may be also at- 
tributed to the relatively higher polarity of 
dithochloromethane as well as its higher dipole 
moments. It is known that both Zn(II) and 
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Fig. 1. log DM (distribution coefficient), where M is Cd or Zn, 
Co or Ni vs. pH. Calculated from K ~  based on the assump- 
tion that 1.0 × 10 4 M dithizone is used as the extractant in 
CH2CI 2 ( - - - )  or CCl 4 ( . }. Aq. phase: 0.5 M Na- 
CIO4,--0.2 M sodium acetate. 
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Cd(lI) have comparable electronic configura- 
tion viz., [Ar] 3d ~° and [Kr] 3d ~° respectively, 
through their different effective ionic radii viz., 
74 pm and 95 pm [23] respectively seem to play 
a role in enhancing the selectivity of reaction 
with dithizone in dichloromethane. Similar re- 
sults of improving the separation of Cd(I1) 
from Zn(II) were reported by modifying the 
structure of dithizone by introducing certain 
substituents in the phenyl nuclei of dithizone, 
thus increasing the selectivity of the dithizone 
analogue towards one of the two metals [24- 
2@ 

4. Dichloromethane was also found to be a better 
solvent than carbon tetrachloride or chloro- 
form for the separation of Co(II) from Ni(II) 
as shown in Fig. 1. 

5. The pHi/2 values (Table 1) also indicate that 
dichloromethane is a better solvent for the 
separation of Pb(II) from Ni(II) or Co(If). On 
the other hand, dichloromethane seems to be 
inferior to carbon tetrachloride for the separa- 
tion of Cu(II) from Bi(III) or Zn(II) from 
Pb(II). 
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Abstract 

The enhancement effects of ~-, fl-, 7- and hydroxypropyl-fl-cyclodextrins on the fluorescence of a 2:1 thiobarbituric 
acid/malonaldehyde adduct in acid aqueous solutions have been studied. The best characteristics as a fluorescence 
enhancement agent showed hydroxypropyl-fl-cyclodextrin which bound the adduct sufficiently tightly (K = 180 1 
mol ~) and caused a five-fold increase in its fluorescence. A kinetic-fluorimetric method of determination of 
malonaldehyde in the range 0.1 10 ~tM at room temperature with hydroxypropyl-fl-cyclodextrin as the enhancement 
agent is proposed and applied for the analysis of raw and cooked meat samples. © 1997 Elsevier Science B.V. 

Kevwords: Cyclodextrin: Malonaldehyde; Thiobarbituric acid 

1, Introduct ion 

The th ioba rb i tu r i c  acid (TBA) me thod  is 
the mos t  widely used test for  measur ing  the 
extent  of  oxida t ive  de te r io ra t ion  o f  l ipids 
[1 10]. In this m e t h o d  T B A  reacts  at 
60 95°C with m a l o n a l d e h y d e  (MA) ,  a deg rada -  
t ion p roduc t  o f  l ipid hydroperox ides ,  to 
give a red f luorescent  1:2 M A / T B A  adduc t  
(TMT) ,  reac t ion  Eq. 1, [11] which usual ly  is 
quant i f ied  spec t ropho tomet r i ca l ly  at  525-532 
nm [2 11]. 

 oUvTo  ? 
2 + N , ~ N  HCCH2CH 

SH 

A l t h o u g h  T M T  possesses a very high, ca. 1.6 x 
105 1 mol  ~ cm ~, mo la r  absorp t iv i ty  [8], the 
m e t h o d  is cons idered  not  sufficiently sensitive [9]. 
To achieve a higher  sensit ivity a solid phase  ex- 
t rac t ion  me thod  [9], different  var iants  of  extrac-  
t ion-f luor imetr ic  [4,12 16], and,  recently,  a 
k inet ic- f luor imetr ic  [17] T B A  me thods  o f  de termi-  
na t ion  o f  M A  have been p roposed .  The ex t rac t ion  
f luor imetry  al lows one to de te rmine  as low as 0.1 
taM M A  and the kinetic f luor imetr ic  me thod  
even 15 nM (1.1 ng ml 1), a l though  the reasons 
o f  this enhanced  sensit ivity are not  clear. 

0 OH 
I 1  

H N ~ N H  + 2 H20 
/ 
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Actually, the limit of detection of 0.1 pM is very 
close to that of the spectrophotometric procedure 
and therefore a simple fluorimetric determination 
of MA does not give any considerable improve- 
ment. However, a fluorimetric method frequently 
can be further improved by use ofcyclodextrin (CD) 
solutions as reaction media due to the complexa- 
tion-induced fluorescence enhancement effect 
[18,19]. A hydrophobic character of TMT, mani- 
fested in its extractability into organic solvents 
[4,8,14,15], is indicative of its ability to form the 
inclusion complexes. Therefore, it seems logical to 
test CDs as fluorescence enhancement agents for 
MA determination. 

This paper reports a study of CD effects on the 
TMT fluorescence in aqueous acid medium. The 
expected enhancement effects have been observed 
and used for the development of a kinetic-fluori- 
metric method, which possesses the sensitivity of 
conventional fluorimetric or spectrophotometric 
determination with prolonged heating, but operates 
at room temperature. A method of MA determina- 
tion avoiding the heating is desirable because it 
makes possible determination of free MA, unbound 
to proteins, amino acids and other sample compo- 
nents [1,5]. The bound forms of MA are thought 
to be destroyed by heating and, therefore, the 
conventional TBA methods measure total MA of 
a sample. Evidently, a combination of low and high 
temperature methods can be used when determina- 
tion of both free and bound MA is necessary. 

2. Experimental 

2. I. Materials 

TBA, malonaldehyde bis(diethyl acetal), c~-, fl-, 
and 7-cyclodextrins (Aldrich), butylated hydroxy- 
toluene (Sigma), hydroxypropyl-fl-cyclodextrin 
(HP-fl-CD) (Amaizo), and 70% perchloric acid 
(Mallinkrodt) were used as obtained without fur- 
ther purification. 'All solutions were prepared in 
purified (Milli-Q Reagent W, ater System) water. 

2.2. Instrumentation 

Fluorescence measurements were made on a 
FluoroMax SPEX spectrofluorometer and absorp- 

tion spectra were recorded on a Hewlett Packard 
8452A diode array spectrophotometer. Both instru- 
ments were equipped with thermostated cell holders 
and magnetic stirrers. 

2.3. Procedures 

Fluorescence intensity was measured at 548-553 
nm, depending on reaction conditions, with the 
excitation wavelength 520 nm. Absorption was 
measured at 532 nm. All fluorescence intensities and 
absorbances were corrected for the respective back- 
ground signals by use of appropriate blanks. 

A stock solution was prepared weekly by dissolv- 
ing 22.0 mg malonaldehyde bis(diethyl acetal) in 
100 ml of water. Working solutions of MA were 
made daily by diluting the stock solution with 0.1 
M HC104 and subsequent heating in a boiling water 
bath for 5 min to ensure the complete hydrolysis 
of the acetal [6]. A 0.03 M standard solution of TBA 
was prepared by dissolving a weighed amount of 
solid TBA in water. 

2.4. Cyclodextrin effects on T M T  fluorescence 

0.1 pM TMT solution was prepared by heating 
the mixture of 0.1 laM MA and 0.015 M TBA in 
0.05 M HC104 in a boiling water bath for 15 min 
and subsequent cooling with cold tap water. Then 
a weighed amount of the solid CD was dissolved 
in a portion of TMT solution to obtain the highest 
concentration of a given CD and the intermediate 
concentrations were obtained by mixing this and 
initial TMT solutions at different proportions. 

2.5. Analytical procedures 

The basic procedure of the sample (raw beef and 
smoked pork) treatment was the same as in [9]. 
Ground meat (10 g) was homogenized with 40 ml 
of 0.1 M HC104 for 1 min. Butylated hydroxy- 
toluene (20 mg) was added before the homogeniza- 
tion to prevent the autoxidation of the blend during 
homogenization. The blend was centrifuged (Da- 
mon/IEC HT Division) at 10 000 x g for 5 rain, the 
supernatant was filtered through Whatman paper 
No. 5 into a 50 ml volumetric flask and the volume 
was adjusted to 50 ml with 0.1 M perchloric acid. 
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These extracts were analyzed by the conven- 
tional TBA spectrophotometric method, following 
in general the procedure described in [5], and by 
the new fluorimetric procedure proposed in this 
paper. 

2.5.1. Spectrophotometric method 
To 2.0 ml of the extract 2.0 ml of  0.03 M TBA 

were added and the mixture was incubated for 15 
min at 94°C in a water bath. Then the mixture was 
cooled by tap water and its absorbance at 532 nm 
was measured. The calibration graph was con- 
structed using the absorbances of the mixtures of  
2.0 ml of 0.1 10 gM MA working solutions in 0.1 
M perchloric acid with 2.0 ml of 0.03 M TBA 
treated as described above for the sample solution. 

2.5.2. Fluorimetric method 
A solution containing 0.03 M TBA and 0.07 M 

HP-~-CD was prepared by dissolving a weighed 
amount of HP-fl-CD in TBA solution. To 1 ml of 
this solution, placed in a stirred fluorimetric cell, 1 
ml of the working MA or sample solution, contain- 
ing 0.1 M HCIO4, was added and the fluorescence 
recording started. Construction of the calibration 
graph is described in the text. 

Fig. 1 Fig. 2 Fig. 3 Fig. 4 show the effects of  
different cyclodextrins on the fluorescence of TMT 
in aqueous acid solution. The acid medium was 
used because reaction Eq. 1 is known to be acid- 
catalyzed and all variants of the TBA method 
employ acid solutions with pH values in the range 
1 3 [4]. Evidently, all cyclodextrins cause a fluores- 
cence enhancement. With ~-cyclodextrin, Fig. 1, 
the effect is very modest, ca. 50% at the highest 
cyclodextrin concentration, and the fluorescence 
intensity versus cyclodextrin concentration plot 
does not show any tendency to saturation. On the 
contrary, it deviates from linearity in a way, which 
implies the involvement of a quadratic term in 
e-cyclodextrin concentration. The best fit of  the 
results gives Eq. (2) 

I(cps) = 1160 + 3160[c~-CD] + 35100[e-CD] 2 (2) 

where I is the fluorescence intensity. 
These observations indicate that the binding 

constant of TMT to z~-cyclodextrin is very small 
and, probably, the inclusion complex has 2:1 ~- 
CD/TMT stoichiometry. 

Other cyclodextrins show higher enhancement 
effects and typical for the formation of l:1 inclu- 
sion complexes hyperbolic plots [20], which fitted 
well to the theoretical Eq. (3) 

3. Results and discussion 

3.1. Cw'lodextrin eJfects on the fluorescence of 
TMT 

Reported emission maxima for TMT vary from 
547 to 553 nm [16], probably, due to some differ- 
ences in reaction media. The excitation maximum 
should coincide with the absorption maximum 
(532 nm), but some authors [14,15,17] use shorter 
excitation wavelengths, between 515 and 525 nm, 
in order to minimize the effect of Rayleigh scatter- 
ing, which strongly disturbs the emission spectra 
when the excitation wavelength lies near the emis- 
sion maximum. We found that with the excitation 
wavelength 520 nm Rayleigh scattering does not 
disturb the region of the emission maximum and 
the fluorescence intensity is high enough to detect 
0.1 laM TMT, which is a typical sensitivity of  the 
fluorescence determinations. 

1 5 0 0 -  

1 4 0 0 -  
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Fig. 1. The fluorescence intensity (counts s -  ~, cps) of 0.1 laM 
TMT in 0.05 M HC104 at 553 nm (excitation wavelength 520 
nm) versus ~-CD concentration. The curve is the fitting profile 
calculated from Eq. (2). 
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Fig. 2. The fluorescence intensity (counts s ', cps) of 0.1 ~tM 
TMT in 0.05 M HC104 at 544 nm (excitation wavelength 520 
nm) versus fl-CD concentration. The curve is the theoretical 
profile calculated from Eq. (3) with parameters given in Table 
l. 

I o + IcK[CD] 
I(cps) - (3) 

1 + K[CD] 

where I 0 and lc  are the fluorescence intensities of  
free and complexed T M T  and K is the binding 
constant. The parameters of  Eq. (3) for fl-, 7- and 
HP-f l -CD are given in Table 1. 

Additions of  these cyclodextrins induced both 
fluorescence enhancements and shifts in the emis- 
sion wavelength maximum of T M T  from 553 nm 
in water to 544 nm in the presence of  f l -CD and 
548 nm in the presence of T- and HP-fl-CDs. 
Such blue cyclodextrin-induced shifts are typically 
observed for different analytes [19]. Also typical is 
a weaker binding of T M T  to HP-f l -CD than to 
unsubstituted f l -CD [19]. The general trend in the 
binding constants, ~-CD < ~,-CD < HP-f l -CD < 
f l -CD,  can be interpreted in such a way that the 
cavities of  e -CD and 7-CD are, respectively, too 
small and too big for the complementary inclu- 
sion of TMT,  which is a requisite for the tight 
binding. At the same time, the fluorescence en- 
hancement factor, evaluated as the ratio Ic/Io, 
Table 1, increases in the order f l -CD < HP-fl-  
CD < 7-CD, indicating the cavity volume and not 
the tightness of  the binding to be the dominant  

factor. This observation is in agreement with a 
general conclusion regarding the mechanism of 
CD-induced fluorescence enhancement, which is 
attributed to the protection of  the bound analyte 
from the quenching by water molecules [19]. 

The highest value of  the ratio I c / I  o was found 
for ),-CD, but the use of  this CD is impractical 
due to the very small binding constant of  T M T  
and, consequently, the necessity to apply very 
high concentrations of  this expensive CD. The 
highest binding constant is observed for fl-CD, 
but the enhancement factor for this CD is less 
than 2. An opt imum between the binding ability 
and the enhancement factor is reached with HP- 
fl-CD. The standard calibration curve of  the 
fluorescence intensity versus T M T  concentration 
in the presence of 0.035 M HP-f l -CD obeys the 
equation (obtained using seven different analyte 
concentrations and blank, each measured three 
times) 

I(cps) = (120 _+ 10) + (37 + 2)[TMT] (4) 

where [TMT 1 is in nM. The limit of  detection, 
calculated by 3 x (S.D. in the intercept)/(slope), 
equals 0.8 nM and the application range is be- 
tween 1.5 and 50 nM. 
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Fig. 3. The fluorescence intensity (counts s ~, cps) of 0.l pM 
TMT in 0.05 M HCIO4 at 548 nm (excitation wavelength 520 
nm) versus HP-fl-CD concentration. The curve is the theoreti- 
cal profile calculated from Eq. (3) with parameters given in 
Table 1. 
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Fig. 4. The fluorescence intensity (counts s i cps) of 0.1 pM 
TMT in 0.05 M HC104 at 548 nm (excitation wavelength 520 
nm) versus 7-CD concentration. The curve is the theoretical 
profile calculated from Eq, (3) with parameters given in Table 
1. 

Such high sensitivity allows one to detect MA 
at a nM level, but it also can be useful for the 
development of a method with 'normal' sensitiv- 
ity, i.e., in the range 0.1 10 pM, which would not 
need a prolonged heating for the conversion of  
MA into TMT. Reaction Eq. 1 is slow and the 
heating, usually at 60-95°C,  is necessary to make 
the reaction time reasonably short, usually 10-60 
rain. The HP-fl-CD enhanced fluorimetric method 
allows one, however, to detect 0.1 pM MA when 
only 1% of the aldehyde is converted into TMT. 
One can expect that such a low conversion can be 

Table 1 
Parameters of Eq. (3) for different cyclodextrins at 25°C in 
0.05 M HCIO 4 

Cyclodex- 1 o, cps 1(,, cps K, 1. mol-1 lc,,l~ ~ 
trin 

fl-CD 1080 + 30 1800 +_40 600 ± 100 1.7 
HP-fl-CD 1100 + 30 5500 180 ± 30 5.0 

+ 200 
;..-CD 1080_+30 16400 3.5+_1.0 15.2 

+_ 3000 
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o 5;0 lo'oo ldOO 20'00 
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Fig. 5. The fluorescence intensity at 548 nm (excitation wave- 
length 520 nm) ~ersus time profiles for the reaction of MA 
with 0.015 M TBA in the presence of 0.035 M HP-fl-CD in 
0.05 M HC104 at 25°C. Curves I 6 correspond to MA 
concentrations 0: 0.08: 0.15: (i).3:0.6 and 1.0 pM. Solid thick 
lines are the fitting profiles calculated with Eq. 151. 

achieved during 60 min or less even at room 
temperature and this prompted us to investigate 
such a possibility. 

3.2. KineticzfluoHmetric HP-fl-CD enhanced 
determination of MA 

In preliminary experiments we investigated the 
stability of TBA solutions in the presence of 
HP-fl-CD in acid media. Unexpectedly, a slow 
formation of an unidentified yellow product was 
observed. Fortunately, this color did not interfere 
with TMT fluorescence under conditions em- 
ployed. 

Fig. 5 shows some typical fluorescence versus 
time profiles obtained in the presence of 0.035 M 
HP-fl-CD at room temperature. In accordance 
with data of Espinosa-Mansilla et al. [17] the 
plots are curved downward. Such curvature may 
indicate a chain mechanism, autocatalysis or a 
mechanism which involves several consecutive 
steps, the colored TMT product being formed in 
the last of them, A detailed mechanistic study of 
reaction Eq. l, which will be published elsewhere, 
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Table 2 
Determination of  MA in raw beef and smoked pork by the proposed kinetic-fluorimetric method at room temperature and by 
conventional spectrophotometry 

Sample Method Equation of calibration MA added, (rag MA found, b (rag Recovery, % 
graph kg 'F  kg- i )a  

Raw beef Kinetic Eq. (6) 0 0.15 _+0.03 

- fluorimetric 

Spectrophotomet- 
ric 

Eq. (7) 

Smoked pork Kinetic Eq. (6) 

fluorimetric 

Spectrophotomet- 
ric 

Eq. (7) 

1.05 1.47 ___+ 0.07 126 
2.1 2.81 __+0.07 125 
0 0.10__+ 0.01 
1.05 1.10 __+ 0.02 96 
2.1 2.45 __+ 0.06 93 
0 0.14+0.01 

1.05 0.85 __+ 0.01 67 
2.1 1.48 __+ 0.01 64 
0 0.035 __+ 0.002 

1.14 0.98 +0.01 83 
2.3 1.97 __+ 0.08 84 
0 0.041 __+ 0.004 
1.14 0.85 __+ 0.01 71 
2.3 1.58 __+ 0.07 67 
0 0.084 _____ 0.004 

1.14 0.92 __+ 0.01 73 
2.3 1.80 __+ 0.02 75 

a In mg k g -  ~ of  the sample meat. 
b Errors are the standard deviations from three measurements. 

shows the last option to be correct. In any case, the 
curvature does not allow one to use the slopes of  
kinetic curves for the construction of  the calibration 
graph. We used therefore the fixed time method in 
the following modification: the kinetic curves (I at 
548 nm versus time (t) profiles) were fitted to a 
quadratic Eq. (5) and the values of  AI at t = l 5 min 
(A l l j  and t = 30 min (AI30) were calculated as the 
differences between the respective calculated values 
of I and ao and used for the construction of 
calibration graphs represented by Eq. (6) and Eq. 
(7). 

I = ao + a l t  + a2 t2 (5) 

AI15 = (150 _ 20) + (0.65 ___ 0.04)[TMT] (6) 

AI30 = (320 + 50) + (2.2 _+ 0.1)[TMT] (7) 

where [TMT] is in riM. The calibration graphs were 
obtained using 11 different MA concentrations and 

blank, each measured twice. The limits of  detection, 
calculated by 3 x (S.D. in the intercept)/(slope), 
equal to 90 and 70 nM for the calibration graphs 
Eq. (6) and Eq. (7), respectively, and the application 
range is between 0.1 and 10 ~tM for both graphs. 

The fluorimetric determination of MA is known 
to be more selective than the spectrophotometric 
[17]. We tested as interferences glyoxal, 2-furfuralde- 
hyde, 5-hydroxymethyl-2-furfuraldehyde, fructose 
and glucose taken at 100:1 molar ratio to MA and 
did not observe any interference in determination 
of  1 ~tM MA in accordance with data of  Espinosa- 
Mansilla et al. for the selectivity of the kinetic-fluori- 
metric method without enhancement reagents [17]. 

The method was applied for the determination of 
MA in raw beef and smoked pork. Both samples 
were analyzed also by the conventional spec-tropho- 
tometric TBA method. The results are collected in 
Table 2. 
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In the case of raw beef both methods give close 
results, while the level of MA in smoked pork 
detected by the new method is considerably lower 
than that determined by spectrophotometry with 
heating. This difference cannot be attributed to the 
difference in recovery and, most probably, reflects 
the difference in concentrations of free and total 
(free + bound) MA of the sample, Section 1. The 
TBA method usually gives low, 60-80%, recovery 
for meat samples [9]. The new method shows the 
same level of recovery for smoked pork, but higher 
levels for raw beef. The results obtained with 15 
min interval, Eq. (6), differ considerably from 
those with 30 rain interval, Eq. (7), for raw meat, 
but are reasonably close for smoked pork. Taking 
into account an obvious overestimation of  MA 
with Eq. (6), one can consider the results with 30 
min interwd more confident. 

In general, the results of this study shows HP-[]- 
CD to be the best fluorescence enhancement 
reagent in agreement with conclusion of 
Frankewich et al. [19], and by using this cyclodex- 
trin the sensitivity of MA determination can be 
improved to an extent that allows one to determine 
as low as 0.1 BM MA at room temperature. 
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Abstract 

A single piezoelectric quartz crystal coated with one kind of crown ether was applied to the simultaneous 
determination of binary acid and amine vapor mixtures. From the adsorption and desorption curves of analytes, 
which were somewhat different in shape, frequency shifts from ten time windows were taken as inputs for artificial 
neural networks (ANN). Prediction results were satisfactory for ANN in both sample sets. The average relative errors, 
for formic acid and acrylic acid were 5%, for n-butylamine and aniline, they were 3% with ANN respectively. The 
effects of number of neurons in the hidden layer of ANN on the performance of the network are also discussed. 
© 1997 Elsevier Science B.V. 

Keywords: Artificial neural networks (ANN); Hidden layer; Organic vapors: Piezoelectric quartz crystal 

I. Introduction 

Recently the piezoelectric crystal sensor has 
received much  attention as a fast, convenient  and 
sensitive analytical tool. Based on the linear rela- 
t ionship between the sensor frequency shift and 
the total mass change of  the adsorptive coating, 
many  sensitive analytical techniques have been 
developed for both  vapors  and liquids [1 3]. For  
mul t i -component  analysis in gaseous phases, the 
use o f  piezoelectric crystal array has been pro- 
posed. Carey et al. [4] used a piezoelectric crystal 
array modified by different coating films to detect 

* Corresponding author. 

two and three componen t  organic vapor  mixtures. 
Chang  et al. [5] identified odorants  with a 
piezoelectric crystal sensor array th rough  artificial 
neural ne twork pat tern recognition. Barko et al, 
[6] used an array o f  four  piezoelectric crystal 
sensors each coated with a GC stat ionary phases 
to identify organic vapors,  such as benzene, n- 
pentane, acetone, et al. using pat tern recognition. 
Our  labora tory  has also detected some organic 
vapor  mixtures with an array o f  nine piezoelectric 
crystal sensor coated with different crown ether 
derivatives [7]. The interaction between crown 
ethers and organic species, which leads to differ- 
ent response patterns o f  the analytes, is affected 
not only by the size o f  the ring, the type and 

0039-9140.'97/$17.00 '~ 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)021 42-X 
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basicity of the hetero atom (O, N, S), and the 
property of  the substituent, but also by the molar 
mass, polarity, and steric hindrance of analytes 
[8]. In the process of measurement, we discovered 
that the adsorption and desorption model for 
some analytes had some differences. So in this 
paper, we only used one single piezoelectric crys- 
tal sensor coated with one kind of  crown ether to 
detect organic vapor mixtures. Two groups of  
analytes each contained two components were 
detected with ANN. The frequency shifts from ten 
time windows were taken as inputs for ANN. This 
single crystal method makes the detection device 
more convenient and practical. We have also 
tested this method successfully to simultaneously 
determine the concentration of sulfuric dioxide 
and the relative humidity [9]. 

Artificial neural networks (ANN) are a form of 
artificial intelligence that mathematically simulate 
biological nervous system. Thay have been em- 
ployed in chemistry since 1960 [10], for instance 
using data from a metal-oxide-semiconductor 
field-effect-transistors (MOSFETS) sensor array 
to determinate of individual components in a gas 
mixture, such as hydrogen, ammonia, et al. [11]. 
The approach is selected because of its adaptabil- 
ity to almost any mathematical function [12]. In 
this paper we deal with the signals from ten time 
windows of a single piezoelectric crystal sensor in 
two group of two-component mixtures. Our goal 
is not only to identify the gas mixtures, but also 
to determine independently and with sufficient 
accuracy the concentrations of the individual 
components, which is a somewhat more difficult 
problem than the identification of  a gas mixture. 
It was proved by our experiment that our ANN 
model provided adequate prediction. 

2. Experimental 

2. I. Apparatus and reagent 

The apparatus shown in Fig. 1 consisted of  an 
AT-cut, 9 MHz piezoelectric quartz crystal, 12.5 
mm in diameter, having two coated silver elec- 
trodes, 6.00 mm in diameter, was obtained com- 
mercially (Peking). The lead wires soldered to 

electrodes were connected to a TTL  oscillator 
made in our laboratory. The frequency change 
was monitored by an N3165 frequency counter 
and the power was supplied by a PL2002A d.c. 
voltage regulator. The ANN data analysis pro- 
gram was written in Turbo C language by 
ourselves. All data analysis were treated by an 
PC-DX486 computer. 

Analytes of formic acid, acrylic acid, n-buty- 
lamine and aniline were all of  analytical-reagent 
grade. The coating material, crown ethers, were 
synthesized by Polymer Chemistry Institute in our 
school. Their molecular structure is showed in 
Fig. 2. The first one, N, N'-bis(4-methoxyl-phe- 
hyl)-l,10-diaza-18-crown-6, was used to detect the 
first sample set consisting of formic acid and 
acrylic acid. The second one, dibenzo-18-crown-6, 
was used to detect the second sample set consist- 
ing of  n-butylamine and aniline. Coating solu- 
tions were prepared by dissolving about 100 mg 
of the substrate in 50 ml of chloroform or 

! 2 9 

Fig. 1. Diagram of the experimental system: (l) active carbon; 
(2) silica gel; (3) piezoelectric crystal; (4) sample injection port; 
(5) 1 1 glass flask; (6) vacuum pump; (7) oscillator; (8) fre- 
quency counter: and (9) water jacket. 

01 

(-.o,- h 

C<2 12) 

Fig. 2. Molecular structure of crown ether coating material. 
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Fig. 3. Two layer back-propagation model, 

a b 

200 

"~.~ 1 0 0  \ 
?/ 2 5 ...... " 

h 

0 1 . . . . . . . .  

-50 

Target 

t z 

tz 

0 200 400 600 800 1000 1200 1400 1600 

Time ,s 

Fig. 4. Frequency shift patterns for formic acid and acrylic 
acid: (1) formic acid (0.87 mg [~ t); (2) acrylic acid (1.6 mg 
1 i); and (3) sum of  formic acid (0.87 mg 1 ~) and acrylic acid 
(1.6 mg I J). (a) The air was introduced in and the pressure in 
the detection cell became normal, (b) The dectection cell was 
purged with dried and purified air. 

methanol. The obtained concentrations of  the so- 
lutions were about 2 mg ml ~. Both sides of  the 
crystals were coated with crown ethers via the 
dropping method using a microsyringe. The thin 
film of the coating was formed by solvent evapo- 
ration. The mass of  the coating caused a fre- 
quency shift of about 5 kHz. 

art2.2. Measurement procedure 

The piezoelectric quartz was mounted in an 1.4 
l flask which was thermostated at 30 _ 0.5°C. The 
stable oscillation frequency f ,  was recorded. Then 
we decreased the pressure in detection cell with an 
vacuum pump until it arrived about  5 m m  Hg and 
the stable frequency ,11 was recorded. At this 

pressure, analytes evaporate completely in a very 
short time. After injecting a certain amount  of  
mixture of  analytes using a microsyringe, i.e., 
formic acid and acrylic acid or n-butylamine and 
aniline, the initial reaction time was recorded. 
After the injection, 5 rain, the air was introduced 
in and the pressure in the detection cell became 
normal. The system was equilibrated for another 
5 min, then the detection cell was purged with 
dried and purified air at 3 I min E till the fre- 
quency of the sensor was restored to its funda- 
mental value. From the initial reaction time, the 
frequency values ( f i t ) )  at every 10 s were injec- 
tion of the samples and 15 rain alter purging the 
detection cell. In order to avoid too many input 
neurons leading much longer training time of 
ANN,  in each sample set, every pure component  
with four concentrations covering the range of 
calibration set were detected under the same ex- 
periment conditions as other samples in the cali- 
bration set. Among the 150 ,lit), the average 
change rates of  frequency shift of the four concen- 
trations for every component  at every time point, 
Af(t) ...... pl~-iil=/~t) .... pt~,) - f l t -  1) ...... pk.(,, were cal- 
culated. Then the differences of  A/It)  ...... pj~,~,) be- 
tween the two components of every sample set at 
the same time point were calculated. Among these 
differences, ten of the largest ones were selected. 

a b 

250 

200 

° ( \ Ol,O? 
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Fig. 5. Frequency shift patterns for n-butylamine and aniline: 
(1) n-butylamine (0.5 mg 1 i); (2} aniline {0.714 mg I ~): and 
(3) sum of n-butylamine (0.5 mg I t) and aniline (0.714 mg 
I ~). (a) The air was introduced in and the pressure in the 
detection cell became normal. (b) The dectection cell was 
purged with dried and purified air. 
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Table 1 
Calibration sample concentrations 
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Sample No. Set 1, mg 1- 

Formic acid 

Set 2, mg 1 i 

Acrylic acid n-Butylamine Aniline 

1 0.87 0 0 0.71 
2 0 1.60 0 1.43 
3 0 3.20 0.50 0 
4 2.61 0 1.00 0 
5 0.87 1.60 0.50 0.71 
6 2.61 3.20 1.00 1.43 
7 1.74 4.00 0.75 1.79 
8 3.48 2.40 1.25 1.07 

The frequency shifts at these ten time points, 
which could reflect the characteristics of  the com- 
ponents'  adsorption and desorption process were 
taken as inputs for ANN. More inputs were 
tested, but they did not improve the prediction 
results obviously. Each sample was measured in 
triplicate in order to obtain an estimation of  the 
precision of  the sensor response. 

2.3. Network design 

Fig. 3 shows a generalized two-layer back-prop- 
agation network used in our experiment that has 
ten inputs (frequency shifts from ten time win- 
dows) in the input layer, an arbitrary number of 
artificial neurons in the hidden layer and two 
artificial neurons in the output layer (organic 
vapors). Each of the inputs is multiplied by an 
associated weight. The output signal y~ is further 
processed by sigmoid activation function F, so the 
neural output oi is given by 

o,-- 1/[1 + exp( - y , ) ]  (1) 

and 

yi= ~ w,x, (2) 
i = l  

The learning rules specify the initial set of  weights 
and determine how these weights should change 
to improve the network performance. In all our 
parametric studies, we have used the BP al- 
gorithm and the delta learning rule, where the 

difference ~i between target value t~ and actual 
neuronal output oi is propagated back through 
the network to the input. The weights of  the 
processing elements are thus iteratively changed 
until the output errors are be acceptable. A cor- 
rection of  Ai is made to the weights where 

A~(m + 1) = ~/c~x~ + ~A~(m) (3) 

W~(m + 1) = W,(m) + Ai(m -}- l) (4) 

So the weights are adjusted by one term that is 
propagational to the error with a constant of the 
proportionality, called the learning rate. The sec- 
ond term is used to improve the stability of  the 
learning process and is called the momentum 
term. The performance of each network and 
learning rule was determined by an error function, 
E, usually defined as the total squared error [10], 
from 

12 E = 2 j ~ (tjk - oj*)2 (5) 

where j is the number of sensor response samples 
in the training and test set and k is the number of  
outputs in the output layer. After each iteration 
of the back-propagation process, the network er- 
ror should gradually fall and converge to an 
asymptotic value. 

In the our experiment, learning rate in the 
network training was set as 0.1, the momentum 
coefficient, 0.6. The number of  neurons in the 
hidden layer was set as 6. The order of  presenta- 
tion of  the training set samples was randomized at 
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Table 2 
Multivariate prediction results for formic acid and acrylic acid mixture 

Actual concn, mg 1 t A N N  predicted concn, mg 1- Rel error % 

A B A B A B 

1 2.61 2.40 2.56 
2 3.05 3.20 2.85 
3 1.74 2.40 1.59 
4 2.18 2.80 2.11 
Av. 

2,16 2.15 9.67 
3,03 6.70 5.40 
2,34 8.35 0,95 
2.65 3.14 5.42 

5.1)8 5,36 

Note: A, formic acid; and B, acrylic acid. 

Table 3 
Multivariate prediction results for n-butylamine and aniline mixture 

Actual concentration, mg 1 ANN predicted concentration, mg 1 Rel. error .., 

C D C D C D 

1 1.00 1.14 0.99 
2 0.90 1.57 0.87 
3 1.10 1.29 1.06 
4 0.80 1.43 0.79 
Av. 

1.11 1.41 2.85 
1.56 3.47 0.35 
1.22 3.94 5.67 
1.40 1.41 2.03 

2.56 2.72 

Note: C, n-butylamine; and D, aniline. 

the beginning of each epoch to speed conver- 
gence. In order to avoid overtraining, a point 
when a network training should be stopped is 
determined by cross-validation method [13]. 

3. Results and discussion 

It can be seen in Fig. 4 and Fig. 5 when the 
crystal under 5 mm Hg pressure, its frequency 
was higher than its fundamental frequency, this is 
because of the stress on the surface of crystal 
decreased, after injection of analytes, they evapo- 
rated and were adsorbed by the coating material 
on the surface of the crystal, leading to the de- 
creasing of the frequency, and the rate of decreas- 
ing became slow gradually with time. After the 
pressure became normal, the sensor's frequency 
decreased further and became stable gradually. 
While purged with air, the analytes were des- 
orpted from the coating material on the surface 

of crystal, the frequency of the sensor rose pro- 
gressively to its fundamental value. The rate of 
increasing also became slow gradually with time. 

As showed by the figures, the outlines of the 
adsorption and desorption curves for the analytes 
were similar. But there were some differences in 
detail because of the difference of interaction be- 
tween the analytes and the coating material, 
crown ethers. For  example, the desorption rate 
for formic acid was faster than that of acrylic 
acid. The interaction between the analytes and 
the crown ethers was explained in detail else- 
where [7]. 

In Fig. 4 and Fig. 5, the frequency shift pat- 
terns for the two groups of analytes were plotted 
to show the degree of similarity, which indicate 
that there are some differences between the com- 
ponents, but they are not very obvious. The fre- 
quency shifts at different time are basically 
proportional to the concentrations of the analytes 
but not strictly. 
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3.1. Sample analysis 

In each group, eight mixtures of  analytes of 
various concentrations were prepared as a cali- 
bration set according to factorial-design, as 
showed in Table 1, four other mixtures of ana- 
lytes were prepared as a test set which were not 
contained in the calibration set and measured 
under the same experimental conditions. 

The predicted concentration results are given 
in Table 2 and Table 3. For  the first sample set 
of formic acid and acrylic acid, the average rela- 
tive error was 5%. For  the second sample set of 
n-butylamine and aniline, the average relative er- 
ror was 3%. The great prediction capacity for 

[ r r x 1 - ~ j  i I 
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Fig. 6. (a) Effects of  the number  of  neurons in hidden layer on 
the performance of  neural networks in the first sample set. (b) 
Effects of  the number  of  neurons in hidden layer on the 
performance of  neural networks in the second sample set. 

ANN is due to its advantageous ability to treat 
nonlinear problem, since while analyzing vapor 
mixtures, several components simultaneously in- 
teracted with the coating, crown ether, which 
may lead to complex relationship between the 
responses of the sensor and the concentrations of 
the vapors. 

3.2. Network architecture and training 

3.2.1. Number of neurons in the hidden layer 
During the training phase for neural network 

analysis, we performed extensive experimentation 
to define appropriate network parameters. Al- 
though the selection of neurons in the hidden 
layers in a BP network was empirical, it is recog- 
nized that this choice can have a significant effect 
on network performance. A large number of hid- 
den neurons can provide more predicting power, 
but the network will require more computation 
time and may also suffer in ability to generalize 
for an unknown data set [14]. In our experiment 
we tested different number of neurons in the 
hidden layer (from two to ten) for learning rate 
as 0.1 and momentum term as 0.6. Fig. 6(a, b) 
illustrates the relation between the network error 
and the number of  training epochs for different 
number of neurons in the hidden layer. We can 
see that the performance of the network stabi- 
lized after inclusion of an adequate number of 
hidden units (more than four). The network with 
too few neurons in the hidden layer, e.g., in this 
experiment, two, can not converge effectively. 
This phenomena can also be found in our an- 
other work [7]. 

4. Conclusion 

In this paper, we only used a single piezoelec- 
tric quartz crystal sensor to detect organic vapor 
mixtures using kinetic method. Compared with a 
piezoelectric quartz crystal sensor array, this de- 
tection system is more convenient and practical, 
although the sensor array method has its own 
advantages. This single crystal method can be 
extended to other analytes and detection systems 
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as long as there are some differences in the kinetic 
process. It is hopeful to become an practical 
method for multicomponent analysis. For quanti- 
tative analysis of the individual concentration in 
the vapor mixtures, it is important to keep the 
sensitivity of the coating material unchanged with 
time so as to ensure the precision of the frequency 
shifts. Crown ethers can satisfy this criterion be- 
cause of its small volatility, long life-start and 
reversible interaction with the analytes. In the 
data analysis of our study, the BP ANN model 
provided satisfactory prediction. 
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Abstract 

An automatic back titration method for microchemical analysis is introduced, which is based on conventional 
volumetric analysis's principle and the use of flow injection analysis apparatus for the automation and microminiatur- 
ization of the process. The sample and a known, but excess amount of a calibrated reagent solution tire injected and 
propelled into a titration cell, where their reaction takes place. The excess of the reagent is then titrated with a titrant 
containing an indicator and the end point is monitored photometrically. Since homogeneous mixing in the titration 
cell is obtained magnetically in the whole process, there is a linear relationship between the analyte's concentration 
and the volume of the titrant consumed. Nickel in the range of 10 70 g 1 ~ is determined by the above method, in 
which 30 lal of sample and 500 btl of EDTA are injected and the excess of EDTA is titrated with a standard zinc salt 
solution containing xylenol orange which could be blocked by nickel ion in a direct titration. This method is 
characteristic of low sample and reagent consumption, high sampling rate as high as 45 samples h ~. negligible effect 
of sample's viscosity, small carry-over effect (lower than 0.14'%,), and very good precision, whose relative standard 
deviations are as small as 0.24%. <~) 1997 Elsevier Science B.V. 

K¢9"words: Automatic titration: Back titration: Flow analysis: Microchemistrv: Nickel 

1. Introduction 

In recent years,  much a t t en t ion  is a t t rac ted  to 
flow inject ion t i t ra t ion  lbr  its advan tages  over  
convent iona l  a u t o m a t i c  t i t ra tor ,  inc luding high 
sampl ing  rate,  low reagent  and sample  consump-  
t ion,  s implici ty in ins t rumenta t ion ,  versat i l i ty  in 
so lu t ion  handl ing ,  and  rich in in fo rmat ion  [l]. 
However ,  flow inject ion t i t r a t ion ' s  precis ion and 
accuracy is not  so sa t i s fac tory  as its advan tages  
since its r eadou t  is not  direct ly  re la ted to ana ly te ' s  
concen t ra t ion ,  but to the logar i thm of  the concen-  

* Corresponding author. 

t ra t ion.  Several  new me thods  have therefore  been 
p r o p o s e d  to increase the precis ion by mak ing  the 
readout  l inearly related to the ana ly te ' s  concent ra -  
t ion and ma in t a in ing  most  of  its advantages .  

A majo r i ty  of  these me thods  are based on 
vary ing  the flow rate  rat io  between t i t ran t  and  
sample  s t ream to ob ta in  the equivalence point .  
Mar t inez  C a l a t a y u d  et al. [2] p roposed  a flow 
method  for the t i t ra t ion  of  weak acids  or  weak 
bases using l inear  t i t ra t ion  plots.  The method  
involves con t inuous  t i t ra t ions  based on mixing of  
t i t rant ,  p rope l led  at a cons tan t  flow rate, and  
t i t rant ,  p rope l led  at a manua l ly  var ied flow rate, 
and  pH measurement s  in a flow cell. The depen-  

0039-9140 97'$17.00 :o 1997 Elsevier Science B.V. All rights reserved. 
PII S0(139-9140(96)02158-3 



968 A. Tan, C. Xiao /Talanta 44 (1997) 967-972 

dence of the response of  this potentiometric detec- 
tor on the flow-rate requires calibration at each 
flow rate used. Extensive work has been devel- 
oped by Valcarcel and co-workers discussing in 
depth the use of  programmable flow rate gradi- 
ents [3 6] and their application to acid base [7], 
complexometric and redox titrations [8,9], as well 
as to calculating acidity [10] and kinetics con- 
stants [1 l]. All the titration procedure based on a 
single gradient need a previous calibration of  the 
system, although this step can be avoided by 
using two successive and diametrically opposite 
gradients as in the automatic titration system 
proposed by Hernandez Corboda et al. [12]. 

Ruzicka et al. [13] present a simple and rapid 
continuous flow injection system equipped with a 
mixing chamber, which is actually a combination 
of automated titration and automated dilution. 
The balance can be tipped towards either end to 
meet the special requirements of a particular anal- 
ysis. When the analyte concentration varies over a 
wide dynamic range, the dilution function should 
be emphasized so that the analysis time can be 
shortened. On the other hand, when analyte varies 
over a narrow concentration range, the titration 
function is emphasized to differentiate between 
samples better. In addition, they introduced two 
application cases with the readout is logarithmic 
in the first and linear in the second, respectively. 

Fumio Sagara et al. [14] proposed a micro flow 
spectrophotometric titration method which is the 
same as conventional titration in principle, but 
different in apparatus. For  example, fused-silica 
capillary tubes in gas chromatography is em- 
ployed as microburettes. The solution in a mi- 
crobeaker, as small as 500 tal, was circulated 
through the micro-flow cell of  a spectrophotome- 
ter to determine the indicator endpoint. This 
method's main advantage is that the reagent and 
sample's consumption is reduced to as small as ~tl. 

In addition, the linear pH-buffering single-point 
titration using potentiometric detection [15 17] 
allows for linear system response, too, though it is 
limited to diluted samples. 

The above developments in flow titration 
methodologies imply a continued interest in this 
field. However, in all these methods, back titra- 
tion is very difficult to be automated, and no 

example is yet reported, even though back titra- 
tion procedures are widely used in conventional 
titrimetric analysis while a suitable indicator is 
not available or where the reaction between an 
anlyte and a titrant occurs too slowly. In addi- 
tion, since titrimetric analysis methods are usually 
employed for the determination of concentrated 
components, which requires high precision, most 
of the above methods based on the adjustment of 
flow rate are thus not suitable because their preci- 
sion, r.s.d, is as high as 2%. Furthermore, the 
fluctuation of sample's viscosity has large influ- 
ence on the determinations; and the concentrated 
analytes are usually difficult to be titrated directly 
without predilutions. 

Recently, we proposed an automatic micro-ti- 
tration method [18] which is based on the injec- 
tion of a very small volume of  sample and 
homogeneous mixing in a titration cell of  the 
injected sample with a titrant solution propelled 
at a constant flow rate by a peristaltic pump. The 
mixture in the titration cell is monitored by pho- 
tometry for endpoint. On the basis of  the above 
method, automatic back titration method for mi- 
crochemical analysis is developed, in which both a 
sample and an excess of  standard reagent solution 
are injected and the excess is then titrated with a 
titrant. Since the sample volume, albeit small as 
30 ~tl, could be maintained unchanged for a long 
period, the reduction of sample and reagent con- 
sumption is achieved but without any loss of  
precision. In addition, the method's precision is 
further increased with the titrant propelled by a 
stepper motor driven syringe piston pump in place 
of  a conventional peristaltic pump. Concentrated 
samples can be titrated directly without predilu- 
tions, while the influence of  sample's viscosity on 
the determinations is negligible. Moreover, since 
the titration cell is drained, it eliminates the long 
washing out time accompanied with the mixing 
chamber titration system. Finally, the above 
method is employed for the determination of 
nickel, in which an excess of  EDTA is injected to 
react with nickel and the excess is then titrated 
with zinc salt solution containing xylenol orange 
(XO) as the indicator, which could be blocked by 
nickel ion in a direct titration. End point is deter- 
mined while a sharp increase of absorbance at the 
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wavelength of 560 nm occurs owing to the forma- 
tion of the red zinc-XO complex. 

2. Experimental  

2.1. Reagents and solutions 

R: 011000 mol 1 ~ Na2-EDTA+ 1.5 mol 1- 
hexamine buffer at pH 5.5 

T: 0.005000 tool l - J  z inc+0.002% (w/v) 
xylenol orange + 1.0 mol 1 ' hexamine buffer at 
pH 5.5. 

Nickel sulphate solution containing 80.00 g 1 
of nickel and 1.0 mol 1 - 1 H 2 S 0 4 .  

All the reagents except otherwise stated are of 
analytical grade. 

3. Apparatus 

The micro-titration system depicted in Fig. 1 
were constructed from the following components: 
a 16-port rotary valve (Zhaofa Automatic Analy- 
sis Research Institute, Shenyang, China), two self- 
designed variable-speed, linear flow piston pumps, 
each equipped with two disposable plastic sy- 
ringes of 10 ml (diameter 17 mm); a self-con- 
structed titration cell; a photometer based on 
LED and phototransistor; a magnetic stirrer 

I Ro~ RL To~ 
TC So ~I~ 

L&P S 

w -  

1 

T 
W 

- R _~SL 
W 

Fig. 1. The system configuration. Ro, So, To and Wo are the 
syringes for the calibrated reagent solution (R), sample (S), 
titrant (T), and the drainage of the titration cell (TC), respec- 
tively. V is the valve. W is the waste. M is the magnetic stirrer. 
SL is a 30 lal sample loop. RL is a 500 ~tl reagent loop. L and 
P are the LED and the phototransistor, respectively. 

(Model GSP-80-04, Taixian Radio Factory, Ji- 
angsu, China), and an intel 8031 based single-chip 
microcomputer system for the control of  pump, 
valve, and stirrer, data acquisition and processing. 
The valve is driven by a stepper motor (Model 
45BF3/3A, Shanghai Instrument Motor  Factory, 
China) through two gears with a diameter ratio of 
1:4.5. Through the control of the microcomputer, 
the valve can be turned to either load or inject 
position. The piston pumps, also driven by step- 
per motors, can be controlled to a precision of 2 
~tl. Since syringes need to be refilled, the pump's 
movements should be in accordance with the 
valve's position. The piston's forward movement 
requires the valve in inject position, while back- 
ward movement needs the valve in load position. 
Each determination always begins with the piston 
backward movement for filling the syringes, and 
ends with the piston's forward movement to de- 
liver reagent. The titration cell, made of glass, has 
a volume about 12 ml. In its outside, near the 
bottom are mounted a green LED, whose emis- 
sion maximum is at 560 nm, and a phototransis- 
tor, which, opposite to each other, are 18 mm 
apart. The titration cell together with the photo- 
metric components are put in a light-tight box to 
prevent the influence of ambient lights. For fur- 
ther details about the photometric detector, read- 
ers are referred to Ref. [19] and [20]. 

There are two distinct steps in the procedure, 
sampling and titration. During the first step, the 
valve turns to the load position, the syringes move 
backward, the titrant taken into the titrant sy- 
ringe directly, while the sample flowing through 
the sample loop first and then to the sample 
syringe. The calibrated reagent solution is also 
loaded into the reagent loop. At the same time, 
the titration cell is drained by another syringe, 
which should be operated a little bit longer than 
the titrant syringes to secure the complete 
drainage of the titration cell. The blank signal for 
the following absorbance measurements is taken 
when the titration cell becomes empty. After sam- 
pling step, the valve is turned to inject position, 
followed by the forward movement of the sy- 
ringes. The titrant delivered by syringe propels the 
loaded sample and the reagent solution into the 
titration cell one after the other. After the reagent 
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solution loaded in the reagent loop is propelled 
into the cell, stop the titrant's forward movement 
for a while until the reaction goes well to comple- 
tion. Then restart the titrant pump to titrate the 
excess of  the reagent and the endpoint is continu- 
ously monitored. Once a sharp increase in ab- 
sorbance is detected, stop the addition of  titrant, 
and read the volume of titrant delivered. Since 
homogeneous mixing of  the solution in the titra- 
tion cell is obtained by a magnetic stirrer, the 
principle is similar to that in conventional back 
titration methods, and the unknown concentra- 
tion of  a sample could be calculated similarly. 

regression equation, in the whole range is below 
0.21%. The relative standard deviation for deliver- 
ing a known volume is 0.033%, which is much 
better than the linearity because of the small 
variations in the inner diameter of  the syringe. 

Since both the sample loop's volume and the 
reagent loop's volume, albeit small, can be main- 
tained constant over a very long period, and the 
precision for delivering titrant by computer con- 
trolled piston pump does not fluctuate so easily as 
in peristaltic pump, frequent calibration is thus 
unnecessary. 

4. Results and discussion 

4.1. Calibration curve and result calculation 

As homogeneous mixing is employed in the 
titration, the principle of this method is quite 
similar to the conventional titration, except for 
that the sample's volume in this method is much 
smaller. The analyte's concentration in an un- 
known (Cx) can be calculated from the following 
equation, 

Cx = ( CR VR -- CTVT)/Vo (1) 

where C~ is the concentration of  the calibrated 
reagent solution, i.e., the concentration of EDTA; 
Cv is the concentration of the titrant, zinc; VR, 
V0, and V v are the volumes of reagent loop, 
sample loop, and titrant consumed, respectively. 
Since C R and CT are known, the unknown sam- 
ple's concentration can be readily calculated if the 
volumes are determined accurately. Considering 
the difficulty in accurately determining the small 
volumes of sample and reagent loops, seven stan- 
dard nickel solutions with increasing content of 
nickel from 1 0 t o 7 0 g l  1 with 1 0 g l  ~interval 
are employed to calibrate these unknown volumes 
and other uncertainties altogether,obtaining the 
following regression equation, 

Cx (g 1 1) = 98.07 -- 9.731Vv (ml) (2) 

whose regression coefficient is 0.9999. The linear- 
ity error, i.e., the relative difference between the 
known concentration and that calculated by the 

5. The carry-over effect 

As the titration cell and the tube connecting the 
cell to the valve is drained, the carry-over effect in 
this method depends mainly on the volume of the 
residual solution after drainage (V r), its concen- 
tration (Cr), and the concentration of  the next 
sample (C×). The reagent's concentration in resid- 
ual solution may be expressed as 

c,  = ToCR V,../Vs (3) 

where Te is the titration error; V s is the total 
volume of  the mixture in the titration cell at 
endpoint. Therefore, the relative error (RE) 
caused by carry-over effect is as following, 

RE = ( VrToCR V~/ Vs)/( VoC×) (4) 

where Vo is the volume of sample injected. 
To determine the residual solution's volume 

approximately, a sample containing 100 g 1 ~ of 
cobalt is injected and diluted to 10 ml, the resid- 
ual solution after drainage is then washed with 
distilled water and the cobalt content in the result- 
ing solution is determined by spectrophotometry 
with nitroso R salt [21], from which the volume of 
the residual solution may be determined. The 
residual solution's volume, as the results of l l  
measurements done this way determines, ranges 
from 0.01 to a maximum of 0.1 ml. 

For  the most unfavourable situation, Vs and 
C x takes the minimum of  3.4 ml and 0.17 mol 
1 ~, respectively, the resulting relative error being 
as low as _+ 0.14% if the titration error is _+ 0.5%. 
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To demonstrate by experiments: two samples 
with l0 and 70 g 1 ~ of nickel are titrated alterna- 
tively, no appreciable carry-over effect is found, 
since the titration error is practically smaller than 
0.5%, and the residual solution's volume may be 
smaller than 0.1 ml, also. 

6. The influence of sample's viscosity 

In conventional FIA titration method, in- 
creased sample viscosity increases the pressure 
drop with the system and reduce the dispersion 
and mixing. The pressure drop increase is so 
predictable that it has been used by Betteridge et 
al. for the measurement of viscosity [22]. How- 
ever, the influence of sample's viscosity in this 
method is greatly reduced because the length of 
the tube connecting the valve and the titration 
cell, i.e., the passage a sample transported, is as 
short as 10 cm, and homogeneous mixing is em- 
ployed in the titration process. Even though the 
loaded samples with different viscosities might 
have increasing trailing, the analyte may be 
flushed to the titration cell completely by the 
reagent in the reagent loop as large as 500 gl. To 
demonstrate, when several samples containing 30 
g 1 ~ of nickel but with increasing amounts of  
glycerin were determined, no appreciable viscosity 
effect is found even for the glycerin's content as 
high as 50% (V/V). 

7. Sampling rate 

The time for a typical analysis includes the time 
for draining the titration cell, the time for the 
analyte to react with the calibrated reagent solu- 
tion, and the time to deliver the required volume 
of titrant, which depends on both the sample's 
concentration and the flow rates. The time for the 
sampling period should be kept constant, and 
large enough for draining the largest volume pos- 
sible, since one may not know the titrant's volume 
consumed by the previous sample. During the 
titration, titrant is delivered quickly at first, and at 
a lower rate during the detection of end point. 
This is accomplished by comparing the measured 

absorbance with a set absorbance value (lower 
than the absorbance value corresponding to the 
equivalence point). Once the measured ab- 
sorbance is larger than the set value, it is indicated 
that the equivalence point is approaching, slow 
down the titrant's delivering rate. The slower the 
titrant is delivered, the better the precision would 
be. Because the flow rates could be easily varied, 
the time for one determination varies, too. Here, 
to make a compromise between precision and 
sampling rate. 30 and 60 s are assigned for sam- 
pling and titration steps, respectively, whose sam- 
pling rate is 45 samples h 

8. Sample analysis 

Although the complex of nickel with EDTA is 
very stable, concentrated nickel can't be deter- 
mined by direct titration since it will block most 
of the metal indicators (the nickel-indicator com- 
plex is more stable than the nickel-EDTA com- 
plex). In addition, sample dilution is necessary to 
reduce the influence of nickel ion's colour and 
NiY's colour on the endpoint determination in 
conventional titrimetric analysis. While this 
method is employed for the determination of 
nickel in the range of 10 70 g I L, the blocking to 
indicator is overcome by back titration; and the 
color's interference on endpoint detection is elimi- 
nated by dilution and the selection of a suitable 
wavelength far away from their absorption max- 
ima. Several concentrated nickel sulphate solution 
samples from a metallurgical plant were deter- 
mined by this method, whose results together with 
those obtained by manually performed back titra- 
tion method with EDTA [17] are listed in Table 1. 
The results indicate that both the accuracy and 
precision in this method are quite good. 

9. Conclusion 

Automatic back titration method for micro- 
chemical analysis is achieved by injecting two 
accurately known small volumes of sample and a 
calibrated reagent solution, and the reagent con- 
sumption is thus, reduced. The excess of the 
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Table 1 
The results of sample analysis (g l-~) 

A. Tan, C. Xiao /Talanta 44 (1997) 967-972 

Sample No. Manual titration This method Average RSD 

1 70.36 70.29 70.13 70.37 70.39 70.25 70,29 0.15% 
2 45.09 45.03 44.91 45.10 45.11 44.97 45.02 0.19% 
3 32.78 32.84 32.80 32.90 32.77 32.87 32.83 0.16% 
4 13.48 13.52 13.47 13.49 13.54 13.55 13.51 0.24% 

reagent after reaction with the analyte is then 
titrated by a titrant and the endpoint is deter- 
mined photometrically. Although it is used for the 
complexometric determination of nickel, the 
method, in principle, could be employed for the 
determination of a wide variety of analytes by 
using different reagents and adjusting the volumes 
of two loops and the concentration of reagent 
solutions. Furthermore, if the small variations in 
the inner diameter of the titrant syringe could be 
adequately calibrated, high precision as good as 
0.1%, or even higher, might be obtained. More 
related research work and its application to dis- 
placement titrations are in progress at our labora- 
tory. 
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Abstract 

A novel amperometric biosensor for the determination of lactate was constructed by first immobilizing lactate 
oxidase and an osmium redox polymer ([Os(bpy)2(PVP)loC1]Cl; abbreviated Os-polymer) on the surface of a glassy 
carbon electrode, followed by coating with a sol-gel film derived from methyltriethoxysilane (MTEOS). The 
electrooxidation current of this electrode was found to be diffusion controlled. In the presence of lactate, a clear 
electrocatalytic oxidation wave was observed, and lactate could be determined amperometrically at 400 mV versus 
Ag/AgCI. The concentration range of linear response, slope of linear response and detection limit were 0.1 9 mM, 
1.02 laA mM ~, and 0.05 mM, respectively. Although L-ascorbate was electrooxidized at this potential, uric acid, 
paracetamol and glucose were found not to interfere. © 1997 Elsevier Science B.V. 

Keywords: Amperometric biosensor; Lactate determination; Osmium polymer: Sol-gel 

| .  Introduction 

Enzyme-based, amperometric  biosensors have 
attracted much interest for clinical, environmen- 
tal, agricultural, and biotechnological applica- 
tions. An important  area of  biosensor research is 
the immobilization of enzymes at transducer sur- 
faces. Conventional methods of enzyme immobi- 
lization include covalent binding, physical 
adsorption, encapsulation in polymers, or cross- 
linking to a suitable supporting matrix, Generally, 

* Corresponding author. 

supporting matrices are constructed of conductive 
and nonconductive polymers [1 3], conductive 
organic salts [4], and carbon-based composite ma- 
terials [5-8], or layer of enzymes adsorbed onto 
electrode surfaces [9]. Recent research has demon- 
strated that silicate glasses obtained by the sol-gel 
method can provide such a supporting matrix and 
that biomolecules can be immobilized by this 
method [10-17], These bioceramic materials have 
been further applied to produce silica-based pho- 
tometric and FI detectors [18 22]. More recently, 
low temperature processing conditions, chemical 
inertness, negligible swelling effects, tunable 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02164-9 
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porosity, thermal stability and the high purity of 
sol-gel-derived glasses make them ideal for many 
sensor applications [23,24]. The formation of sol- 
gel based sensors has been reviewed by Lev et al. 
[25]. Although most applications to date have 
been based on spectroscopic techniques, a few 
papers have emerged recently on the use of elec- 
troanalytical procedures. For instance, Narang et 
al. [26] have described a series of prototype te- 
traethylorthosilicate(TEOS)-derived sol-gel thin 
films for immobilization of glucose oxidase. Au- 
debert et al. [27] have demonstrated the activity of 
glucose oxidase doped within a sol-gel-derived 
matrix(tetramethylorthosilicate; TMOS) using hy- 
droxymethylferrocene as mediator. Glezer and 
Lev [28], however, prepared platinum electrodes 
with glucose oxidase entrapped within a vana- 
dium pentaoxide gel and demonstrated the possi- 
bility of detection of glucose by cyclic 
voltammetry. Pankratov and Lev [29] have 
demonstrated the use of silica/carbon-based glu- 
cose sensor containing tetrathiafulvalene as medi- 
ator. In our previous study [30], we demonstrated 
the construction of a sol-gel based amperometric 
glucose biosensor incoporating an osmium redox 
polymer as mediator. 

The rapid, accurate and selective assay of lac- 
tate is necessary in clinical and industrial food 
laboratories. Dempsey et al. [31] prepared a L-lac- 
tate biosensor immobilizing lactate oxidase in an 
o-phenylenediamine film. Mizutani et al. [32] pre- 
pared an amperometric enzyme electrode for lac- 
tate by immobilizing lactate oxidase in a polyion 
complex membrane. Spohn et al. [33] investigated 
the influence of different additives on the perfor- 
mance of a bienzyme carbon paste electrode for 
detection of lactate. Murr et al. [34] constructed 
an amperometric lactate biosensor by confining 
lactate oxidase and hydroxymethyl-ferrocene as 
mediator in a carbon paste electrode. Heller et al. 
[351 also demonstrated the use of a poly(1- 
vinylimidazole)-based lactate sensor containing 
Os(4,4'-dimethylbpy)2C1 as a mediator. Zhang et 
al. [36] prepared an amperometric tetrathiafulva- 
lene mediated reduced NADH sensor co-immobi- 
lizing lactate oxidase and lactate dehydrogenase 
on an Eastman-AQ-TTF-modified electrode. 
These methods result, however, in shorter linear 

response ranges than the method described in this 
paper. 

This paper describes the feasibility of a sol-gel 
based amperometric L-lactate sensor based on 
lactate oxidase and an osmium redox polymer as 
mediator for the determination of L-lactate. We 
have investigated the electrochemical behaviour of 
this electrode and shown that L-lactate can be 
determined amperometrically with good analytical 
characteristics. 

2. Experimental 

2.1. Materials 

The source of all chemicals used for experi- 
ments are given in parenthesis: methyltriethoxysi- 
lane (MTEOS, Aldrich), lactate oxidase (EC 
number, not assigned;from Pediococcus sp., 34 
unit mg ~, Sigma), L-lactic acid (Fluka), Glucose 
(Sigma), Uric acid (Aldrich), Paracetamol (BDH), 
L-ascorbic acid (Aldrich), Na2HPO4 and 
NaH2PO4 (BDH). All aqueous solutions were pre- 
pared in deionized water (Easypure RF, 
Branstead water purification system). The Os- 
polymer, [Os(bpy)2(PVP)j0C1]C1, used as an elec- 
tron transfer mediator, was prepared as described 
elsewhere [37]. 

2.2. Instrumentation 

Cyclic voltammetry experiments and steady- 
state measurements were carried out using a BAS 
(W. Lafayette, USA) CV-100W voltammetric an- 
alyzer interfaced to an IBM-PC compatible com- 
puter, pH Measurements were performed using an 
RE 357 Microprocessor pH meter (EDT Instru- 
ments, UK). 

2.3. Preparation o f  sol-gel derived electrode 

The silica sol was prepared by mixing 4.5 ml of 
MTEOS, 1.6 ml of deionized water and 0.03 ml of 
0.05 M HC1 (which was used to catalyze the 
reaction) in a glass vial. After 3 h of mixing, a 
clear sol-gel solution resulted. The resulting molar 
ratio of MTEOS to water was 1:4. To prepare the 
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modified electrode, 3 lal o f  1% Os polymer  (in 
methanol)  was coated on the surface o f  a glassy 
carbon electrode and dried at room temperature 
to evaporate  off  methanol ,  and then a 3 p.l al iquot 
of  L O D  solution (680 units ml '; prepared in 
phosphate  buffer, pH  6.8) was coated onto  the 
surface o f  the modified electrode and allowed to 
air dry in a covered beaker. After 24 h a sol-gel 
layer was spin coated onto  the surface. 

2.4. Procedures 

All measurements  were carried out  in a three- 
electrode system using a plat inum wire and Ag/ 
AgC1 (sat 'd KCI) as the auxiliary and reference 
electrode, respectively. All steady state measure- 
ment  were performed at 400 mV versus Ag/AgCI  
in 0.1 M phosphate  buffer, p H  6.8. Argon  gas was 
passed th rough  the cell to prohibit  the competi-  
tion o f  oxygen with the osmium redox centre [38]. 
The solution was stirred at 1000 rpm using a 
magnetic stirrer. 

3.2. Bioelectrocatalytic oxi&ttion q /  htctate 

In the presence o f  L-lactate, a clear electrocata- 
lytic oxidation wave was observed (Fig. 2). This 
means that lactate oxidase is reduced by the lac- 
tate penetrating the sol-gel film, electrons are 
transferred from the L O D - F A D H ,  to the Os ' + 
site, Os 3 + sites are reduced to Os:  ~, followed by 
re-oxidation o f  this reduced form. The redox cen- 
tre of  LOD,  i.e., FAD,  is reduced by L-lactate as 
follows: 

L O D  - F A D  + L - -  lactate + 2H ' 

--+ L O D  - F A D H  2 + pyruvate  ( 1 ) 

The Os 3-  sites then oxidize the reduced LOD-  
F A D H >  regenerating L O D - F A D :  

LOD - F A D H e  + 2Os ~ + 

--+ L O D  - F A D  + Os: + + 2H + (2) 

This is followed by the oxidat ion of  reduced form 
of  the mediator  on the electrode surface: 

20s  2+ - ~ 2 0 s  ~+ + 2e (3) 

3. Results and discussion 

3.1. Electrochemical behaviour q f  sol-gel derived 
electrode 

Fig. 1 shows the typical vol tammetr ic  be- 
haviour  o f  a sol-gel based electrode containing 
L O D  and Os-polymer  as media tor  in 0.1 M phos- 
phate buffer, pH  6.8, at different scan rates. In 
the absence o f  lactate, the enzyme gives no re- 
sponse and only the Os-polymer  electrochemistry 
is observed. Under  the experimental condit ions 
used in this study and over the range o f  potential 
scanned ( - 100-550 mV) and range of  potential 
scan rate (v = 2 - 2 0 0  mV s ~), the dependence o f  
peak current  on the scan rate was investigated in 
order  to identify the type of  current.  The current 
function ( i j v  ,.'2) had a constant  value at different 
scan rates. This means that  the catalytic electroox- 
idation current  o f  the sol-gel derived electrode is 
diffusion control led current [39]. 

+ 2 0 . 0 0 ~  L _ _ :  . . . . . .  L _ ,  , L L 1 

r' l:",5,'1// , - 

-11 COd - -  

f ~, ~,q i~ / /  - _ I ,~.  ( / /  

, - - - ~ < . . . . . <  . ¢:, ,g, 

7J / IQt': < - . ~ -  ~ J  d 

' 1 %  " e 

' d , ( : ,  f 

20 bC g 

7~00 
r. ~.~ I r' ~ j j  ~1 o, , ,  

Po;ential/V 
Fig. 1. Cyclic voltammograms of the sol-gel derived electrode 
in absence of lactate at various scan rate (rnV s ~) in 0.1 M 
phosphate buffer solution(pH 6.8): (a) 2, (b) 5, (c) 10, (d) 20, 
(el 50, (I3 100, Ig) 200. 
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Fig. 2. Cyclic voltammograms of a sol-gel based lactate 
biosensor in 0.1 M phosphate buffer solution, pH 6.8: scan 
rate 2 mV s-I, I000 rpm, Ar; (a) no analyte, (b) [0 mM 
lactate. 
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Fig. 4. Dependence of pH on electrocatalytic oxidation cur- 
rents for a sol-gel based lactate electrode: 1000 rpm, Ar, 5 mM 
lactate. 

plateau at 350 mV versus Ag/AgC1. In order to 
obtain constant and high electrocatalytic oxida- 
tion currents, the electrode potential was main- 
tained at 400 mV versus Ag/AgC1 for 
amperometric measurements. 

The elimination of  a reduction peak means that 
the reduced state of  sol-gel film is maintained. 
Fig. 3 shows the potential dependence of  the 
L-lactate electrocatalytic oxidation current at 
steady-state condition under argon. The L-lactate 
electrocatalytic oxidation current reached a 

1 0 -  

8 -  

/ +I--I--I--I 

/ 
4 + -  / 

= . // O 
2 -  

0-" m--u - •  , • -a i / 'Aa 

i i l l 

-200 0 2 0 0  4 0 0  600 

potential,mV vs. Ag/AgCI 

Fig. 3. Potential dependence of the steady-state current for the 
lactate electrode: 100 rpm, Ar, 10 mM lactate. 

3.3. p H  studies 

Fig. 4 shows the pH dependence of the catalytic 
current for the sol-gel based L-lactate electrode 
attained at a concentration of 5 mM lactate in 0.1 
M phosphate buffer stirred at 1000 rpm under 
argon. The curves exhibit a plateau from pH 6.3 
to 7.4. We selected a pH 6.8 for all further 
experiments in consideration of  analytical sensi- 
tivity. 

3.4. Steady-state current measurements 

Fig. 5 shows the typical steady state current- 
time response of  a sol-gel derived L-lactate biosen- 
sor. The electrode response time was about I0 s 
until steady state values were obtained. The fast 
response is attributed to the thin active film and 
short penetration depth of  this electrode. The 
electrode response was found to be linear within 
the concentration range 0.1-9 mM with a correla- 
tion coefficient, r=0.9985.  The detection limit 
and slope of  linear response were 0.05 mM and 
1.02 pA mM ~ with 5.3% RSD, respectively. The 
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Fig. 5. Amperometric responses o1" a sol-gel based lactate 
biosensor on addition of lactate in 0.1 M phosphate  buffer 
(pH 6.81: E.,pp~ = 400 mV versus Ag,'AgCI; 1000 rpm, Ar. 

detection limit was calculated based on twice the 
value of the background currents. The short-term 
stability was shown to be within + 5% RSD over 
a 1 week period. 

3.5. Interferences studies 

Interference effects were investigated by testing 
the response of the sol-gel derived electrode to 
L-ascorbic acid, paracetamol (4-acetamidophe- 
nol), uric acid, and glucose. As shown in Table 1 
the presence of L-ascorbic acid greatly affects the 

response of the electrode, but uric acid, paraceta- 
tool and glucose did not interfere to any great 
extent. The use of an alternative mediator with a 
lower redox potential, a change in the composi- 
tion of the sol-gel, or some form of prior separa- 
tion, remains to be investigated to counteract this 
interference problem, 

4. Conclusions 

In this work we have demonstrated the feasibil- 
ity of a novel sol-gel based amperometric L-lactate 
biosensor using an osmium redox polymer as 
mediator. Our results demonstrate that the elec- 
trocataytic oxidation current of a sol-gel film 
coated LOD/Os-polymer/glassy carbon electrode 
were diffusion controlled current. This electrode 
can be used as an amperometric lactate biosensor 
that provides a linear response and detection limit 
to lactate within the concentration range between 
0.1 and 9 raM, and 0.05 mM, respectively. L- 
ascorbate was electrooxidized at this potential, 
but uric acid, paracetamol and glucose were 
found not to interfere. In previous studies [31 
35], other authors obtained a smaller linear range 
than the sol-gel system described in this paper. 
This may be due to diffusional constraints caused 
by a lower permeability in the sol-gel layer de- 
scribed in this paper. The use of sol-gel immobi- 
lization may be useful for situations in which 
there are high lactate concentrations, e.g., in criti- 
cal care monitoring. It may also prove to be a 
more robust method of  immobilization compared 
with polymer-modified electrodes. 

Table 1 
Response of the sol-gel-based amperometric sensor to mterferents 

lnterferenls 5 mM lactate (pAl 

I mM acetaminophen 5.82(I 
I mM uric acid 5.813 
0.1 mM ascorbic acid 5.823 
I mM ascorbic acid 5.823 
1 mM glucose 5.820 

lnterferent+ 5 mM lactate (laAt 

5.820 
5.813 
5.963 
7.395 
5.821 

"A, Diff. 

0 
0 
2.4 

23.7 
0 
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Abstract 

A flotation spectrophotometric method for the determination of germanium with isochromatic dye ion-pairs is 
described. The molar ratio of germanium to rhodamine 6G to tetrabromofluorescein is 1:5:5. The apparent molar 
absorptivity is 5.8 x 105 1 tool ~ c m - '  at 531 nm. Beer's law is obeyed over the concentration range of 
5.0 × 10 s 1.25 x 10 ~' mol 1 - ~. The proposed method is sensitive and accuracy and can be applied satisfactorily to 
the determination of germanium in vegetables. © 1997 Elsevier Science B.V. 

Kevwords: Flotation-spectrophotometric; Germanium: Isochromatic dye 

1. Introduction 

Phenylfluorone [1 8] and its replacement [9- 
16] are commonly used as sensitive spectrophoto- 
metric reagents for determining germanium and 
their molar absorptivities do not in general exceed 
1.8 x 10 5. High sensitivity characterizes methods 
based on the formation of sparingly water-soluble 
compounds of molybdogermanic acid with xan- 
thene dye (e.g., Rhodamine B, Rhodamine 6G) 
[17,18]. These compounds can be dissolved in 
enthanol or acetone after flotation with toluene or 
butyl acetate [18,19]. Some other methods for the 
extractive-spectrophotometric and flotation-spec- 

* Corresponding author. 

t rophotometric determination of germanium are 
described in the literature [20-22], but the sensi- 
tivities of  these methods are lower than this pa- 
per's. 

In this paper, the flotation-spectrophotometric 
determination of germanium with isochromatic 
dye ion-pairs is studied. The isochromatric dye 
was formed by R6G(C26H27CIN203)  with 
TBF(C2oH~,Br4Na2Os) at acetate buffer (pH 5.5). 
TBF is similar in colour to R6G and they associ- 
ated with the molar  ratio TBF: R6G = l:l at pH 
5.5. During the determination process, R6G 
formed a ternary complex with germanoalizarin- 
complexone first. The molar ratio of  germanium 
to alizarincomplexone (AC) to R6G was 1:3:5 
[23], and its absorptivity was 2.9 × 105. Then de- 

0039-9140/97/$17.00 (t;~ 1997 Elsevier Science B.V. All rights reserved. 
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composed the ternary complex with NaOH, 
added TBF to the aqueous solution, the isochro- 
matric dye ion-pairs of  TBF with R6G was 
floated with toluene again, added acetate to dis- 
solve the flotation. Owing to the isochromatic 
effect of  ion-pairs, the sensitivity for the determi- 
nation of  germanium was enhanced and the molar 
absorptivity is achieved 5.8 x 105 at 531 nm. The 
proposed method has been applied to the determi- 
nation of germanium in vegetables with good 
precision and accuracy. 

2. Experiment 

2.1. Apparatus 

The absorbance was measured with a Model 
UV-265 spectrophotometer (Shimadzu Corpora- 
tion, Kyoto, Japan). The pH measurements were 
made with a Model pHS-3C pH meter (Shanghai 
Leici Instrument Factory). 

2.2. Reagents 

2.3. Procedure for the determination of Ge 

The solution containing not more than 1.5 ~tg 
o f G e ,  3 . 0 m l o f l . 0 x l 0  4 m o l l - ~ A C s o l u t i o n ,  
5.0 ml of  1 .0x 10 4 tool 1 J R6G and 1 ml of 
pH 5.5 acetate buffer were added to a 30 ml 
separating funnel. The solution was shaken for 
about 30 min in a mechanical shaker with 5 ml 
toluene. Discarded the aqueous phase. Washed 
the flotation three times with 10 ml of 0.1 tool 1 
NaC1. Added 0.1 tool 1-~ NaOH to the flotation, 
the ternary complex (the molar ratio 
Ge:AC:R6G = 1:3:5) [23] was then decomposed. 
Acidified the solution with 0.05 mol 1 ~ H 2 S O  4. 

Added successively 3.0 ml of  1.0 x 10 _4 tool I 
TBF, 2.0 ml of pH 5.5 acetate buffer. Shook the 
solution for 3 rain. The flotation of  TBF with 
R6G was adhered on the wall of the separating 
funnel, discarded the solution, washed the flota- 
tion three times with 10 ml of  0.1 mol 1 ~ NaCI 
and the flotation was dissolved in 10 ml of  ace- 
tone. The absorbance was measured at 531 nm in 
a 1.0 cm cell against reagent blank. 

All solutions were prepared with analytical 
reagent and deionized water. Standard solution, 
containing 1.00 mg ml-~ germanium, was pre- 
pared by dissolving 0.1000 g of Ge powder in 5.0 
ml of 1 tool 1- 1 NaOH, acidified the solution with 
hydrochloric acid, and diluted to the mark in a 
100 ml volumetric flask with water. 

Acetate buffer solution, pH 5.5, was prepared 
by mixing 1 mol 1 J acetic acid and 1 tool 1 z 
sodium acetate solution. The pH was ultimately 
adjusted using a pH meter. 

Tetrabromofluorescein (TBF) solution, 1.0 x 
10 2 mol 1- l ,  was prepared by dissolving 1.7298 
g of TBF in 500 ml of  water. 

Rhodamine 6G (R6G) solution, 1.0 x 10 -3 tool 
1 1, was prepared by dissolving 0.2935 of R6G in 
500 ml of  water. 

Alizarine complexone (AC) solution, 0.0015 
mol 1- t ,  was prepared by dissolving 0.1445 g of  
the reagent in 50 ml of  water containing 0.5 ml of  
concentrated ammonia. Added 0.5 ml of glacial 
acetic acid, and diluted with water to exactly 250 
ml. 

3. Results and discussion 

3.1. Spectral characteristics 

The absorption spectra of  1.0 x l0 5 tool 1 
TBF solution, of 1.0 x 10 5 tool l - t  R6G solu- 
tion and of  the 1.0 z I 0 - s  tool 1 ~ acetone solu- 
tion of the isochromatic dye ion-pairs of TBF 
with R6G (the molar ratio of  TBF to R6G was 
1:1) are shown in Fig. 1. 

All results showed that TBF and R6G were 
similar in colour in acetone and the sensitivity was 
enhanced by the use of isochromatic ion-pairs of 
TBF with R6G at 531 nm. 

3.2. Select of organic solvents 

The ion associate of  germanoalizarincomplex- 
one acid with R6G is insoluble in water. It cannot 
be extracted into polar or non-polar organic sol- 
vents, but it can be floated [23]. 

The isochromatic dye ion-pairs of  TBF with 
R6G was floated with toluene at pH 5.5 acetate 
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buffer. Consequently, toluene was chosen as the 
opt imum flotation agent. 

3.3. Effect o / p H  

It was reported in literature [24] that the opti- 
mum pH range of the ternary complex was from 
5 to 6. The range of pH was controlled in 3-11 
with the acetate buffer and NaOH.  A study of the 
complexation of TBF with R6G at different pH 
values showed that the isochromatic dye ion-pairs 
had a higher absorbance at the pH 5.5 (see Fig. 
2). Consequently, a pH of  5.5 acetate buffer was 
chosen as the opt imum for this work. 

3.4. Effect ~?[" developer eoncentration 

Fig. 3 shows the effect of  TBF concentration. 
2.5-4.0 ml of  1.0 × 10 4 mol 1-~ TBF solution 
gave a maximum and constant absorbance with 
5.0 × 10 - 7  tool 1 ~ of  Ge, so that 3.0 ml of  
1.0 × 10-4 mol 1 ~ TBF was used in the determi- 
nations. AC and R6G concentration were not less 
than 60 and 100 times of Ge concentration. 

0-8 

0,6 

0-4 

0-2 

4 5 6 7 S ~t~ 

Fig. 2. Effect of  pH on the isochromatic dye ion-pairs of  TBF 
with R6G. R6G: 3 . 0 x  10 s mol 1 i TBF: 5 . 0 x  10 s mol 
1 '. Absorbance  measured at 531 nm against corresponding 
reagent blank. 

3.5. Composition o[" the ion-pairs 

The composition of the complex were investi- 
gated by the continuous variations and equi- 
librium shifting methods. Both the molar ratio of  
TBF to R6G and R6G to AC were found to be 
1:1. 

3.6. Stability oJ the ion-pairs TBF" R6G and 
AC. R6G 

, . .a  

, r )  

I -0 

01 . 
300 

I l 516 J 

J .  \ 
W~vg~n~lh ,nm 

Fig. 1. Absorpt ion  spectra of  TBF,  R6G and T B F - R 6 G .  (1) 
1.0 x 10 5 mol I ~ TBF solution measured against water, (2) 
1.0 × 10 s tool I ~ R6G solution measured against water,  (3) 
1 .0x  10 ~ tool 1 ~ TBF:R6G acetone solution against 
reagent blank. 

Ksp was regarded as an association capacity of  
the complex [24]. It was found that Ksp of 
T B F . R 6 G  and A C . R 6 G  were 5.9 x l0 ~2 and 
1.88 x 10-,1,  respectively. The results showed 

O.,I I I ,, 

~ 0,2 

° { /  J 
o 1 2 3 4 I J F  

Fig. 3. Effect of  reagent concentrat ion.  Germanium:  5.0 × 1() 
7 mol I ' 
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L ~ t t l  
3.8. Determination o f  germanium in samples 

"= 
g 

- 2  

0 

'~ -7 - 6  

Fig. 4. Analytical curves of germanium. 

that TBF associated extremely R6G of  the 
ternary complex. 

3. 7. Analytical curves and sensitivity of  the 
method 

According to the recommended procedure out- 
lined above, analytical curves were prepared by 
taking the appropriate amount of  the standard 
germanium solution. During the flotation pro- 
cess, the TBF of  adsorption on the precipitate 
was washed with 0.1 mol 1-~ NaC1. Thus, good 
linearity was obtained at concentration of  germa- 
nium between 5 .0x  10 8-1.25 x 10 - 6  mol 1 -~ 
(Fig. 4). From this straight line the apparent 
molar absorptivity coefficient was 5.8 x 105 1 
mol-~ cm-~ at 531 nm. 

The contents 
mined. Washed 
water, then with 
etables after 24 
Samples (0.5000 
sels, added 4 ml 
sealed and kept 
the vessels were 

of  Ge in vegetables were deter- 
thoroughly the vegetables with 
distilled water. Powered the veg- 
h in oven at temperature 50°C. 
g) were placed in pressure yes- 
of  HNO 3. The vessels were then 
at 120°C for 3 h. After cooling 
opened. Ultimately the solution 

transferred into a 25 ml calibrated flask, diluted 
to the mark with deionized water. Then extrac- 
tive separation of Ge, added sufficient concen- 
trated hydrochloric acid to the sample solution 
to give a final acid concentration of at least 9.0 
tool 1- z. Shook the acidic solution for 2 min in a 
separating funnel with two portions of CC14, and 
washed the combined organic extracts with 9.0 
mol 1-1 HC1. Stripped the Ge by shaking the 
CC14 solution with 10.0 ml of  water followed by 
5.0 ml of  water containing 1 drop of  1 mol 1 
NaOH (shaking for 1 min) and determined by 
the proposed method. The results are given in 
Table 1. 

3.9. Effect o f  diverse ions 

The literature [24] had investigated the effects 
of  0.16 mol 1 J SO 2 - ,  F - ,  C I - ,  CH3COO , 
Br , I , C104,  N O 3  on the flotation under the 
optimum pH. SO ] - ,  F -  did not interfere in the 
absorbance of  the complex. C I - ,  B r - ,  NO3- 
decreased strongly the flotation, and I - ,  C104 
interfered seriously in the flotation. The diverse 
ions were not obtained in the following work. 

Table 1 
Determination of Ge in samples 

Sample By AAS method lag g t dry By the present method lag g t dry weight S.D.% Number of determina- 
weight tions 

Cabbage 0.2922 0.2915 4.2 5 
Chives 0.2842 0.2850 4.4 5 
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Abstract 

GC/MS and GC/MS/MS in a quadrupole ion trap were used to analyze for anthraquinone, alkyl anthraquinones, 
benz[a]anthracene-7,12-dione and 9-fluoranone in a sediment obtained from an aluminum smelter settling pond 
contaminated with polycyclic aromatic hydrocarbons. By standard GC/MS analysis many of these target compounds 
were either undetectable or their confirmation uncertain because of matrix interferences. Detection and identification 
were greatly improved by using GC/MS/MS. GC/MS/MS analyses were performed by selecting the molecular ion (M) 
of a target compound and fragmenting it via collision induced dissociation (CID) to yield product ions corresponding 
to loss of CO for unsubstituted compounds or CO plus CH3 for alkylated compounds. The CID conditions were 
optimized using anthraquinone and 2-methylanthraquinone standards by varying the CID excitation energy and RF 
storage levels to yield optimum amounts of fragment ions. CID experiments were performed using both resonant and 
non-resonant wave forms. Although both excitation techniques gave comparable results for the removal of matrix 
interferences, non-resonant excitation provided more characteristic spectra for the alkylated anthraquinones. Moni- 
toring of secondary fragmentation products, such as M-2CO, provided greater discrimination from matrix interfer- 
ences than the use of primary fragmentation products, such as M-CO. © 1997 Elsevier Science B.V. 

Keywords': Collision induced dissociation; Environmental analysis; Gas chromatography: Ion trap: Polycyclic aro- 
matic hydrocarbons; Polyaromatic quinones; Tandem mass spectrometry 

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) con- 
stitute a class of environmental contaminants that 
are produced in large amounts through incom- 
plete combustion processes, pyrolysis, and via dis- 

* Corresponding author. Fax: + I 604 8222847. 

persion of petroleum products [1]. Because many 
PAHs are potent mutagens or carcinogens [2] 
numerous analytical techniques have been devel- 
oped for determining their concentrations in envi- 
ronmental samples. However, toxicity of  PAH 
contaminants is not exclusively dependent on the 
parent compounds.  Air particulates contaminated 
with PAHs have been found to be more carcino- 

0039-9140:97'$17.00 ~? 1997 Elsevier Science B.V. All rights reserved. 

P11 S0039-91 40(96)021 72-8 
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genic than can be accounted for by their PAH 
content alone [3]. This increased toxicity is poten- 
tially attributable to PAH oxidation products 
such as polyaromatic quinones [4,5]. For example, 
quinones of the non-mutagenic PAH pyrene, as 
well as some polyaromatic ketones (PAKs) of 
benzofluorenes and 7H-benz[d,e]anthracene have 
been found to be mutagenic [5,6]. 

Because the toxicological and environmental 
effects of a PAH can be significantly altered fol- 
lowing a chemical transformation, such as oxida- 
tion, a full accounting of the impact of PAHs 
should also include their transformation products. 
However, since PAHs are often associated with 
complex matrixes, such as soils or sediments, the 
detection and quantification of trace level trans- 
formation products is often a difficult task, usu- 
ally requiring extensive fractionation by liquid 
chromatography [7]. This in turn will generally 
lead to loss of analyte. In order to be able to 
routinely screen for trace level PAH transforma- 
tion products together with their precursors, new 
methods which do not require extensive sample 
manipulation need to be developed. Such methods 
could involve simple extractions with minimal 
solvent workup followed by a rapid chromato- 
graphic step to remove highly polar impurities if 
gas chromatography is to be used. 

Capillary GC/MS is usually the analytical tech- 
nique of choice when analyzing complex mixtures 
of PAHs, as it combines efficient chromato- 
graphic separation with mass spectral informa- 
tion. Selectivity and sensitivity can be achieved by 
software extraction of the molecular or fragment 
ion chromatograms for a particular analyte, as 
long as coeluting matrix compounds do not inter- 
fere at the specific m/z values of the analyte. 
However, when analyzing for trace level sub- 
stances, such as the transformation products of 
PAHs, their molecular or characteristic fragment 
ions are often obscured throughout the ion chro- 
matogram by abundant matrix ions. Standards 
will generally not be available for many transfor- 
mation products thus, a confirmatory spectrum 
has to be obtained, a difficult task when other 
coeluting interferences are present. To differenti- 
ate analytes obscured by coeluting interferences a 
GC tandem mass spectrometry method (GC/MS/ 

MS) is required. In the first step molecular ions of 
the appropriate m/z value can be preselected, 
eliminating interfering ions with m/z values differ- 
ent from the analyte. The preselected molecular 
ions can then be fragmented via CID leading to 
characteristic fragments. If coeluting interferences 
of the same preselected m/z are also present they 
will likely lead to different fragment ions. Conse- 
quently, identification and quantitation of the 
target analyte can be performed using its charac- 
teristic CID product ions. 

Although GC/MS/MS can be performed using 
multi sector [8,9] or triple quadrupole instru- 
ments, [10,11] the use of an ion trap affords better 
sensitivity since it eliminates losses of ions during 
transfer between different analyzers [12]. The re- 
cent availability of reliable commercial GC Ion 
Trap MS (GC/ITMS) systems has enabled GC/ 
MS/MS experiments to be readily performed at 
pg fg levels [13,14]. 

Besides improved sensitivity other advantages 
of an ion trap include the possibility of perform- 
ing analyses in the field because of the compact 
nature of the instrument and significantly lower 
instrument cost when compared with other mass 
spectrometer systems [15]. 

The present work demonstrates a relatively sim- 
ple yet powerful technique for the analysis of 
trace level PAH oxidation products in a complex 
matrix by performing GC/MS/MS in an ion trap. 
The ion trap used in this study has two modes of 
CID excitation, resonant excitation (RCID) and 
non-resonant excitation (NRCID). Resonant exci- 
tation involves the application of a high frequency 
RF potential to the end-caps, corresponding to 
the oscillation frequency of the selected ion. Non 
resonant excitation uses a low frequency dipole 
square wave which causes simultaneous excitation 
of all ions in the trap. The amount of energy 
imparted onto the excited ion will depend upon 
the amplitude of the CID waveform, its duration, 
the RF storage level and the nature and pressure 
of the collision gas. In our work the He mobile 
phase from the GC served as the collision gas. 
The CID amplitude and the RF storage level were 
the two parameters optimized to yield the maxi- 
mum amount of the required fragment ions. 
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It is important to note CID in an ion trap leads 
to the formation of products via the lowest energy 
dissociation pathways, [16] resulting in non-stan- 
dard MS/MS spectra, as compared with the 
higher energy CID MS/MS spectra obtained in 
triple quadrupole or multi sector instruments. 
Thus, the MS/MS spectra from ion trap experi- 
ments will not necessarily be identical to pub- 
lished reference electron ionization (El) mass 
spectra, and the extent of fi'agmentation will de- 
pend upon the CID conditions. Nevertheless, all 
major fragments present in El spectra should be 
observed under varying CID conditions. 

Anthraquinone (AQ) and 2-methylan- 
thraquinone (2-MeAQ) were selected as the target 
compounds for optimization of the C1D method. 
These compounds can arise from the oxidation of 
anthracene, [17] and 2-methylanthracene respec- 
tively, substances that are present in high concen- 
tration in the contaminated sediment extract 
investigated here [18]. AQ yields two major frag- 
ment ions, m/z 180 and 152, corresponding to two 
successive losses of CO. In addition 2-MeAQ 
shows loss of a methyl radical. 

By using the optimized resonant and non-reso- 
nant CID conditions established for AQ, and 
2-MeAQ an extract from a contaminated sedi- 
ment obtained from an aluminum smelter settling 
pond was analyzed for AQ, methyl AQs, C:-AQs 
(dimethyl or ethyl) and C~-AQs. 

This work is part of tin extensive investigation 
into the environmental effects of the large scale 
generation of PAHs in an aluminum smelter on 
the west coast of Canada and their disposal into 
the environment. 

2. Experimental 

2. 1. Reagents 

Anthraquinone, 2-methylanthraquinone, 9-fluo- 
ranone, and benz[a]anthracene-7,12-dione were 
obtained from Aldrich (Milwaukee, WI, USA). 
The internal standard Din-anthracene was ob- 
tained from CIL (Woburn, MA, USA). All sol- 
vents used were of HPLC grade (Fisher Scientific, 
Nepean, ON, Canada). 

2.2. Instrumentation 

All experiments were pert~rmed on a Saturn 
4D GC/MS/MS system (Varian, Walnut Creek, 
CA, USA) equipped with a Wave-Board for the 
generation of user-defined wave lbrms applied to 
the ion-trap electrodes. The software used for 
general operation of the instrument was the Sat- 
urn version 5.2. The 'Toolkit" version 1.0 software 
was used for performing sequential MS,MS ex- 
periments during the optimization procedure. 

2.3. Analytical procedures 

2.3. I. Sample preparation and quantitation 
The contaminated sediment was obtained from 

a settling pond at the Alcan aluminum smelter in 
Kitimat, British Columbia, Canada, as described 
elsewhere [18]. The sediment was fi'eeze dried and 
a 5 g sample was spiked with 4.5 /~g of D,~-an- 
thracene and extracted for 15 rain with 40 rnl of 
dichloromethane and acetone (5:1) using an Ac- 
celerated Solvent Extraction System (Dionex, 
Sunnyvale, CA, USA) operated at 125°C and 
2000 psi. A I ml aliquot, containing 10 mg of 
crude extract, was placed on a column containing 
5 g of silica and flushed with acetone to collect all 
the non polar (aliphatics, PAHs) and semi polar 
compounds (heteroaromatics). Tiffs acetone ex- 
tract was used to perform all the analyses dis- 
cussed in this paper. 

Although partial fractionation of the aliphatic, 
PAHs and heteroaromatics can be performed us- 
ing a gradient elution starting with hexane, no 
fractionation ~as attempted in this work in order 
to determine the viability of pert\~rming analyses 
on a single complex extract. The amounts of 
anthracene, anthraquinone. 2-methylanthracene 
and 2-methylanthraquinone in the sediment ex- 
tract were determined by using the Dt,,-anthracene 
internal standard and appropriate relative re- 
sponse factors obtained by analyzing a mixture 
containing these four compounds together with 
D~o-anthracene under non-resonant CID condi- 
tions. Calibration curves were obtained for AQ, 
anthracene and D~,-anthracene to determine the 
dynamic range of the method. A series of control 
samples of uncontaminated sediment (as deter- 
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- Resonant: 1.1 volts (AQ), 1.5 volts (Me-AQ and C~-AQ) 

Fig. 1. Ion trap MS/MS mass isolation and CID scan function. 

mined by prior analysis) spiked with 20 gg of  
anthracene or AQ were also extracted to determine 
the extraction efficiency of  AQ and to moni tor  for 
any oxidation of  anthracene to AQ during the 
extraction or cleanup processes. 

2.3.2. Gas chromatography 
Samples were introduced via splitless injection of  

1 - 2  ~tl of  solution, at an injector temperature of  
290°C, onto a DB5 capillary column (J&W, Folsom, 
CA, USA), 30 m × 0.25 m m  I.D., 0.25 ~tm film 
thickness. The end of  the column was inserted 
directly into the ion trap via a transfer line. The latter 
was held at 280°C and the ion trap temperature at 

250°C. The GC column was held at 90°C for 0.1 
min followed by a 6°C min - i ramp to 280°C, holding 
at 280°C for 1 rain and then ramping to 300°C at 
20°C rain - ~ and holding for 20 min. Helium carrier 
gas (99.996% purity, Linde, ON, Canada) coupled 
to a carrier gas purifier (Supelco, ON, Canada) was 
adjusted to give a linear velocity of  32 cm s ~, 
corresponding to a flow of approximately 1 mlmin 
into the ion trap. 

2.3.3. Ion trap 
Details on the operation of  the trapping and 

scan functions for the Saturn ion trap have 
been described elsewhere [13,14]. All experi- 
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ments were performed under automatic gain control 
(AGC) with a target value of 30 000 for GC/MS and 
10000 for GC/MS/MS. The filament emission 
current was 40 ~tAmps and the multiplier voltage 
was set to give a gain of 105. The RF was ramped 
to produce a scan rate of  5600 ainu s i over a mass 
range of 100- 300 m/z. The MS/MS parameters used 
are indicated in Fig. 1. For all these experiments 
the storage RF (SRF) was maintained to store 
ions above m/z 80. 

For the AQ and 2-MeAQ CID experiment the 
optimum excitation voltage yielding maximum pro- 
duction of fragment ions was determined by a series 
of multistep experiments in which the CID voltage 
(resonant or non-resonant) was increased in ten 
sequential steps. With a scan rate of 0.2 s per step 
a ten step experiment took 2 s allowing five 
experiments to be performed during the 10 s wide 

(a) 
1 

_E 0.8 

¢' 0.6 g 
~ 0.4 

=: 0.2 

(b) 
1 

.~. 0.8 

0.6 

-~ 0.4 

"~ 0.2 

n l n l l l ¢ l ~ l n  

0 20 40 60 80 100 

RFSupp lemen~ lVo lmge 

I I I L k l k l r l l b l l l l l t l [  

0 0.4 0.8 1.2 1.6 2 
RF Supplemen~l Vo l~ge 

4k- m~208  -~ -  ~ z 1 8 0  ~ , -  ~ z 1 5 2  

chromatographic band containing 50 ng of com- 
pound. The data obtained for each ion of  
interest were normalized as a percent of the to- 
tal ion current (TIC). 

3. Results and discussion 

3.1. Optimization o[ CID conditions 

The resonant and non-resonant decomposition 
curves for the molecular ions of AQ and 2-MeAQ 
are shown as a function of CID voltage in Fig. 2 
and Fig. 3, respectively. From these curves CID 
voltages were selected to provide maximum infor- 
mation concerning characteristic fragmentation of 
these compounds. Under non-resonant excitation 
the CID voltage selected for both AQ and 2-Me AQ 
was 60 volts. At this voltage approximately 25% of 
the molecular ion signal remained and for AQ the 
M-CO (m/z 180) and M-2CO (m/z 152) fragment 
ions were present in approximately equal propor- 
tions. For  2-MeAQ the M-CH3 (m/z 207), M- 
CH3,CO (m/z 179) and M-CH3,2CO (m/z 151) ions 
were present in significantly lower amounts than the 
M-CO (m/z 194) and M-2CO (m/z 166) ions. For 
resonant excitation the CID voltages chosen were 
1.1 volts for AQ and 1.5 volts for 2-MeAQ. The 
latter voltage was the smallest value that yielded 
detectable amounts of the m/z 151 fragment. 

For all experiments the CID excitation period 
was kept at 20 msec; variations from 10-40 ms did 
not significantly affect the fragmentation behavior 
of AQ and 2-MeAQ. 

Although standards are available for AQ and 
2-MeAQ allowing their identification in unknown 
samples via both mass spectral data and retention 
times, other alkylated AQs isomers for which 
standards were not available (i.e., 1-MeAQ and 
C2-AQs) can only be identified by their mass 
spectral patterns. Consequently, it is necessary to 
obtain a good characteristic spectrum with enough 
fragmentation data to identify the compound. 

Fig. 2. Decomposition curves for anthraquinone molecular ion 
using (a) non-resonant excitation: parent mass = m/z 208, CID 
time 20 ms, C1D energy 10-100 volts; and (b) resonant 
excitation: parent mass = m/z 208, CID time 20 ms, CID 
energy 0.1 1.9 volts. 

3.2. Qualitative analysis of contaminated sediment 

From the GC/MS analysis of the sediment ex- 
tract, a portion (tR = 18 20 rain) of the total ion 
chromatogram and the mass chromatograms for 
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Fig. 3. Decomposit ion curves for 2-methylanthraquinone molecular ion using (a) non-resonant  excitation: parent mass  = m/z 222, 
CID time 20 ms, CID energy 0 90 volts; and (b) resonant excitation: parent mass = m/z 222, CID time 20 ms, CID energy 0 -2 .7  
volts. 

m/z = 208, 180 and 152 are displayed in Fig. 4a. 
The various signals observed in the chro- 
matogram, during this retention period, originate 
from intact molecular ions and/or fragment ions 
of different compounds present in the sediment 
extract. The mass spectrum at the retention time 
of AQ (19.4 min) is reproduced in Fig. 4b. Al- 
though ions characteristic for AQ (208, 180, 152) 
are observable, the spectrum is dominated by a 
coeluting interference with m/z 204. By employing 
GC/MS/MS in non-resonant (Fig. 5a) or resonant 
(Fig. 6a) modes the m/z 180 and 152 mass chro- 
matograms are 'cleaned up' significantly resulting 
in clear confirmatory spectra (Fig. 5b and Fig. 6b) 
for AQ. 

The real advantage of the MS/MS technique is 
demonstrated in the search for MeAQs (MW = 
222) and C2-AQs (MW=236) in the sediment 
extract. As indicated previously for 2-MeAQ, 
MeAQs yield in addition to the molecular ion 
(m/z 222) fragments at m/z 207, 194, 179, 166 and 
151. The TIC and mass chromatograms corre- 
sponding to these masses in GC/MS, GC/MS/MS 
non-resonant and resonant modes are shown in 
Fig. 7a-c, respectively. The corresponding mass 
spectra extracted at positions 1 (tR = 20.9 rain) 
and 2 (tR = 21.6 rain) are reproduced in Fig. 8a-c. 
Position 2 corresponds to 2-methyl AQ as confi- 
rmed by the retention time of the standard. Be- 
cause AQ appears to be the only dominant MW 
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Fig. 4. GC/MS analysis of sediment extract. (a) TIC and m/z 208, 180, 152 ion chromatograms, (b) background subtracted mass 
spectrum at t R = 19.4 rain in (a). 

208 quinone detected in the sediment extract, it is 
unlikely that the m/z (208 + 14) and m/z (208 + 28) 
alkyl isomers are not AQ in nature. The standard 
library reference spectra of 1,4-anthraquinone 
(NIST # 48 970), another possible anthraquinone 
isomer, displays an intense M-82 ion due to loss of 
COC2H2CO which is not observed in any of the 
spectra obtained in this work. The retention time 
of 9,10-phenanthrenequinone, another structural 
isomer of  AQ, was found to be over 3 min longer 
than that of  AQ. 

Given that only two possible monomethyl isomers 
of AQ exist, the chromatographic signals at position 

1 must correspond to 1-methyl AQ. The unavailabil- 
ity of a standard for this compound makes full mass 
spectral data necessary for structural confirmation. 

Furthermore, when comparing Fig, 8bl and 8b2 
it is noticed that ions m/z 207 and 179 are absent 
in the former. This difference is most likely due to 
an interaction between the carbonyl oxy-gen and the 
methyl protons, similar to the ortho effect described 
by Schwartz [19], leading to the formation of the 
ion at m/z 177 (compound 1, Fig. 8b). This ion is 
not observed in the 2-MeAQ mass spectrum. 

A number of small ions at m/z 202, 210 and 211 
are also observed in the mass spectra shown in Fig. 
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Fig. 5. Non-resonant GC/MS/MS analysis of sediment extract. (a) TIC and m/z 208. 180, 152 ion chromatograms, (b) background 
subtracted mass spectrum at tR = 19.4 min in (a). 

8bl. As these ions do not correspond to any logical 
losses from m/z 222, they are most likely due to 
co-eluting interferences. For  example, the m/z 202 
ion probably corresponds to pyrene (MW 202), 
since large amounts of  this substance, present in 
concentrations two orders of  magnitude higher 
than C1-AQ, are found to coelute in this region 
(tR = 20.86 min). One has to recognize that during 
the CID process, (step 7, Fig. 1), eluants from the 

GC column are constantly entering the trap and 
can interact with the ions which have been isolated. 
Given that the ionization potential of  an- 
thraquinone and its fragmentation products is 
greater than that of pyrene [20] the m/z 202 pyrene 
ions may be formed via charge transfer reactions 
with the stored m/z 222 ions. Similarly, the m/z 210 
and 211 ions could arise from ion molecule reac- 
tions between matrix molecules and stored ions. 
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Fig, 6. Resonant GC/MS/MS analysis of sediment extract. (a) TIC and m/z 208, 180, 152 ion chromatograms, (b) background 
subtracted mass spectrum at tR = 19.4 min in (a). 

Although the isolation of  m/z 222 for the CID 
experiments was performed with a 1 ainu window, 
these data demonstrate that the presence of  relatively 
large amounts ofco-eluting substances can generate 
small spectral interferences. 

Comparison of the mass chromatograms (Fig. 7b 
and c) and mass spectra (Fig. 8b and c), reveals that 
the non-resonant experiment does in general provide 
slightly cleaner chromatograms and more intense 

characteristic fragment ions. In addition, in the re- 
sonant mode at certain energies loss of H is also ob- 
served (m/z 165, Fig. 8c), regardless of position of  
the methyl substituent, thus, complicating the mass 
search. Consequently, for the C2-AQs only data ob- 
tained in non-resonant mode were considered. C2- 
AQ signals were not detectable by GC/MS analysis. 

The non-resonant GC/MS/MS search for C2-A Q 
(dimethyl or mono ethyl) used m/z 236 as a precursor 
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(c) resonant GC/MS/MS modes. 
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ion. Fragments at m/z 221 (M-CH3), 208 (M-CO), 
207 (M-C2H s or M-HCO), 193 (M-CO, CH3), 180 
(M-2CO) and 165 (M-2CO, CH3) could be ex- 
pected. The corresponding ion chromatograms are 
shown in Fig. 9. Mass spectra extracted at positions 
1 (tR = 23.1 min) and 2 (tR = 23.6 min) are shown 
in Fig. 10. The spectra confirm the presence of 
C2-AQ in the sediment extract. Ions of  m/z 207 at 
position 1 could be due to loss of CzH 5 from the 
parent ion and/or loss of CO + H because of the 

close proximity of the carbonyl oxygen(s) and an 
alkyl group; the latter also applies to the m/z 179 
in the spectra from positions 1 and 2. In consider- 
ation of the ion at m/z 165 in the spectra of the 
MeAQs in Fig. 8c (1 and 2) a dimethyl substitution 
is more likely than an ethyl substituent. 

The three experiments outlined above, searching 
for presence of anthraquinone and its C~ 
and Cz alkylated analogues in the sediment extract, 
were carried out first individually to determine the 
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appropriate elution windows, followed by a single 
combined experiment in which the three time 
windows were defined for the three different CID 
precursor masses (m/z 208, 222, 236). As expected, 
there was no detectable difference in the results 
obtained. The ability to perform multiple CID 
experiments during a single GC run, either for 
method development or for analytical purposes, is 
advantageous especially if only small amounts of 
sample are available or if a large number of samples 
has to be analyzed. 

m/z 

Fig. 8. 

3.3. Quant i ta t ion  

Although a large number of fragment ions is 
desirable for compound identification, for quan- 
tification of the compounds discussed here it is 
important to remove as many coeluting interfer- 
ences as possible, thus, GC/MS/MS would be the 
method of choice particularly if strong ion chro- 
matograms are available from secondary fragmen- 
tation products such as the m/z 152 (M-2CO) ion 
of AQ, the m/z 151 (M-2CO, CH3) and m/z 166 
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Fig. 8. Background subtracted mass spectra extracted at position 1 and 2 in Fig. 7. (a) GC/MS, (b) non-resonant GC'MS/MS,  (c) 
resonant GC,MS/MS conditions. 

(M-2CO) ions o f  M e A Q s  and the m/z 180 (M-2CO) 
and m/z 165 (M-2CO, CH3) ions o f  C2-MeAQs. As 
clearly demonst ra ted  by the ion ch romatograms  in 
Fig. 7 and Fig. 9 these fragments provide the best 
selectivity over matrix interferences. Consequently,  
for quant i ta t ion purposes the C I D  condit ions 
should be optimized to yield max imum amounts  o f  
these ions. For  example, in the case o f  AQ and 
2 -MeAQ a non-resonant  C I D  energy of  80 volts 

(see Fig. 2 and Fig. 3) provides the max imum yield 
o f  secondary fragments.  

Calibrat ion curves for AQ, obtained using 
the m/z 152, were linear (r = 0.99) over a range 
of  1 pg to 10000 pg for both  resonant  and 
non-resonant  C I D  analyses. The lowest detect- 
able amoun t  o f  AQ by G C / M S / M S  was approxi-  
mately 0.5 1.5 pg using the m/z 152 ion for 
quanti tat ion.  
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Fig. 9. TIC and m/z 236, 221,208, 207, 193, 180, 165 ion chromatograms for sediment extract in non-resonant GC/MS/MS mode. 

The extraction efficiency of AQ determined using 
a spiked uncontaminated sediment was approxi- 
mately (70-130%). This is significantly higher than 
the recovery of anthracene and Din-anthracene 
(50-70%). This large difference can be explained by 
the fact that acetone was employed in the extraction 
process, thus facilitating the extraction of the more 
polar components. Furthermore, from the sediment 
spiked with an thracene it was found that approx- 
imately 6% of the anthracene in a spiked sample was 
converted to AQ. Injections of pure anthracene 
revealed that oxidation to AQ did not occur in the 
injector. Consequently, this observed oxidation 
must have taken place during the extraction or 
cleanup procedures. 

These results indicate the importance of  monitor- 
ing for transformation products as part of  an 
analytical protocol to determine if low extraction 
efficiencies are due to merely adherence to the matrix 
or due to actual loss of  analyte through chemical 
transformation. The importance of the transforma- 
tion of  PAHs during extraction was recently indi- 
cated by Soheila et al. [21] who identified the 
presence of  bianthracene as a polymerization 
product of anthracene. 

The concentrations of  anthracene, 2-methylan- 
thracene, AQ and 2-MeAQ in the freeze dried 
sediment were determined using the internal stan- 
dard anthracene-Du~ m/z 188 molecular ion chro- 

matogram and the M-2CO ion chromatograms for 
the quinones, together with the appropriate relative 
response factors. For  the anthraquinone and 2- 
methylanthraquinone, a correction factor corre- 
sponding to 6% of the non oxidized compound, 
(anthracene or 2-methylanthracene), was employed 
to account for potential oxidation during the sample 
preparation. The results obtained from non-reso- 
nant analysis indicate concentrations in dry sedi- 
ment of: 400 600 lag g ~ anthracene, 40-60 lag g - r 
2-methylanthracene, 6 -24  lag g I anthraquinone 
and 1-7 lag g ~ 2-methylanthraquinone. For  the 
other quinones analyzed, for which standards were 
not available, concentration values were estimated 
by using the response factor of 2-MeAQ. The values 
obtained were: 0.9 1.8 ~tg g -~ 1-methylan- 
thraquinone and 1.0-1.9 lag g ~ for the sum of the 
two C2-AQs (positions 1 plus 2 in Fig. 9). 

4. Analysis of other PAH oxidation products 

GC/MS and NRC1D GC/MS/MS analyses were 
also performed for 9-fluoranone (MW 180) and 
benz[a]anthracene-7,12-dione (MW 258) for which 
standards were available to obtain retention times 
and develop optimum CID conditions. The former, 
being a monoketone, only offers one major fragment 
for identification (m/z 152, M-CO) while the latter 
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offers two fragments (m/z 230, M-CO and m/z 202, 
M-2CO). Using the two standards the optimum 
NRCID fragmentation conditions to yield maxi- 
mum amounts of m/z 152 for 9-fluoranone and m/z 
202 for benz[a]anthracene-7,12-dione were 90 and 
60 volts, respectively. Using these NRCID condi- 
tions, during the appropriate retention time win- 
dows, these two compounds were targeted in the 
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Fig. 10. Background subtracted mass spectra extracted at position 1 and 2 in Fig. 9. 

sediment extract. The 9-fluoranone m/z 152 ion 
chromatogram and the benz[a]anthracene-7,12- 
dione m/z 202 ion chromatogram obtained for both 
GC/MS and GC/MS/MS analysis are shown in 
Fig. 11. The latter compound was only detectable 
by GC/MS/MS. Furthermore, comparison of the 
data reveals that the M-2CO ion chromatogram of 
benz[a]anthracene-7,12-dione does not contain any 
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Fig. 11. GC/MS (top trace) and NRCID GC/MS/MS (bottom trace) ion chromatograms for (a) 9-fluoranone (m/z 152) and (b) 
benz[a]anthracene-7,12-dione (m/z 202) in sediment extract. 

other eluting compounds while the M-CO ion 
chromatogram of 9-fluoranone contains several 
other eluting substances. Although the GC/MS/MS 
analysis results in a strong enhancement of the 
9-fluoranone (tR= 15.3 rain) signal it does not 
completely eliminate other compounds from the 
chromatogram. These results further demonstrate 
the greater specificity obtained by monitoring sec- 
ondary fragmentation products. From these analy- 
ses the concentrations in dry sediment of 
9-fluoranone and benz[a]anthracene-7,12-dione 
were estimated to be 20-40 and 10-20 ~tg g-~, 
respectively. 

5. Conclusion 

The data obtained in this study demonstrate the 
usefulness of ion trap GC/MS/MS experiments for 
detecting and quantifying trace amounts ofpolyaro- 
matic quinones which would ordinarily be obscured 
by matrix interferences when using standard GC/ 
MS techniques. Improvements are especially nota- 
ble when secondary fragmentation products, such 
as M-2CO, are monitored. Non-resonant CID is 
preferred when characteristic spectra are required 
for confirmation, it provides intense fragment ions 
together with molecular ion information. 
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The  d e v e l o p m e n t  o f  t echn iques  able  to ana lyze  

for  t race  level t r a n s f o r m a t i o n  p r o d u c t s  o f  c o n t a m -  

i n a n t s  in comp lex  mat r ixes ,  such as the o n e  o u t l i n e d  
in this  work ,  are i m p o r t a n t  tools  in  m o n i t o r i n g  the 
recovery  o f  c o n t a m i n a t e d  ecosystems.  
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Abstract 

A new matrix modifier composed of calcium and chromium[VI] was proposed for the determination of tributyhin 
(TBT) in toluene extract from sea water containing sediment by graphite furnace atomic absorption spectrometry 
(GFAAS). Fourteen inorganic and organic compounds (barium, calcium, chromium[VI], lanthanum, magnesium, 
nickel, palladium, strontium, calcium-chromium[VI}, calcium-strontium, nickel isocaprylate, 5%-, 10%-aqueous 
solution of ascorbic acid and toluene-saturated solution of ascorbic acid) as a matrix modifier were comparatively 
studied and a matrix modifier composed from 5 lag of calcium and 1 lag of chromium[VI] was found to give the best 
performance. The interference effects of co-existing elements in sea water containing sediment (aluminium, iron, 
magnesium, sodium and strontium) were studied. TBT in eight toluene extracts was determined by GFAAS with the 
proposed matrix modifier. The relative standard deviation was 3.0% for 63 ng ml 1 of TBT (n = 11). The recoveries 
were 88 104%. The characteristic mass was 7 pg. The linearity range was 0-250 ng rag- ~. © 1997 Elsevier Science 
B.V. 

Keywords: Matrix modifier; Sea water; Toluene 

1. Introduction 

In recent 30 years, organot in  c o m p o u n d s  are 
widely used in industry and agriculture resulting 
in increasing influences on environment.  Trib- 
utyltin (TBT) used as antifouling agents in paint 
formulat ion is released into sea-water, more  or 
less degraded,  adsorbed on floating particles and 
accumulated in marine sediments. This released 

* Corresponding author. 

TBT even in trace amounts  could seriously impair 
marine organisms and becomes one o f  the mos t  
impor tan t  pollutants in marine environment .  

The objective environmental  concentra t ions  o f  
organot in  c o m p o u n d s  are 8 ng 1 ~ for France and 
United Kingdom,  4 ng 1 ~ for Japan  and USA. 

Graphi te  furnace atomic absorpt ion spectrome- 
try ( G F A A S )  is a favourable method  for the 
determinat ion o f  TBT at very low concentrat ion.  
But the tendency of  tin to form volatile com- 
pounds  during the drying and ashing steps, and 

0039-9140/97/$17.00 ~) 1997 Elsevier Science B.V. All rights reserved. 
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Table 1 
Instrumental parameters and operating conditions 

Heating program Step 1 2 3 4 5 6 7 

Instrumental parameters 

Temperature (°C) 130 
Ramp time (s) 10 
Hold time (s) 40 
Read time (s) 
Internal gas flow 

Rate (ml rain ~) 300 

Wavelength (nm) 224.6 
Spectral band-pass (nm) 0.7 
Lamp current (mA) 10 
Integration time (s) 6 
Mode Peak height 
Background corrector Deuterium arc 
Injected sample volume (~tl) 5 

1200 100 2200 100 2500 20 
10 10 0 1 I 1 
20 3 4 3 3 3 

300 300 0 300 300 300 

its interaction with the carbon of  the graphite 
tube wall causes erratic results easily. Moreover  
the organotin compounds have different be- 
haviours in the furnace from the inorganotin com- 
pounds. These problems could be resolved by use 
of  a suitable matrix modifier. Up to now, several 
inorganic and organic compounds have been pro- 
posed for this purpose. For  example, palladium 
was used by Kashin et al. [1]; 4-methylpentane-2- 
one solution of palladium was selected by Dadfar-  
nia et al. [2]; 0.1% ammonium dichromate was 
chosen by Parks et al. [3]; 0.4% potassium dichro- 
ma te -0 .2% ammonium dihydrogenophosphate in 
2% nitric acid was proposed by Pinel et al. [4]; 
0.01% picric acid was reported by Astruc et al. [5]. 

The investigation for the adsorption character 
of  TBT on marine sediment is necessary for un- 
derstanding the contamination behaviour of  TBT 
in marine environment. So we study the determi- 
nation of TBT in toluene extract from sea water 
containing sediment by GFAAS.  Several inor- 
ganic and organic compounds were compared as a 
matrix modifier. From the results obtained a new 
mixed matrix modifier composed of calcium and 
chromium[VI] was selected. 

2. Experimental 

2.1. Apparatus 

A Perk in-Elmer  Model 5000 Atomic absorp- 
tion spectrometer equipped with a Model H G A  
500 graphite furnace, a Data  Station 10 and a PR 
100 printer was used. An L233 type hollow 
cathod lamp made by Hamamatsu  TV and a 
Perkin Elmer pyrolytic tube were used. An ep- 
pendorf  micropipette was used for injecting sam- 
ple solution into graphite furnace. 

Instrumental parameters and operating condi- 
tions were optimized by means of  experiments, 
and shown in Table 1. 

2.2. Reagents 

All chemicals used were of  analytical grade, and 
distilled, deionized water was used throughout. 

A stock standard solution of  TBT (1000 mg 
1- l )  was prepared by dissolving 122.2 mg trib- 
utyltin chloride and diluting to 100 ml with 
methanol. The working standard solutions were 
prepared by successive dilution of the stock stan- 
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dard solution to following concentrations (0, 50, 
100, 150, 250 ng ml ~) with toluene. 

A 1 g 1 J solution Of chromium[VI] was pre- 
pared by dissolving potassium dichromate in 0.2% 
nitric acid. A 1 g 1 ~ solution of calcium was 
prepared by dissolving calcium nitrate in 0.2'70 
nitric acid. A mixed matrix modifier composed 
from 5 gg of calcium and 1 lag of chromium[VI] 
was prepared by the above-mentioned solutions of 
chromium[VI] and calcium. 

1 g 1- ~ solutions of aluminium, barium, iron, 
lanthanium, magnesium, nickel, palladium, 
sodium and strontium were prepared by dis- 
solving their nitrate or chloride salts in 0.2% 
nitric acid. A I g 1 ~ solution of nickel iso- 
caprylate was prepared by dissolving nickel iso- 
caprylate in toluene. 5"/,,- and 10%-aqueous 
solutions of ascorbic acid were prepared by dis- 
solving ascorbic acid in water. A toluene-satu- 
rated solution of ascorbic acid was prepared by 
dissolving ascorbic acid in toluene as much as 
possible. 

These solutions were used as a matrix modifier 
for the comparative study of their performances 
or used as an interferent for the study of their 
interference effects. 

2.3. Procedure 

A certain amount of TBT methanol solution 
was added into 50 ml sea water containing 0.5 g 
sediment. This solution was oscillated 12 h at 200 
rpm and centrifuged 20 min at 3000 rpm. The 20 
ml supernatant liquid was transferred into a sepa- 
ratory funnel. 

Toluene, 2 ml, were added, shaken vigorously 
for 2 rain and allowed to stand for phase separa- 
tion. After draining off the aqueous phase, the 
toluene phase was washed with 10 ml water three 
times in order to remove the remaining interferent 
such as sodium chloride and transferred into test 
tube. 

A 5 lal aliquot of the sample solution in test 
tube at first and then a 10 lal solution of the mixed 
matrix modifier were injected into the graphite 
furnace consecutively, and the peak height was 
measured. 

3. Results and discussion 

3.1. Effects ~[ heating rate mode in atomization 
step 

The heating rate mode in atomization step infl- 
uences appreciably on the analytical sensitivity of 
TBT. 

The model HGA 500 graphite furnace has two 
heating rate modes: temperature-controlled maxi- 
mum heating (ramp time = 0 s) and conventional 
voltage-controlled heating (ramp time >_ I s). 

The former without any matrix modifier can 
produce 23% of the absorption signal which is 
obtained with a calcium chromium[Vl] matrix 
modifier. But the latter can not produce any 
absorption signal even with a calcium chromi- 
um[VI] matrix modifier. So the former was used. 

3.2. Ej]~ct of  ashing- and 
atomization -temperature 

The effects of atomization temperatures were 
studied from 2500-1600°C. The results showed 
this temperature range to give the same effects. 
Under the condition of using a matrix modifier 
composed of calcium and chromium[VI], ashing 
temperature could be increased up to 1300°C. At 
1350 and 1400°C, the absorbances obtained de- 
creased about 13 and 40% of that at 1300°C, 
respectively. From the above results, 2200 and 
1200°C were selected as atomization- and ashing- 
temperature, respectively. 

3.3. Comparatile study of the performances ~l" 14 
matrix mod([iers 

The authors have reported that the analytical 
sensitivity for TBT can be significantly improved 
by the addition of di(methylcyano) palladium 
[PbC12(CH3CN)2] [6]. But the compound was not 
available now, so an inorganic palladium com- 
pound was tried to replace it. The ordinary matrix 
modifiers such as lanthanum, magnesium, nickel, 
strontium and calcium salts were studied also. 

Moreover, the analytical sensitivity of tin could 
be improved not only by a reducing agent such as 
ascorbic acid [7 10], but also by an oxidizing 
agent such as potassium dichromate [3]. 
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Accordingly, the 14 inorganic and organic com- 
pounds (barium, calcium, chromium[VI], lantha- 
nium, nickel, palladium, strontium, 
calcium-chromium[Vl],  calcium-strontium, 
nickel isocaprylate, 5"/,,- and 10%-aqueous solu- 
tion of  ascorbic acid and toluene-saturated solu- 
tion) were taken as a matrix modifier to study 
their performances for increasing the analytical 
sensitivity of TBT. 

The results shown in Table 2, indicate the two 
mixed matrix modifiers (calcium-chromium[VI] 
and calcium-strontium) to give the higher sensi- 
tivities among 14 compounds. The precision of 
calcium-chromium[VII (RSD = 1.0% for 100 ng 
ml J standard solution of  TBT) is higher than 
that of  calcium-strontium (RSD = 1.6% for the 
same TBT solution). So a mixed matrix modifier 
composed of  calcium and chromium[VI] was se- 
lected. 

3.4.  Optimal composition of a 

calcium- chromium[Vl] matrix modifier 

The optimal amounts of  each component of a 
calcium-chromium[VI] matrix modifier were 
studied. 

The concentrations beyond 0.2 mg ml J of 
chromium[VI] cause blank value to increase, and 
the concentration range from 0.05 1 mg ml ~ of 
calcium gives the same sensitivity. So a mixture 
composed from 0.5 mg ml t of calcium and 0.1 
mg m l -  ~ of  chromium[VII was chosen as a matrix 
modifier. 

3.5. Interferences of coexisting elements 

Calcium, magnesium, potassium, sodium, alu- 
minium, iron and strontium contained in sea wa- 
ter and sediment may interfere on the 
determination of  TBT. Though these elements 
could not be extracted in toluene phase, but the 

Table 3 
Permissible amounts  of  coexisting elements for 0.5 ng of TBT 

Element AI Fe Mg Na Sr 

Permissible amount  (ng) 100 100 50 5 1000 
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Table 4 
Determination of TBT in toluene-extract from sea water containing different sediments 

Sample number Value foun@ ~ (ng ml ') Recovery test Recovery (%,) 

Added (ng ml 1) Found {ng ml ') 

1 15 90 86 96 
2 21 90 80 89 
3 33 90 79 88 
4 63 90 95 104 
5 95 90 80 89 
6 103 90 79 88 
7 115 90 85 94 
8 128 90 88 98 

~' Value of sample number 4 is means of 11 determinations. All the other values are means of three determinations. 

trace amount  might be mixed in toluene phase. 
So, the interference effects from the above ele- 
ments except for calcium and potassium (because 
calcium and potassium were contained in a ma- 
trix modifier used) were studied with a matrix 
modifier composed of calcium and chromi- 
um[VI]. 

It is seen from Table 3 that sodium shows the 
severest interference effect among these coexist- 
ing elements. For  example, under the coexis- 
tances of  5 and 10 ng of sodium the recoveries of  
TBT were 94 and 76%, respectively. This showed 
that the larger amounts of  sodium than 5 ng 
cause the interference effect. So, the toluene 
phase should be washed with water three times 
to remove its remaining interferents, especially 
sodimn [3]. 

3.6. Determination of TBT & toluene extract  fi'om 
sea water containing d(ff'erent sediments 

The investigation of the adsorption character 
of  TBT on sediment was carried out by using 
different sorts of  marine sediments. A certain 
amount  of  TBT was added into sea water con- 
taining different sediments and the remaining 
TBT in sea water was measured by the proposed 
method after extracting with toluene. The results 
are shown in Table 4. 

The relative standard deviation was 3.0% for 
63 ng ml ' o f T B T  ( n = l l ,  62, 69, 62, 63, 62, 
64, 61, 64, 61, 63, 67). A characteristic mass was 
7 pg. The linear range of the calibration curve 
was 0-250  ng ml ~ and its correlation coeffi- 
cient was 0.999. The recoveries were 88 104%. 

The above data demonstrate that the proposed 
method has good accuracy, precision and sensi- 
tivity. 
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Abstract 

A flow injection gas-phase molecular absorption spectrophotometric method is described for the determination of 
sulphite in aqueous solution. The sulphite solution, 200 lal, is introduced into a stream of distilled water. The carrier 
stream containing a sulphite zone is reacted, in the first mixing coil, with a stream of sulphuric acid (1 M). The 
evolved sulphur dioxide is purged to the segments of nitrogen flow through the second mixing coil. The gaseous phase 
is separated from the liquid stream by the use of a purpose built gas-liquid separator and then is swept into a purpose 
built flow-through cell. The absorbance of the gaseous phase is measured at 200 nm using a UV/VIS spectrophoto- 
meter. Up to 440 lag of sulphite is determined. The limit of detection is 0.8 lag and the R.D.S. for the determination 
of 70 and 220 lag of sulphite are 1.02 and 0.76%, respectively. Up to 40 samples h ~ can be analyzed. The effect of 
several anions and cations on the determination of sulphite was studied and the results showed that the method is 
relatively free from interferences. The proposed method was applied to the determination of sulphite in a synthetic 
sample, water sample and lemon juice. © 1997 Elsevier Science B.V. 

Keywords: FIA; GPMAS; Lemon juice; Sulphite 

I. Introduction 

Sulphite and sulphur dioxide are widely used as 
preservatives in the food and pharmaceutical in- 
dustries because of their ability to prevent oxida- 
tion, bacterial growth and inhibit discolouration 
in order to improve the appearance of dried fruit 
[1]. Strict control over their concentrations in 
industrial products is mandatory because of their 
toxicity. Sulphur dioxide is also a major pollutant 
that has been causing environmental concern over 

* Corresponding author. 

recent decades. It has been identified as one of the 
main causes of increasing acidification of the envi- 
ronment through the generation of acid rain. Sul- 
phur dioxide is released into the atmosphere 
primarily from the combustion of coal and 
petroleum, the smelting of sulphur-containing 
ores, production of sulphuric acid and the paper 
manufacturing industry. Its adverse effects on liv- 
ing organisms are well known [2]. 

Both sulphite and sulphur dioxide have been 
determined by a variety of analytical methods [3]. 
These include titrimetry [4], ion chromatography 
[5], coulometry [6], conductimetry [7], polarogra- 

0039-9140;97/$17.00 © 1997 Elsevier Science B.V, All rights reserved. 
PII S0039-9140(96)02184-4 
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phy [8], flame photometry [9], chemiluminescence 
[10], UV/VIS spectrophotometry [11], molecular- 
emission cavity analysis [12], kinetic analysis [13] 
and FIA [14]. 

The determination of anions and cations in 
solution by conversion of the determinant into a 
volatile molecular species followed by their molec- 
ular absorbance measurements in the gas phase 
has been thoroughly investigated in the past two 
decades. The gaseous product is carried by a 
stream of air or nitrogen to a flow-through ab- 
sorption cell which is positioned in the light path 
of the spectrometer in the space normally occu- 
pied by the flame of an atomic absorption spec- 
trometer. A narrow band of radiation from a 
hollow cathode or deuterium lamp corresponding 
to an absorption maximum of the evolved com- 
pound is passed through the cell and the ab- 
sorbance signal of the compound is measured. 
The technique is known as gas-phase molecular 
absorption spectrometry (GPMAS). The GPMAS 
technique is sensitive, reproducible and a versatile 
non-flame molecular absorption method [15]. 

The GPMAS technique has been introduced by 
Syty [16,17], who utilized the characteristics UV 
absorption bands of sulphur dioxide for its deter- 
mination in solution. In Cresser's laboratory 
[18,19], GPMAS was developed during a search 
for a rapid and reliable method for the determina- 
tion of ammonium-nitrogen in digests of soil and 
plant samples using the Kjeldahl method. Their 
methods were manual and involved considerable 
manipulation. Later, Cresser et al. described a 
method for the determination of sulphite [15] by 
automated GPMAS with a similar procedure. 
However, the manifold is complex and the system 
needs the use of an atomic absorption spectrome- 
ter (AAS). 

The introduction of diode-array detection sys- 
tems in UV/VIS spectrophotometers allowed new 
developments in GPMAS by Sanz et al. for single 
[20,21] and multicomponent simultaneous deter- 
minations [22,23]. Cabredo Pinillos et al. [24] de- 
scribed a continuous method for the simultaneous 
determination of sulphide and sulphite by the use 
of GPMAS with diode-array detection. 

The purpose of this study was to investigate the 
possibilities for developing a modification of the 

above method for simple, precise and fast deter- 
mination of small amounts (~tg) of sulphite with 
low reagents consumption, when small volumes of 
samples are available. The method utilizes a UV/ 
VIS spectrophotometer instead of an AAS which 
has been used before [15] with a purpose built gas 
liquid separator and a simple flow injection mani- 
fold. The absorbance of the generated gas (SOj is 
measured at 200 nm as it is swept into a purpose 
built flow-through cell positioned in the space of 
the cell compartment of a UV/VIS spectrophoto- 
meter. Up to 440 ~tg of sulphite can be determined 
precisely with a sampling rate of 40 samples h-~. 

2. Experimental 

2.1. Apparatus 

A Philips PU8275 UV/V1S spectrophotometer 
interfaced to an IBM compatible computer 
(AUVA, 386 SX) via an RS-232C port was used 
for monitoring and collecting absorbance data at 
1 s intervals. 

The flow injection system consisted of a Desaga 
PLG-peristaltic pump with Desaga silicon tubing 
E, Rheodyne Teflon rotary valve type 50, Supelco 
Teflon tubing (0.5 mm i.d.) and couplings, a 
purpose built gas-liquid separator and a purpose 
built flow-thorough cell. 

The gas-liquid separator (Fig. 1) was made of 
two coaxial glass tubes in which the outer glass 
tube is sealed around an inner glass tube. The 
separator chamber had about 2.3 ml inner volume 
with one inlet and two outlets. Placement of the 
inner glass tube in the separator chamber provides 
a large flat area, on which, the incoming gas-so- 
lution mixture from the mixing coil is dispersed 
and efficiently separated. Also, the inner glass 
tube provides a channel for circulating water so 
the temperature of the chamber could be easily 
controlled. More details and dimension of the 
separator chamber are shown in Fig. 1. The flow- 
through cell of the standard U-type design was 
made of a cylindrical block of polyethylene (50 
mm length, 30 mm o.d. and 5 mm i.d.) with 
quartz windows. 
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A program written by the authors collected and 
saved data in the Excel format for further pro- 
cessing. 

2.2. Reagents 

Analytical reagent grade chemicals from Merck 
and deionized, triple distilled water were used. A 
stock solution of sulphite (2500 gg ml-~)  was 
prepared daily by dissolving 0.3935 g of anhy- 
drous Na_,SO~ in 100 ml of 0.02 M sodium hy- 
droxide solution. Working solutions were 
prepared by the least number of dilution steps, 
immediately before use. A stock solution of sul- 
phuric acid (2 M) was prepared by diluting 28.0 
ml of concentrated H2SO 4 (98% and 1.84 g m l -  ~) 
to 250 ml. Working sulphuric acid solutions were 
prepared by appropriate dilution. Solutions of a 
range of interferent cations and anions were pre- 
pared from analytical reagent grade salts. 

2.3. Man(/bld and procedure 

The flow injection manifold is shown in Fig. 2. 
The streams of sulphuric acid (1 M) and triple 
distilled water were delivered by the pump at flow 

a) 

Outer gla ss tube ( 13 nun i.d., 22 ram length } 

From mixing coil ~ T o  the flow cell 

/ , \ 

\k"--']~-----------J/--'- To waste (2 mm, d ) i .  

~ l n  ,er glass tube {5 mm i d. 6 mm o'd ) 

h) 

~727£ gl2ss tube ~ To the flow cell 

x.au.--- ~ ~ To waste 
\ Inner glass tube 

Fig. 1. Cross section view (a) and schematic diagram (b) of the 
purpose built gas-liquid separator. 

H:O [""] I . ,  Flow-through cell 
HzS VelII 

ms Ik uid I L__l " p " ' l  "'p , 

Fig. 2. The manifold design for the generatiml and measure- 
ment of sulphur dioxide; P, pump; I, injection port: C~ and C> 
mixing coils: T~ an T> 3-way connector. 

rates of 1.9 ml rain-~. 200 lal Sulphite solution 
(100 btg ml ~) was injected at I, via the six port 
rotary valve into a stream of triple distilled water 
and was mixed with a sulphuric acid stream at the 
first three-way connector (T~). The reaction be- 
tween the sulphuric acid and sulphite was com- 
pleted in mixing coil C~ (length 50 cm). Nitrogen 
gas at a flow rate of 17.0 ml rain ' was intro- 
duced to the stream containing the product of the 
reaction between sulphite and sulphuric acid at 
the second three-way connector (T2). The evolved 
sulphur dioxide (SO2) diffused into the nitrogen 
gas segments through the second mixing coil C~ 
(length 30 cm). In the gas-liquid separator, the gas 
phase containing SO 2 was separated from the 
liquid phase and was passed through the flow cell. 
The molecular absorbance of the gaseous phase 
was recorded at 200 nm and at 1 s intervals. Tile 
temperature of the separator's stream of water 
was 25°C in all the experiments. All the optimiza- 
tion processes were performed on the determina- 
tion of 200 ~tl of 100 lag ml ~ of sulphite. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

The spectrum of the SO2 gas evolved in the 
process was obtained by a UV/VIS spectrophoto- 
meter which showed similar results to those cited 
in the literature [15]. The experimental variables 
influencing the performance of the proposed man- 
ifold were studied and optimized as discussed 
below. 

3.1. EJfeet of N2flow rate 

The influence of N2 flow which carried the 
evolved SO2 to the separator chamber and then to 
the flow cell was investigated. The results showed 
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that the absorbance increases with increasing N2 
flow rate from 6.2 to 17.0 ml min - 1, while further 
increase in N 2 flow rates up to 52.1 ml m i n -  f 
caused the signal to decrease (Fig. 3). Thus, a N 2 

flow rate of 17.0 ml min - I  was selected for 
further studies. The effect of an auxiliary nitrogen 
flow for carrying SO2 from the separator to the 
flow cell was also studied but no improvement in 
sensitivity was observed. 

3.2. Effect of carrier solution flow rate 

The effect of flow rates of carrier solutions was 
studied for flow rates of 0.4 up to 4.5 ml min-1.  
Increasing the flow rates caused the peak width to 
decrease. The peak heights increased for carriers 
flow rates up to 1.9 ml m i n -  1, further increase in 
carriers flow rates did not affect the absorption 
signal intensities (Fig. 3). A flow rate of 1.9 ml 
m i n - '  was selected for further studies. 

3.3. Effect of length of mixing coils C1 and C2 

The effect of length of mixing coil C1 on peak 
height was investigated. The results obtained indi- 
cate an increase in peak heights when the length 
of mixing coil CI was varied from 10 to 50 cm. 
Use of mixing coils longer than 50 and up to 450 

0.067 
I I  • • • i 

0.06 

0.053 
8 

0.046 

'~ 0.039 

0.032 Nitrogen 

0.025 } I i 

0 1.5 3 4.5 6 

Flow rates of  nitrogen (x 0.1) and carrier solutions (ml/min) 

Fig. 3. Effect of  N 2 and carrier solutions flow rates on the 
absorption signal intensities. Conditions: N 2 flow, 15.8 ml 
rain 1 (for optimization of  flow rates of  carrier solutions); 
carrier solutions flow rates, 1.4 ml min - ~ (for optimization of  
N2 flow); mixing coil C~, 96 cm; mixing coil C> 130 cm; 
sample volume, 200 IA, concentration of  sulphite, 100 /ag 
ml ~; concentration of  H2SO4, 2 M; 2m~x, 200 nm; tempera- 
ture, 25°C. 

cm did not increase the peak heights so the length 
of mixing coil C~ was selected as 50 cm for further 
studies. 

Studies on the effect of length of mixing coil C2 
on the peak height showed a small increase in 
peak heights with increasing length of mixing coil 
C2 from 10 to 30 cm, while longer mixing coils up 
to 150 cm resulted in a slight decrease in peak 
heights. Therefore, the optimized length of mixing 
coil C2 was selected as 30 cm. 

Increasing the length of mixing coil C1 had no 
significant effect on peak widths, while increasing 
the length of mixing coil C2 increased the peak 
widths. 

3.4. Effect of sample volume 

It was found that by increasing the sample 
volume from 60 to 200 ~tl, with constant concen- 
tration of sulphite (100 ~tg ml - 1), the peak height 
was increased (absorbance changed from 0.027 to 
0.064). However, further increase in sample vol- 
ume up to 400 rtl caused a slight decrease in 
absorption signal intensities (absorbance changed 
from 0.064 to 0.059). Also, the peak width was 
increased with increasing sample volume. A vol- 
ume of 200 lal was therefore, chosen for further 
studies. 

3.5. Effect of concentration of H2S04 

Increasing the concentration of H 2 S O  4 from 0.2 
to 2 M showed no significant improvement in 
absorption signal intensities. Also, the blank sig- 
nal was not affected with increasing concentration 
of H2SO 4. So, a concentration of 1 M H2SO 4 was 
chosen for further studies. 

3.6. Effect of temperature 

The effect of temperature on the rate of evolu- 
tion of SO2 was investigated by placing the mixing 
coils C~ and C2 in a water bath and at the same 
time circulating water at the same temperature in 
the inner glass tube of the gas-liquid separator. 
The results showed that 40°C gives the highest 
signal (Table 1). However, 25°C was chosen for 
further studies as it is close to ambient tempera- 
ture, making experimental manipulation easier. 
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Table 1 
Effect of  temperature on the absorption signal intensity 

Temperature (°C) Absorption signal intensity 

24 0.064 
29 0.071 
5 0.074 
40 0.08(} 
45 0.078 
50 0.075 
60 0.071 

Conditions: N 2 flow, 17.0 ml min-~;  carrier solutions flow 
rates, 1.9 m[ min-~;  mixing coil C~, 50 cm; mixing coil C2, 30 
cm; sample volume, 200 gl: concentration of sulphite, 100 lag 
m l -  t of  sulphite; concentration of H2SO ~, 1 M; 2 ...... 200 nm. 

1.05 

0.9 

0.75 

06 

0.45 I ioo 

0.3 oO 
40 

0.15 20 

0 t~_ 
0 300 600 

160 

120 1 

900 1200 
Time (st 

240 

200 

1500 1800 

320 
280 

\ 
2101) 

Fig. 4. Typical calibration trace for a series of  standard 
sulphite solutions. Numbers  above peaks denote amount  of  
sulphite in ~ag. 

3. 7. Analytical performance of the manifold 3.8. Interferences 

The analytical performance achieved by the 
proposed manifold, including calibration equa- 
tions and linear dynamic ranges are listed in Table 
2. The presented calibration equations are ob- 
tained with similar operational parameters (opti- 
mum condition). As is obvious, three linear 
dynamic ranges are achieved. The theoretical de- 
tection limit calculated on the basis of three times 
the S.D. of the measurements of the blank signal 
[25],was obtained as 0.8 lag. Typical calibration 
traces are shown in Fig. 4. As can be seen, up to 
40 samples h - t  can be analyzed. 

Table 2 
Analytical performance of the proposed manifold. 

Linear dynamic Calibration equation Correlation coeffi- 
range (gg) cient 

_<120 A =  - / . 7 4 4 x  10 -~ 0.9994 

+ 3.8345 x 10 3 

C 
120 240 A = 0.1546+2.6875 0.9995 

x 10-3 C 
240-440 A = 0.3443 + 1.9722 0.9981 

x 10 -3 C 

A, Absorbance; C, amount  of  sulphite in lag, 

The effect of various anions and cations on the 
evolved SO2 was studied. A range of solutions 
was prepared containing 50 lag ml ~ of sulphite 
and 3200 lag ml-~ of possible interfering anions 
(as K or Na salts). The solutions containing the 
sulphite sample plus the potential interferent an- 
ion (3200 lag m l - I )  were analyzed by the pro- 
posed method. The response was compared with 
those obtained from an uncontaminated sulphite 
solution. The results obtained are summarized in 
Table 3. 

As expected, sulphide caused an enhancement 
effect on sulphite signal. This effect is due to the 
evolution of hydrogen sulphide which absorbs at 
198 rim. An absorbance value of 0.016 was ob- 
tained when 25 lag ml-~ of sulphide were ana- 
lyzed alone. 

The interference effects of various cations (as 
SO42- or NO~- salts) were investigated by a pro- 
cedure similar to that used for anions. As it is 
shown in Table 3, the cations Na ÷, K +, Cr 3 + 
and Mg 2+ at a concentration of 1600 lag ml ) 
had no effect on the determination of sulphite (50 
lag ml-~). The ions Mn 2 . ,  Cu 2+, Co 2+, Ni 2+, 
Zn 2- and Cd 2 + formed a precipitate after mixing 
with sulphite solution. 

Preparation of similar solutions in EDTA 
(0.001 M of di sodium salt of  EDTA) is effective 
in removing the interference effect of cations and 
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Table 3 
Effect of anions and cations on 50 jag ml -  ~ of sulphite 

Ion Concentration (gg m l - i )  Si  a . . . .  Iphite (%0 

Ssulphite 

Sion + sulphite + EDTA (l~t) 

Ssulphite A- EDTA 

N O 3 ,  1 , CO~ , SO4: , po~  320o 
Br -+ 3200 

1600 
CI - 3200 

1600 
S 2 25 

K +, Na +, M f  +, Cr 3+ 1600 
Mn 2+ 1600 

800 
160 

Cu 2 + 1600 

800 
160 

Zn 2 + 1600 

8O0 
160 

Cd 2 + 1600 
80O 
160 

Ni 2+ 1600 

800 
Co 2 + 1600 

8O0 
160 

100 
93 

100 
53 

100 
160 
100 

100 
100 
100 
100 
100 
160 
100 

pb 30 

P 34 
P 39 
P 97 
P 98 
P 100 
P 78 
P 95 
P 100 
P 9O 
P 95 
P 100 
P 93 
P 100 
P 72 
P 97 
P 100 

S, observed signal intensity. 
u p, precipitate formed after mixing of solution. 

anions. The addition of EDTA solution at a 
concentration of  0.001 M resulted in the dissolu- 
tion of  the above mentioned precipitates. Also the 
depressive interference effect of  C l -  and B r -  on 
sulphite is restored by the addition of  EDTA 
(0.001 M) solution. However, Mn 2+ and S 2 
were the most severe interferents of  the cations 
and anions investigated. 

The results showed that introduction of  E D T A  
in concentration ranges of  1 x 10 6 to 1 x 10 2 
M into the sulphite solution not only stabilized 
the sulphite solution [15] and prevent the interfer- 
ence of  some intcrferent cations and anions, but 
also, increases the sensitivity of  the sulphite deter- 
mination about two fold. 

4. Application 

To examine the reliability of  the method certain 
amounts of  standard sulphite solutions were 
added to a synthetic and water sample and ana- 
lyzed according to the proposed method. The 
method was also applied to the determination of 
sulphite in lemon juice. Results obtained including 
recovery and precision are summarized in Table 4. 
It can be seen from the results that the method 
can be satisfactorily employed for the determina- 
tion of sulphite. 

5. Conclusion 

By the use of a UV/VIS spectrophotometer for 
measuring the absorbance, a purpose built gas-liq- 
uid separator and a purpose built flow-through 
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Table 4 
Analytical results of  spiked samples 

Sample ~' Initially present (~tg ml -~) Added (gg ml t) Found (lag ml ~1 Recovery (%) R.S.D. b (%,) 

1 0 350 342 97.7 1.02 
2 0 1100 1087 98.8 (I.76 
3 (1 1400 1384 98.9 1.12 
4 0 30 29.63 98.8 2.01 

50 50.19 100.4 
70 70.75 I 0 I, 1 
90 89.44 99.4 

5 0 411 38.09 95.2 1.83 
80 82.54 103.2 

120 120.63 100.5 
160 158.73 99.2 

6 0 51) 48.75 97.5 1.35 
70 71.67 11t2.4 
90 90.42 100.5 

110 109.17 99.2 
7 29.21 ~ 0 29.71 1{)1.7 2.81 

18.85 49.51 105.0 
37.58 66.53 99.51 
56.87 86.66 102.11 
74.67 1113.68 99.3 

~ Samples 1 3 were prepared from stock sulphite solution. Sample 4 was prepared from stock sulphite solution, 0.001 M EDTA and 
400 lag ml t of  interfering cations containing Cu 2+, Co 2 +, M g 2+, N i 2 +. Cd 2~ , Cr 3 + and Zn 2 ~. Sample 5 was prepared by adding 
certain amounts  of  stock sulphite solution to a water sample. Sample 6 was prepared by adding certain amounts  of  stock sulphite 
solution and 0.001 EDTA to a water sample. Sample 7 was prepared by adding certain amounts  of  stock sulphite solution to lemon 
juice. 
b Relative standard deviation of six time analysis. 

Certified value given by the manufacturer.  

cell, the determination of sulphite and dissolved 
sulphur dioxide is possible by the proposed flow 
injection gas-phase molecular absorption method. 
The proposed system is attractive because of its 
efficiency and simplicity. Interferences in the pro- 
posed method are few and are readily overcome 
by the addition of EDTA solution. Addition of 
EDTA solution to the sample solution also causes 
the sensitivity and selectivity of the proposed 
method to increase. Time saving, low reagent 
consumption, need of small sample volume, good 
precision, large dynamic range and high sample 
throughput (40 samples h - I )  are important fea- 
tures of the proposed system. 
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Abstract 

A method for determination of trace amounts of Cu, Fe, Pb, Mn, Zn, Cd, Ni, Bi and Cr in aqueous solutions by 
flame atomic absorption spectrometry after coprecipitation by using a combination of sodium diethyldithiocarbamate 
as a chelating agent and cobalt as a carrier element was introduced. Different factors including amounts of reagents, 
pH of sample solution, standing time, sample volume for the precipitation and matrix effects were examined. Under 
selected conditions, the relative standard deviation of the combined method of sample treatment, coprecipitation and 
determination with flame AAS (n = 9) is generally about 3.5-6.9%; the limits of detection (3 s, n = 20) for the analytes 
were l\~und to be between 4 and 64 gg 1-~. The procedure was applied to the analysis of sea water and dialysis 
concentrate samples with quantitative recovery, >_ 95%. © 1997 Elsevier Science B.V. 

Keywords: Co-DDTC; Coprecipitation; Dialysis concentrate; Sea water 

1. Introduction 

Many techniques have been proposed to pre- 
concentrate trace metals from matrices that ad- 
versely influence atomic absorption spectrometric 
detection. Separation methods used for this pur- 
pose include solvent extraction [1,2], ion exchange 
supports [3,4], chelating resins [5,6], sorbent ex- 
traction [7 9] and coprecipitation [10,11]. The 
combination of coprecipitation and filtration offer 
a simple and rapid preconcentration technique 
mainly in water analysis. Among coprecipitation 

* Corresponding author. 

precipitates, metal chelates are the most attractive 
gathering precipitate because of the excellent 
multi-elements trace recovery and sufficient sepa- 
ration factors especially for alkali and alkaline 
earth elements. Various procedures involving the 
use of  metal-chelating precipitates are well docu- 
mentated in the literatures [12,13]. Many metal 
ions, such as Co, Cu, Fe, Pb, Mn, Zn, Cd, Ni, Bi 
and Cr, form stable chelates with sodium di- 
ethyldithiocarbamate (NaDDTC).  These chelates 
have been used for the extraction of some metal 
ions from aqueous solutions to an organic phase 
[12 14].  C o - D D T C  is a considerably stable 
chelate [12]. Furthermore it is insoluble in water. 

0039-9140'97/$17.00 ,~'-') 1997 Elsevier Science B.V. All rights reserved. 

PII S0039-9 140(96)021 86-8 
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We conclude from the data given above that the 
employment of  Co-DDTC in the study of  the 
coprecipitation of trace metal ions in aqueous 
solutions as a collector of  intent. 

The purpose of  the present work was to study 
the conditions of  coprecipitation of Cu, Fe, Pb, 
Mn, Zn, Cd, Ni, Bi and Cr at trace level in 
aqueous solutions including high salinity by aid of  
Co-DDTC chelate. 

2. Experimental 

2.1. Instrument 

A Hitachi atomic absorption spectrometer 
(Model Z-8000) with an air/acetylene flame and a 
Zeeman background corrector was used through- 
out the determination of  the metal ions in model 
solutions and samples. The analysing solutions as 
100 ~tl were introduced into the nebulizer of  flame 
AAS with an injection method [15]. The operating 
conditions suggested in the instrument data pro- 
cessor were followed for the determination of  
metals. 

2.2. Chemicals 

Analytical reagent grade pure chemicals were 
used throughout the experiments. Doubly de-ion- 
ized water was redistilled in a quartz apparatus. 
Stock solutions of  1000 ~tg ml-~ in 1 M HNO 3 
for each element of interest were used for the 
preparation of  standard and model solutions. A 
solution of  Na DDTC (5%, m/v) was prepared by 
dissolving of solid N a D D T C  (Merck) in the wa- 
ter. The solution should be filtered through a 
membrane filter with 0.45 ~tm pore size and then 
kept at 4°C for longer storage. A solution of 
cobalt (500 ~tg ml ~) as a carrier element was 
prepared by dissolving of  proper amount as ni- 
trate salt in the water. 

The buffer used were phosphoric acid/dihydro- 
genphosphate for pH 2, ammonium acetate/acetic 
acid for pH 4-6 ,  ammonium hydroxide/ammo- 
nium chloride for pH 8 to 10. pH 1 was obtained 
with nitric acid. 

The membrane filter used was made of cellulose 
nitrate (0.45 jam pore size, 47 mm diameter and 
Whatman Cat. No: 7184 004). 

3. Procedures 

3.1. Model working 

In the experiments for the recovery of examined 
metal ions, 100 ml portion of an aqueous solution 
containing an appropriate amount of  them, 5 ~ag 
for Cu, Ni, Fe, Mn, Bi, Cr and Pb, and 1 lag for 
Cd and Zn was placed in a glass vial. The pH and 
acid concentration of the solutions were adjusted 
with a appropriate buffer solution and concen- 
trated nitric acid, respectively. Cobalt as a carrier 
element, 600 ~tg, was added to this solution. Then, 
the required volume of 5% N aD D TC solution for 
200 mg N aD D TC was poured into the glass vial. 
After l0 rain, the solution containing precipitate 
loaded with the analytes was filtered through a 
membrane filter made of cellulose nitrate by aid 
of vacuum. The precipitate was washed with the 
blank solution without cobalt. The precipitate 
together with the membrane were dissolved with 
1 2 ml of conc. HNO3 and the solution was 
evaporated almost to dryness. The residue was 
diluted up to 2 or 5 ml with 1 M HNO 3 solution. 
The analytes in the solution were determined with 
the injection method by flame AAS. 

3.2. Analysis of  sea water 

Sea water sample, collected from the Mersin 
bay on east of the mediterranean sea, was imme- 
diately filtered through a 0.45 pm cellulose nitrate 
membrane, acidified to pH 3 with hydrochloric 
acid, and stored in precleaned polyethylene bot- 
tles. The procedure was applied to the sample 
within 15 days. Since the storage period was so 
short, it was considered that there was no appar- 
ent loss of  the analytes. For  the analysis, the 
sample containing 400 ml of  acidified seawater 
were firstly neutralized and then pH of which was 
buffered to 6. Cobalt, 600 pg, and 200 mg NaD- 
DTC were successively added to the buffered 
sample. Subsequent treatments were the same as 
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to those described in the model working. The 
volume of the final solution was 2 ml. 

3.3. Analysis of dialysis concentrate 

A 150 ml portion of a dialysis concentrate used 
for the hemodialysis of  patients suffering from 
renal function deficiency, without pretreatments, 
was transferred into a 250 ml beaker, It was 
buffered to pH 6. After 600 lag cobalt and 200 mg 
N a D D T C  were added, the concentration and de- 
termination steps were carried out as described 
above. The volume of the final analysing solution 
was 2 ml. 

4. Results and discussion 

4.1. Amount of coprecipitation reagents 

The reason why cobalt as the carrier metal was 
used is that cobalt is a suitable matrix for the 
determination of elements of interest by AAS. 
This reason was tested with a preliminary experi- 
ment. The solution containing fixed amount  of  
examined elements and preparing with increasing 
concentrations of  cobalt was analysed by flame 
AAS without any pretreatment. As a result, no 
significant interference had been observed up to 
350 lag ml ~ Co. The concentration of cobalt 
found is considerably higher than the concentra- 
tion of cobalt, max. 300 lag ml ~, in the final 
solution obtained after the coprecipitation. The 
another reason is that the compound N a D D T C  
forms a more stable chelate with cobalt than that 
of  examined elements such as Cu, Ni, Bi, Pb, Zn, 
Fe, Cr ve Mn [12]. 

After the findings above, the influence of 
amount  of  cobalt as a carrier element and amount  
of  N a D D T C  as a chelating agent on the coprecip- 
itation of metals of  interest was examined. The 
influence of cobalt was investigated with the mul- 
tielement test solutions containing different 
amounts of  Co, ranging from 0 to 1250 lag (Table 
1). Although high recovery yields would be ex- 
pected with a high amount  of  cobalt, there was 
difficulty associated the filtration of test solutions 
including 1250 lag of cobalt. The results indicate 

that quantitative recoveries for Cu, Pb, Fe, Mn, 
Zn, Cd and Ni in aqueous solutions were easily 
obtained with the ranging of 500-1000 lag cobalt. 
In the same range of cobalt, the recoveries for Bi 
and Cr were found between 40 and 60%. 

The experiments were also repeated without 
cobalt. In this case, the recovery yields were found 
to be as less than 60%. However, the repeatability 
of  recovery values was considerably poor(s~2 > 
25%). As the concentration of trace elements is at 
the tag ml J level or even lower, they can not 
form completely their own independent solid 
phases. Also, N a D D T C  can not precipitate in 
water [12]. Probably, the low recoveries are due to 
these two reasons. Therefore, for the precipitation 
of the trace elements from aqueous solution, a 
solid phase must be formed. 

In this procedure, N a D D T C  performs two 
functions. Firstly, it forms the solid phase with 
cobalt. Secondly, it reacts with the trace element 
ions to form the chelates in aqueous solution. 
Therefore, the effect of  N a D D T C  amount  on the 
coprecipitation was examined with the fixed 
amount  of  cobalt, 600 lag, in the model solution. 
The amount  of N a D D T C  was increased from 
12.5 to 250 rag. To obtain quantitative recovery, 
the optimal amount  of N a D D T C  was found to be 
200 mg for the examined metal ions. Conse- 
quently, 600 lag of cobalt and 200 mg of NaD-  
DTC were used in subsequent studies. Also, it can 
be expected that the recoveries obtained with the 
experiments repeated without both cobalt and 
N a D D T C  will be smaller than 20%. 

Table 1 
Effect of cobalt amount on coprecipitation of analytes (n = 3) 

Co amount (rag) Recovery, % 

Cu Fe Pb Mn Zn Cd Ni 

0 55 40 58 5 40 10 5 
0.250 75 75 98 80 90 95 90 
0.500 11)0 95 101 100 94 98 102 
0.600 98 96 99 97 96 96 100 
0.750 95 102 100 100 96 97 98 
1.000 96 98 100 98 97 96 101 
1.250 98 101 96 99 98 99 98 
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Fig. 1. Effect of  HNO3 concentration on coprecipitation of 
Cu, Cd, Fe, Pb, Mn, Zn, Ni, Cr and Bi. 

4.2. Effect of  acid concentration and pH on 
coprecipitation 

Firstly, the effect of  sample solution acidity on 
the coprecipitation of  examined metal ions with 
C o - N a D D T C  complex was investigated by use of  
HNO3. As shown in Fig. 1, copper, lead and iron 
in range of  10 4 10 I M, zinc in a range of  
1 0  4--10 2 M and, cadmium and nickel in a 
range of  1 0 - 3 - 1 0  ~ M H N O  3 were quantita- 
tively coprecipitated. The recoveries of  Mn, Cr 
a n d B i i n  a range of 1 0 - 4  10-1 M HNO3 were 
lower than 80%. However, the recoveries for the 
examined metals considerably decrease after 10-J  
M HNO3. This fact is probably connected with 
the stability of  N a D D T C  in acidic solution. It is 
well known that N a D D T C  decomposes easily in 
acidic solution [12,16]. 

The coprecipitation of the metal ions was also 
studied with buffer solutions. As seen from Fig. 2, 
Cu, Fe, Pb in a range of  pH = 1.0-10.0 and Ni, 
Zn and Cd in a range of  p H =  1.0-8.0 were 
coprecipitated quantitatively. In contrast to 
HNO3, buffer solutions in a range of pH = 4 - 8  
are also suitable for the quantitatative recovery of  
Mn(II). The recoveries for Cr and Bi were lower 
than 80%. Due to the number of  recovered ele- 
ments, the model solution buffered to pH = 6 
were used in subsequent experiments. 

4.3. Standing time for coprecipitation 

The standing time for precipitate formation was 
also optimized as it is an other important factor 
which influences the quality of  coprecipitation. 
After 5 min, the quantitative recoveries for the all 
elements were obtained. Consequently, 5 min at 
least for the completion of  coprecipitation were 
stood in all experiments. This period consists of  
the formation of preprecipitate and the adsorp- 
tion of  traces on the precipitate. 

4.4. Sample volume 

In the analysis of  a real sample using precon- 
centration procedures, the sample volume is one 
of important  parameters used to obtain a high 
concentration factor. Therefore, the recoveries of  
Cu, Fe, Pb, Mn, Zn, Cd and Ni from different 
sample volumes were tested in concentration 
range of 2 -50  gg 1 i as depending on the ele- 
ments. The results showed that the recoveries, 
except for Mn (up to 250 ml), were quantitative 
up to 450 ml. Due to two of  the final solution 
volumes, the highest concentration factor was 
found to be 225. 

4.5. Effect of matrix ions on coprecipitation 

The effect of  major  components,  such as Na +, 
, ~+ Mg2+ K + Ca ~ , , C I - ,  CH3COO , Dextrose in 
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Fig. 2. Effect of  pH on coprecipitation of  Cu, Cd, ICe, Pb, Mn, 
Zn, Ni, Cr and Bi. 
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Table 2 
Maximum tolerance limits for matrix ions on coprecipitation 
of analytes (n = 3, sample Vol. 100 ml) 

I o n s  Concentration, p.g ml- 

Tolerance limit In the effluent 

Na ~ < 100.000 65 
K " < 5000 45 
Ca 2 ~ < 5(100 30 
Mg 2 ' _< 5000 25 
CH~COO < 110.000 n.d. 
C1 < 100.000 n.d. 
Dextrose < 200.000 n.d. 

n.d. Not determined. 

the recoveries of spikes from the real samples 
including various salts at high concentration lev- 
els. For the sea water and dialysis concentrate 
analysis, the efficiency of  recovery of  metal spikes 
from a sea water sample and a dialysis concen- 
trate was investigated. As seen from Table 3, the 
analytical errors for the all analytes in both two 
samples were always lower than 5%. Thus, the 
accuracy of the procedure and its independence 
from matrix effects were confirmed for high salin- 
ity solution. The detection limits (s = 3, , = 20) 
for Cu, Fe, Pb, Mn, Cd, Ni and Zn from the 
blank solution were found to be as 16, 54, 64, 15, 
4. 18 and 20 lag 1 L, respectively [20]. 

sea water and dialysis concentrate, on the copre- 
cipitation were studied systematically. Various 
amounts of matrix ions were added to a solution 
containing fixed amounts of  analytes and the 
present procedure was followed. The results were 
listed in Table 2. The tolerance limit is defined as 
the ion concentration causing a relative error 
smaller than + 5% related to the coprecipitation 
and determination of examined elements. As seen 
from Table 2, the low recoveries for the matrix 
ions are helpful in the determinations of interest 
trace heavy metals. The tolerance limits are higher 
than the concentrations of Na+ ,  K +, Ca 2 + and 
Mg 2* in sea water [17], and of Na +, K +, Ca 2+, 
Mg 2~, C1 , CH3COO and dextrose in dialysis 
concentrate [18,19]. The these results are desired 
in view of applications to these samples. 

4, Z Application o f  the method 

In this work, the recommended procedure as 
described under experimental was applied to some 
samples with high salinity such as a sea water and 
a commercial dialysis concentrate. The results 
which are shown in Table 4 and Table 5 have 
been calculated on the assumption of 100'~> recov- 
ery of the analytes. The concentration factors for 
sea water and dialysis concentrate were 225 and 
75, respectively. For the analysis, the relative stan- 
dard deviation of the procedure varies in range of 
3.5 6.9% (17 = 9). 

5. Conclusion 

4.6. Analyt ical  pe~Jbrmance 

The analytical performance of the proposed 
procedure was illustrated by the results from 
flame atomic absorption spectrometric measure- 
ments. The relative standard deviations, (s/Yc, n = 
7), in the case of 20 100 lag 1-~ of examined 
metal ions for 100.0 ml of sample volumes were 
found to be as < 7%. The recoveries obtained 
with model solutions in redistilled water and in 
the presence of an interferent up to a certain 
concentration were higher than 95%, thus confir- 
ming the accuracy of the procedure. Also, the 
correctness of present method was confirmed by 

The coprecipitation procedure with Co-DDTC 
examined in this paper provides a very simple, 
fairly rapidly, precise, accurate and reliable tech- 
nique for the preconcentration of some trace 
metal ions from aqueous solutions of high salin- 
ity. The recoveries obtained with model solutions 
in redistilled water and in the presence of the most 
common matrix elements including the alkaline 
and alkaline earth metals were always higher than 
95% (Fig. 1 and Table 3), thus, confirming the 
accuracy of the procedure and its independence 
from matrix effects. 

Future work will be focused on application to 
other sample types containing high salinity, such 
as urine and spring water. 
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Table 3 
Recovery of  metal spikes from 150 ml of  

L. Elgi et aL /Talanta 44 (1997) 1017-1023 

dialysis concentrate and 250 ml of  sea water, (n = 3) 

Analyte Added, ~tg Dialysis concentrate Sea water 

Found,  lag Error, % Found,  lag Error, % 

Cu 1.00 0.96 - 4  0.95 - 5 
2.00 2.04 + 2 1.92 - 4 
4.00 3.80 - 5 3.88 - 3 

Fe 1.00 1.90 - 5 1.02 + 1 
3.00 2.85 - 5  2.88 - 4  
5.00 5.05 + 1 5.14 +3  

Pb 2.00 2.03 + 2 2.04 + 2 
4.00 4.08 + 2  4.12 + 3  
10.00 9.60 - 4  10.40 + 4  

Mn 1.00 1.02 + 2 1.01 + 1 
2.50 2.55 + 2  2.54 + 2  
5.00 5.10 + 2  5.10 + 2  

Zn 0.50 0.53 + 6  0.52 + 4  
1.00 1.02 + 2 1.02 + 2 

Cd 0.20 0.19 - 5  0.22 + 1 
0.80 0.78 - 3  0.76 - 5  
1.00 0.98 - 2 0.96 - 4 

Ni 1.00 1.02 + 2 0.98 - 2 
4.00 4.06 + 2 3.90 - 3 

Table 4 
Analytical results for sea water 

Analyte Conc., lag 1-1, (y;+_ts ~nn)* s/y; 

Cu 1.94 _+ 0.09 0.06 
Fe 4.5 _ 0.2 0.07 
Pb 1.2 __+ 0.04 0.04 
Zn 2.8 _+ 0.1 0.06 
Cd 0.37 + 0.01 0.04 
Ni 4.8 + 0.2 0.06 

* Uncertainty at 95% confidience level, n = 9. 
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Abstract 

Normal phase liquid chromatography combined with particle beam mass spectrometry has been applied to the 
analysis of fluconazole, an anti-fungal agent, [2-(2,4-difluorophenyl)-l,3-bis(1H-l,2,4-triazol-l-yl)-propan-2-ol] and a 
related intermediate, UK-51060 [2-(2,4-difluorophenyl)-l-(1H-1,2,4-triazol-l-yl)-ethan-2-one]. Electron ionisation and 
chemical ionisation have been investigated in combination with quadrupole ion trap and magnetic sector mass 
spectrometers and the spectra obtained compared with those for direct probe analyis. A novel method for the 
introduction of the chemical ionisation reagent gas via the interface is described for particle beam-magnetic sector 
mass spectrometry. Multi-stage scan routines have been implemented on the ion trap for the selective storage of 
analyte species and removal of solvent ions. Detection limits for both spectrometers have been determined and are 
discussed in terms of interface geometry and analyte transport characteristics. Normal phase HPLC on silica provided 
a good separation of the intermediate from the later eluting fluconaole peak. © 1997 Elsevier Science B.V. 

Keywords: Chemical ionisation; Fluconazole; High performance liquid chromatography; Ion trap; Mass spectrometry: 
Normal phase; Particle beam 

I. Introduction 

Fluconazole is a difluorophenyl bis-triazole 
compound,  used in the treatment of  superficial 
and deep-seated fungal infections caused by Can- 
dida and C r y p t o c o c c u s  n e o f o r m a n s  [1,2]. Other 
applications include the treatment of  fungal 
meningitus and endophthalmitus [3,4]. In-vivo 
and in-vitro fluconazole levels have been deter- 

* Corresponding author. 

mined by HPLC with UV detection [5] and GC 
with n i t rogen-phosphorus  [6] and electron-cap- 
ture [7] detection. The mass spectrometry of 
fluconazole and related compounds has also been 
investigated [8]. 

Of  the currently available interfaces for LC- 
MS, only the particle beam (PB) device produces 
classical electron ionisation (El) and chemical ion- 
isation (CI) spectra for HPLC analytes, being a 
sample/solvent enrichment technique independent 
of  the ionisation mechanism [9]. The EI and CI 

0039-9140,'97/$17 00 © 1997 Elsevier Science B.V. All rights reserved. 
PII $0(139-9140(96)02187-X 
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Fig. 1. Particle beam schematic. 

spectra obtained contain useful structural infor- 
mation, as a result of fragmentation processes not 
observed using other interfacing techniques, and 
EI spectra can be compared with library spectra 
to confirm the presence of a target compound. 
These, and other, features have led to the success- 
ful use of the particle beam device for a wide 
variety of analyses, including many biomedical 
applications [9]. 

The separation of fluconazole and related com- 
pounds by reverse phase HPLC-PB-CI/MS has 
been reported [10] as part of an evaluation of 
on-line HPLC-NMR-MS. The determination of 
the triazole-containing compound [9-(4- 
methoxyphenylthiocarbamoyl)-6-(2-chlorophenyl) 

- 1-methyl-4,7,8,10-tetrahydro-pyrido [4',3'-4,5] 
thieno [3,2-f]-- 1,2,4-triazolo [4,3-a]-l,4-diazepine, 
a strong synthetic platelet activating factor antag- 
onist, by reverse phase HPLC-PB-MS has also 
been discussed [11,12]. However, the use of nor- 
mal-phase HPLC conditions for HPLC-PB-MS 
analyses of compounds of biomedical interest has 
not been extensively reported although the higher 
volatility of the mobile phase makes such separa- 
tions well suited to the particle-beam interface [9]. 

We have recently reported a particle beam in- 
terface design that can be coupled to various 
beam and trapping mass spectrometers, yielding 
good mass spectral data for a number of different 
analytes [13]. In this paper we report the normal 
phase liquid-chromatographic separation of the 
anti-fungal drug fluconazole (1) and a reaction 
intermediate (2) combined with particle beam- 
mass spectrometric detection. This analysis has 
been used to compare various aspects of magnetic 
sector and ion trap HPLC-PB-MS instruments, 
using both EI and CI ionisation techniques. 

N-N._+IN-N N 

(I)  F (2) g 

2. Experimental 

Fig, 1 shows a schematic of the two-stage parti- 
cle beam interface, fabricated to our design (ASH 
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instruments, Macclesfield, UK). Details of  the 
design and construction of the device are given 
elsewhere [13]. The modular construction al- 
lowed various operational parameters to be opti- 
mised without disturbing vacuum conditions, 
and facilitated easy replacement or repair of 
components. The operational principle was simi- 
lar to other PB interfaces [9]. 

The nebuliser was constructed using two con- 
centric tubes of  fused-silica (40 lam i.d.) and 
glass (approx. 250 lam i.d.), and the glass desol- 
vation chamber was fitted with a resistively 
heated coil to aid vaporisation (approx. temper- 
ature 40°C). The momentum separator and 
transfer line were constructed from aluminium 
and stainless steel and coupled to two 18 mS/h 
rotary pumps (Edwards high vacuum, Sussex, 
UK). A cold trap (Edwards) was fitted between 
the first vacuum chamber and the rotary pump. 
Nozzle-skimmer and skimmer-skimmer dis- 
tances, adjustable from 0 to greater than 20 
mm, were fixed using ~ultra-torr' unions (Cajon, 
OH, USA) at either end of the momentum sepa- 
rator body. Balanced gas flow was ensured by 
the use of two opposed pumping ports per 
chamber. 

The ion trap spectrometer (Finnigan MAT 
ITMS, San Jose, CA, USA) was operated at 
180°C and calibrated with perfluorotributy- 
lamine. The manifold pressure with the interface 
in position and both solvent and nebuliser he- 
lium gas flowing was 1.5 x I0 5 tort  (uncor- 
rected). Helium bath gas was added through the 
vacuum manifold fine metering valve (Meggitt 
Avionics, Portsmouth, UK) to give an operating 
pressure of 1.0 × l 0  - 4  torr. The ion trap trans- 
fer line consisted of two concentric stainless steel 
tubes (3/8" and 1/8" i.d.). Connections for a 
heater and a thermocouple were passed between 
the tubes up to the transfer line tip. In opera- 
tion, the heater was maintained at a tempera- 
ture of approx. 240°C. The interface was intro- 
duced into the ITMS manifold via the probe 
lock and the tip placed approximately 0.5-1.0 
mm from the face of the Roulon inlet to the 
trap. This was found to give best spectral qual- 
ity with minimal space charging effects, and 
good sensitivity. 

The magnetic sector spectrometer (VG 7070E- 
HF, VG Micromass, Altrincham, UK) was op- 
erated at a source pressure of 2.3 × 10 ~' torr 
(uncorrected), as indicated by the source hous- 
ing ion gauge, under particle beam operation. 
The source temperature was 300°C. Connection 
of the interface to the mass spectrometer was 
made via the probe lock, using a 3/8" o.d. stain- 
less steel transfer line (Fig. 1). This transfer line 
was not heated: rapid particle vaporisation was 
achieved by impact with the hot ion source. An 
insulating tip of machinable ceramic (Macor, 
Corning Glass) was fitted to the probe end to 
insulate the interface from the accelerating 
voltage of the ion source, which was operated at 
4 kV. 

Ammonia-Cl spectra of 1 and 2 using probe 
introduction were obtained on a Kratos IS dou- 
ble focusing magnetic sector spectrometer 
(Kratos Analytical, Manchester, UK). The in- 
strument was tuned with PFK in the El mode 
and then operated under ammonia CI condi- 
tions with a source housing pressure of 4 x 10 
5 tort. The source temperature and accelerating 
potential were 120°C and 8 kV, respectively. 

Normal phase HPLC separations were carried 
out on either a 2.1 mm x 250 m m x  5 ~tm silica 
column (Techsphere, HPLC technology, 
Manchester, UK) or a 4,6 m i n x 2 5 0  m i n x 5  
gm silica column (Hypersil, Shandon, Runcorn, 
UK). The mobile phase, 60:40 hexane: 2% di- 
ethylamine in methanol, was delivered at a flow 
rate of  0.3 ml rain ~ using a Milton Roy Con- 
stametric 300 pump (LDC Analytical, Stafford- 
shire, UK). Injections were made using a 
Rheodyne 7125 injection valve (Cotati, CA, 
USA) fitted with a 20 lal loop. All solvents used 
were HPLC or AR grade and analytes were 
used as received without further purification. 

3. Results and discussion 

The El spectra of 1 and 2, obtained on the 
magnetic sector and ion trap spectrometers using 
the same particle beam interface, are shown in 
Fig. 2. The spectra from magnetic sector and ion 
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trap instruments are similar and in both cases are 
good matches to spectra from the probe-E1 analy- 
sis of these compounds [8], with little interference 
from solvent or other instrumental artifacts. Frag- 
ment ion structures are assigned tentatively in 
Scheme 1 based on accurate mass and linked-scan 
tandem mass spectrometric data [8]. The origin of 
the species at m/z 200 (18%) in the PB-ion trap 
spectrum of  1 is not assigned. Fig. 3 shows the 
selected ion chromatograms obtained for 1 (m/z 
224) and 2 (m/z 141) using the 2.1 mm i.d. normal 
phase silica column-ion trap mass spectrometer 
combination, and illustrates the HPLC separation 
obtained in combination with the particle beam 
interface. A similar chromatographic separation 
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Fig. 2. E1 spectra of 1 and 2 obtained from HPLC-PB-MS 
analysis: (a) ion trap; (b) magnetic sector. 

of the analytes was achieved on the particle beam- 
magnetic sector spectrometer. Some peak tailing 
was observed in the chromatograms obtained 
from both spectrometers, a common feature of  
PB-MS systems [9], arising from sample hold-up 
in the momentum separator/transfer line and slow 
particle volatilisation off the source walls/heated 
probe tip. 

In order to obtain good quality EI spectra on 
the PB-ion trap instrument, it was necessary to 
construct a scan routine consisting of  several ion 
accumulation steps [13]. Each individual step con- 
sisted of an ionisation pulse (500 gs), with the 
operating conditions of the trap set to retain all 
ions with masses greater than a 20 anau low mass 
cut-off, followed by an increase in the RF voltage 
to give a 100 amu low mass cut-off. The low mass 
cut-off was then reset to 20 ainu for the next 
ionisation pulse. These operating conditions cor- 
responded to ion trap qz values of  0.055 (20 ainu) 
and 0.275 (100 amu) where the qz parameter, 
derived from the Mathieu equation, is defined as: 

- 4eV 
q z -  mr2~2 

for an ion of  mass m and single charge e, held in 
a quadrupole ion trap of radius ro, operating with 
an RF voltage of  V and an RF drive frequency 
~/2zc. Ions having stable trajectories within the 
trap will possess qz values of  between 0 and 0.906, 
depending on the value of V, at any given time. 

This ionisation method was found to improve 
the sensitivity for LC-PB-ion trap MS analysis 
[13]. The advantages of this complex routine were 
three-fold. Firstly, ions formed at low qz(~onise) 
have low initial kinetic energy, and are therefore 
stored more efficiently in the trap volume than 
ions created at higher qa~o~ise) values [14]. Sec- 
ondly, ionisation at low qz{io,ise) increases the ini- 
tial trap ionisation volume [15] and lowers the 
electron energy [16], two factors which improve 
ion intensity. Finally, increasing q~ to a higher 
value after ionisation raised the low mass cut-off 
to a level high enough to ensure that all mobile 
phase derived ions were ejected from the trap 
before the next ionisation step. This prevented a 
high population of  low mass solvent ions accumu- 
lating in the trap volume and causing space charg- 
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ing and solvent-CI effects, both of which lead to a 
deterioration in spectral quality. 

Fig. 4 illustrates how the signal intensity for the 
m/z 224 ion of 1 changes as qz(ionise) increases (Fig. 
4a), and as ionisation pulse length increases at a 
constant total ionisation time (Fig. 4b). These 
show that the best ionisation conditions were 
qz,onis~l = 0.06 (low mass cut-off= 20 amu) and 
pulse width = 500 ~ts. The spectra obtained with a 
high qz(ionise) or a single long ionisation pulse 
length (4 ms) compare poorly to the spectra in 
Fig. 2(b), with large noise peaks evident due to 
decreased S/N levels. In addition, ions derived 
from solvent CI processes (m/z 307, (M + H) + of 
1) were observed for low q~(ioni~e), long pulse 
length ionisation, due to the large population of 
solvent ions present. The importance of low 

qz(i,,nisc) conditions has been noted by other inves- 
tigators [17]. 

Fig. 5 shows the UV and selected ion chro- 
matograms obtained from HPLC-PB-magnetic 
sector MS analysis of a sample prepared contain- 
ing 95% 1 and 5% 2 (4.6 mm i.d. silica column). 
The fluconazole peak exhibits some tailing in 
comparison with the UV trace, but the advantage 
of the normal phase separation used in these 
experiments, compared with the reverse phase 
analysis normally employed for pharmaceutical 
products, is that 2 elutes before the main product 
1, avoiding the elution of a minor peak on the tail 
of a major one and thus allowing clear identifica- 
tion and quantitation of both compounds. 

Sensitivity on the HPLC-PB-magnetic sector 
instrument was fairly typical for PB-MS analysis 
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[9], with injections of 18 ng of 1 (m/z 224) and 60 
ng of 2 (m/z 141) in the full scan mode yielding 
single ion chromatographic peaks of S/N 3:1 (2.1 
mm i.d. silica column). The HPLC-PB-ion trap 
instrument showed poorer sensitivity for these 
analytes, injections of 5 btg of 1 and 2 yielding 
peaks of S/N 18:1 (m/z 224) and 16:1 (m/z 141), 
respectively. This can probably be attributed to 
analyte hold-up in the narrow ion trap transfer 
line and to sample decomposition [9], which was 
particularly severe at high probe tip temperatures 
(approx. 300°C). Detection limits in the low 
nanogram range have been reported for this PB- 
ion trap configuration on a number of other 
analytes [13]. 

Ammonia CI was carried out on compounds 1 
and 2 using the double-focusing spectrometer. 
The major ions observed are tabulated in Table 1, 
together with the results for direct probe introduc- 
tion of 1 and 2 into a CI source, and those for 
HPLC-PB-solvent-CI ion trap MS of the same 
compounds (see below). All the spectra obtained 
on magnetic sector instruments show prominent 
[M + H] + ions for both 1 and 2. However, the 
results for PB-sector analysis demonstrate a large 
degree of fragmentation when compared with the 
probe data, with the base peak for 1 at m/z 222. 
This species was of very low intensity in the 
probe-CI spectrum, but similarly intense under 

lllez I 
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Fig. 3. Selected ion chromatograms for the separation of ! and 
2 obtained from HPLC-PB-ion trap MS analysis (250 ng ~.tl - 
1 and 2). 

ammonia-CI conditions for a commercial PB- 
quadrupole MS system using reverse phase HPLC 
[10]. This suggests that under high pressure am- 
monia-CI conditions, some particles of analyte 
striking the hot source walls may undergo thermal 
degradation and the thermal fragments formed 
then react with reagent ions in the CI plasma. 
Anomalous ions due to thermal degradation in 
HPLC-PB-MS spectra have been reported in the 
literature, using both EI and CI techniques [9]. 
Full scan sensitivity for PB-magnetic sector CI 
was lower than that observed under EI operation, 
with injections of 120 ng 1 and 150 ng 2 yielding 
single ion chromatographic peaks of S/N 7:1 (m/z 
307) and 2:1 (m/z 224) respectively. 

The lower sensitivity under ammonia CI condi- 
tions, compared with EI, for the double focusing 
spectrometer may be due to the source geometry: 
CI gas at relatively high pressure was entering the 
source exactly opposite the particle beam entrance 
and was possibly affecting the efficiency of parti- 
cle transmission into the source. Previous work on 
GC-CI/MS using a high resolution spectrometer 
[18] has shown that analyte peak area and sensi- 
tivity can be markedly improved by introducing 
the reagent gas co-axially to the eluent flow. Al- 
though this exact configuration could not be im- 
plemented on the PB-MS instrumentation during 
these experiments, it was possible to introduce the 
ammonia into the particle beam via an inlet be- 
tween skimmers 1 and 2, which eliminated any 
detrimental turbulence in the source. 

To characterise this new 'inter-skimmer' CI in- 
let technique, a comparison was made between 
the use of the normal source CI gas inlet and the 
'inter-skimmer' CI approach. Post-column injec- 
tions of 500 ng fluconazole were made under CI 
ionisation conditions using both inlet configura- 
tions at a variety of source housing pressures, set 
by adjusting the ammonia flow to the source or 
momentum separator. The resulting signal peak 
areas were recorded, using TIC and selected ion 
data. The results are illustrated in graphical form 
in Fig. 6. During the initial rise in source pressure, 
both sets of data show an increase in the intensity 
of CI-derived [M + HI + species, with a corre- 
sponding drop in EI-derived fragment ion 
strength. This trend continues at higher pressures 
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using the inter-skimmer inlet technique (Fig. 6a), 
with only a small drop in the total ion current 
(TIC). However, using the standard source CI 
inlet (Fig. 6b) the intensity of both C|  and E1 ions 
decreases above a certain reagent gas pressure, 
with the TIC dropping significantly. 

The inter-skimmer approach can therefore give 
measurable improvements in sensitivity for PB- 
CI/MS analysis. A CI inlet arrangement co-axial 

with the transfer line exit, rather than the second 
skimmer as in this approach, should not affect 
particle transmission in either the source or the 
momentum separator and therefore sensitivity in 
CI mode might be further enhanced by this ap- 
proach. 

In contrast to conventional 'beam' type instru- 
ments, ion trap chemical ionisation routines utilise 
low (10 5 10-6 torr) pressures of reagent gas for 
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long (up to 100 ms) reaction times [19]. This 
presents few problems for inlet systems such as 
heated probes or gas chromatographs that impose 
little or no vacuum restrictions. However, for 
LC-MS inlets such as the particle beam, that 
transmit significant quantities of vapourised sol- 
vent into the analyser, ionising and storing a 
population of CI reagent ions can prove difficult, 
due to space charge limitations and reagent-sol- 
vent reactions, both of which will quickly deplete 
the number of stored reagent ions. This was 
found to be the case during experiments on a 
PB-ion trap system utilising a three stage momen- 
tum separator with inter-skimmer helium flushing 
to reduce solvent levels to an absolute minimum 
[20]. With the much simpler two-stage design used 
in this work the results were similar. A large ion 
count could be obtained easily for the RF/DC 
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Fig. 5. (a) UV and (b) PB-MS chromatograms for the separa- 
tion of a mixture containing 95% 1 and 5% 2. 

Table 1 
Major ions obtained from CI-MS analysis of 1 and 2, using 
different C1 reagents and sample introduction methods 

MS acquisition mode Fluconazole (1) UK-51060 (2) 

NH4- CI 307 (100%) 224 (100%) 
Probe introduction 224 (35%) 141 (11%) 
Magnetic sector 127 (5%) 
Spectrometer 83 (3%) 

NHg CI 307 (80'7,,) 224 (100%) 
Particle beam intro- 289 (18%) 141 (95%) 

duction 
Magnetic sector 265 (24%) 
Spectrometer 224 (58%) 

222 (100%) 
141 (38%) 

CH3OH + CI 307 (100%) 224 (100%) 
Particle beam intro- 289 (14%) 

duction 
Ion trap spectrometer 238 (46%) 

222 (32%) 

isolated NH4 + reagent ion from ammonia with the 
interface in place, but without solvent or sample 
introduction. However, with methanol/hexane/ 
DEA solvent flows as low as 0.1 ml min 1, the 
count was reduced to under 5% of its initial 
reading, with significant amounts of [CH3OH2] + 
ions derived from methanol solvent molecules be- 
ing formed. Whilst the application of a notched 
broadband axial ejection signal [21] during ionisa- 
tion might eliminate the space charge problem, 
the solvent-reagent ion reactions would still occur, 
particularly with less selective CI species such as 
CH +.  Consequently, standard CI ion trap rou- 
tines seem not to be applicable to PB introduc- 
tion. 

However, chemical ionisation in the ion trap 
can be carried by using the solvent vapor itself as 
a source of reagent ions. Table 1 tabulates the 
solvent-CI spectra of 1 and 2, obtained on the 
HPLC-PB-ion trap instrument using the RF/DC 
isolated [CH3OH2] + reagent ion, derived from 
residual methanol mobile phase [19], as the pro- 
ton donor. The spectra show strong [M + H] + 
ions with little fragmentation compared with the 
PB/MS CI data obtained with the sector instru- 
ment using the ammonium reagent ion, although 
an ion is observed at m/z 238, [M-C2N3H3] +, in 
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the methanol CI spectrum of  l, which is not 
observed in the ammonium CI spectrum. Scheme 
2 shows the tentative assignment of ions observed 
in sector and ion trap CI spectra (those common 

to EI acquisition are show in Scheme 1) [8]. The 
absence of extensive fragmentation in the ion trap 
spectra is suprising, since methanol has a lower 
proton affinity than ammonia (761 and 854 kJ 
tool-~,  respectively [22]) and the methanol-CI 
reaction is therefore more exothermic. This sug- 
gests that competing processes other than proton 
transfer were occurring in the high temperature 
(300°C), high pressure magnetic sector CI source, 
but not in the ion trap where a single reactant ion 
can be isolated prior to analyte ionisation, and 
these processes can have a significant effect on the 
CI spectra obtained. 

4. Conclusions 

Normal phase HPLC separation of difl- 
uorophenyl triazoles has been monitored by mag- 
netic sector and ion trap mass spectrometers using 
a two-stage particle beam interface fitted with an 
appropriate transfer line. EI and CI spectra were 
both obtained for these triazoles on both instru- 
ments. The sensitivity of the technique was sys- 
tem-dependent due to differences in particle 
transmission/volatilisation. Good  EI spectral 
quality on the ion trap was achieved using a 
modified scan routine to minimise solvent ion 
interactions and maximise analyte ion popula- 
tions. Introduction of  CI reagent into the momen- 
tum separator for analysis in the double focusing 
spectrometer gave results comparable to those 
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obtained using introduction of reagent directly 
into the source volume. 
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Abstract 

The equilibrium and kinetic properties of an iminodiacetate (IDA) based chelating ion exchanger with a crosslinked 
agarose, Novarose TM, as support has been investigated. The second and third acidity constants and some complexa- 
tion constants of the ligand were determined for adsorbents with metal binding capacities of 140, 55 and 18 gmol 
ml ~, respectively. The adsorbent of medium capacity showed fast adsorption and desorption of Cu(ll), Cd(lI), 
Ni(ll) and Ca(If) both in the batch and column mode. It was found to be about 50 times faster than Chelex-100 
(50- 100 mesh) in accumulation of these metal ions in the batch mode. Studies of the adsorbent in a flow system, 
using a 5 mm x 6 mm i.d. column, indicated quantitative accumulation of Cu(II), Cd(II), and Ni(II) at volumetric 
flow rates up to l l 0  ml min ~. Linear calibration curves with r > 0.999 and signal enhancement factors up to 1300 
were obtained. Preconcentration by a FIA system connected to an ICP-AES instrument will make simultaneous 
measurement of ultratrace concentrations of a number of metal ions possible within reasonable cycle times due to the 
high flow rates which can be used with the adsorbent. Trace amounts of cadmium and copper in tap water were 
determined successfully at 60 ml min 1. However, copper and nickel in tap water are strongly complexed and do not 
accumulate quantitatively even at low flow rates. Hence a sample pretreatment is needed. Copper was completely 
adsorbed after UV-treatment of the sample. © 1997 Elsevier Science B.V. 

Keywords: Flow-injection; Iminodiacetate-agarose metal adsorbent: Inductively coupled plasma atomic emission 
spectrometry: Tap water analysis 

1. Introduction 

Chela t ing  ion-exchangers  have been widely used 
for  p reconcen t ra t ion  in trace meta l  de te rmina -  
t ions by a tomic  spec t romet ry  [1-5] .  A separa t ion  
f rom interfer ing a lkal i  and  a lkal ine  ear th  meta ls  

* Corresponding author. 

can be achieved concurrent ly .  M o r e  recently elim- 

inat ion o f  anions,  such as ch lor ide  and  sulphate ,  

has become an i m p o r t a n t  aspect  o f  the ion-ex- 

change p reconcen t r a t i on - sepa ra t i on  p rocedure  as 

these ions are precursors  to some of  the d i s tu rb ing  
species in de t e rmina t ions  by induct ively  coupled  

p l a sma  mass  spec t romet ry  [6,7]. The  mos t  com-  
mon ly  used l igand in chela t ing  ion-exchangers  is 

0039-9140,97/$17.00 ¢;, 1997 Elsevier Science B.V. All rights reserved. 
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no doubt the iminodiacetate group. It is attached 
by a -CH2- link to a styrene- divinylbenzene poly- 
mer in the much used adsorbent Chelex-100. 

The preconcentration is usually performed in a 
flow system containing the adsorbent in a column 
[8,9]. Conditioning and washing of the column, 
loading of the sample, elution of the enriched 
sample and transport to the spectrometer are 
often carried out in a manifold under computer 
control [10-13]. The dimensions of the column 
holding the adsorbent are typically 2-3 mm 
i.d. x 50 mm corresponding to a volume of about 
0.15-0.35 ml. A representative pumping speed is 
5 ml min ~. The calculated residence time of the 
sample in the column is then around 0.7-1.7 s for 
a void volume of 40%. Under these conditions 
most metal ions are quantitatively retained on 
Chelex- 100 (100-200 mesh). However, an increase 
in the flow rate or in the particle size to 50 100 
mesh, in order to diminish the backpressure, soon 
leads to losses [10]. 

The rate of removal of zinc, cadmium, lead and 
copper ions from solution by Chelex-100 has been 
studied in bulk experiments [14]. The observed 
first-order rate constants, corresponding to half- 
lives of about 1 min, did not differ by more than 
10%, which indicates that mass transfer, rather 
than the rate of complexation, was the main 
resistance in the accumulation process. The recov- 
eries obtained for a large number of metal ions, 
accumulated on a 0.1 ml column of Chelex-100 
(50-100 mesh) and a flow rate of 9.5 ml rain-J, 
were around 55% with moderate variation [9]. 
This again suggests that mass transfer rather than 
the rate of a chemical reaction limits the quantita- 
tive accumulation of the metal ions. Related ob- 
servations have been made by others [11]. 

Preconcentration ratios of the order of 100- 
1000 are required for trace and ultra-trace deter- 
minations of metals by inductively coupled 
plasma atomic emission spectrometry in tap wa- 
ter, ultra-pure waters, such as reactor waters in 
the nuclear power industry, etc. In order to dimin- 
ish analysis time at high preconcentration ratios, 
much higher flow rates are needed than normally 
used with Chelex-100 and other adsorbents. 
Crosslinked agarose is a hydrophilic support with 
moderate resistance to flow. Covalent bonding of 

chelating ligands to this material has been studied 
in connection with the preparation of adsorbents 
for immobilised metal ion affinity chromatogra- 
phy (IMAC) [15]. As the iminodiacetate group 
appears to have fast kinetics both with respect to 
bonding and release of a metal ion, this group 
was selected in preference to others which may 
show stronger bonding but, at the same time, 
slower kinetics. We report here on the properties 
of a commercially available IMAC adsorbent 
based on a highly crosslinked agarose gel with 
attached iminoacetate groups, in particular with 
respect to the preconcentration of trace metals at 
high flow rates. 

2. Experimental 

2.1, Chemicals 

The chelating ion-exchanger was obtained from 
Scand Inovata AB, Stockholm, Sweden. The sup- 
port is a highly crosslinked agarose with the trade 
name of Novarose TM. The adsorbent can be ob- 
tained with different metal binding capacities and 
exclusion limits. The ion-exchangers studied had 
an exclusion limit of about 200000 and the bead 
size ranged between 30 and 60 jam. The ion-ex- 
changer will be written IDA-Novarose in the fol- 
lowing. 

Standard solutions of hydrochloric acid and 
sodium hydroxide were prepared from ampoules 
(P.H. Tamm, Uppsala, Sweden) and further di- 
luted when needed. Test solutions of metal ions 
were made by appropriate dilution of AAS stan- 
dards (Referensmaterial AB, Sweden). Synthetic 
tap water samples were prepared by 200 times 
dilution of a stock solution containing I M Ca 
and respectively, 20, 2, 12, 12, 4 and 50 mg I-  
AI, Fe, Ba, Zn, Mn, and Sr. The chemicals used 
were of analytical grade (Merck) and all solutions 
made up with Milli-Q filtered distilled water. 

2.2. Apparatus and analysis 

The metal ion binding capacity and preconcen- 
tration measurements at flow rates below 8 ml 
min-~ were carried out with the TraceCon com- 
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Fig. 1. Block diagram of the FIA-ICP-AES system with four pumps, four switching valves (V-1 V-4). acid and external standard 
loops and the lDA-Novarose column. 

puter controlled flow analysis equipment (Knapp 
Logistics, Graz, Austria). At higher flow rates a 
variable reciprocating pump was used (Model- 
QD, Fluid Metering, NY). 

Metal ion concentrations were determined by 
FAAS (Perkin-Elmer 2380) or by ICP-AES (Spec- 
troflame, Spectro, Kleve, Germany). The instru- 
mental settings of the manufacturers were 
followed. AC-R3A integrator (Shimadzu, Japan) 
was used for integration of the signals measured 
by FAAS. 

GFAAS, with platform technique, was used for 
direct measurements of concentrations in tap wa- 
ter. Copper concentrations were measured by a 
Perkin Elmer 5000 instrument with deuterium 
background correction. A Zeeman GFAAS, 
Perkin Elmer 4100 ZL, was used for cadmium 
(multiple injection) and nickel (preconcentration 
by freeze-drying). The analysis made by MeAna- 
Konsult, Uppsala, Sweden. 

The flow injection system shown in Fig. 1 was 
comprised of a Pharmacia FPLC manifold, lbur 
MV-7 seven port rotating valves (V-1 to V-4), two 

P-500 displacement pumps (Pump-A and Pump- 
B), one P-I peristaltic pump (Pump-C) all from 
Pharmacia, and a reciprocating pump (Pump-D). 
The fittings and tubings were mostly from Tefzel 
material (Upchurch Scientific, WA). The F1A sys- 
tem, including the reciprocating pump and the 
integrator, were controlled from a Pharmacia 
LCC-500 LC controller. 

The columns for holding the adsorbent were 
either of fixed length, 8 mm i.d. x 14 ram, (Ino- 
vata AB, Stockholm) or of variable length, 6 mm 
i.d. x 5 mm (min), (Omnifit). 

The pH measurements were made with a Ra- 
diometer PHM 84 (Radiometer, Copenhagen, 
Denmark). For the potentiometric measurements 
a double junction (0.1 M NaNO3) Ag/AgCI refer- 
ence electrode and a priG201 glass electrode (Ra- 
diometer) were used. The electrode was calibrated 
in the usual way on the concentration scale by 
adding strong acid to the ionic medium. In all 
other experiments a combined glass electrode was 
used and calibrated against certified pH buffers 
(Merck). 
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A home-build UV irradiation apparatus, 
equipped with a TQ 718 high pressure mercury 
lamp (Heraeus), was used for photo-digestion of  
the samples [16]. 

2.3. Water content and volume stability of 
IDA -Novarose 

The IDA-Novarose columns were packed by 
gravity settling while a slight underpressure was 
applied at the outlet. Packed adsorbent, 1 ml, is 
the unit used for the amount of  IDA-Novarose 
taken in an experiment. Accordingly, the analyti- 
cal results are expressed per ml of  packed adsor- 
bent. 

The pore volume of  the adsorbent was esti- 
mated as follows. IDA-Novarose packed in a 
column was flushed with nitrogen gas until water 
was no longer expelled (5 min). The adsorbent 
was then extruded, weighed and dried to constant 
weight at 80°C. The pore volume was 0.60 + 0.02 
ml ml-~ packed adsorbent. 

The volume change of IDA-Novarose with pH 
was studied by observing the change in column 
height when solutions of different pH were passed 
through the adsorbent. No volume change was 
observed between the extremes 1 M hydrochloric 
acid and 0.2 M potassium hydroxide. 

2.4. Acid dissociation constants 

A known volume of about 0.5 ml of IDA-No- 
varose in a column was converted to the fully 
protonated form by treatment with 5 ml of  1 M 
hydrochloric acid. The adsorbent was then 
washed with water until the effluent was neutral. 
This treatment changes IDA-Novarose to the 
zwitterion form. It was then extruded into 45 ml 
of  0.1 M sodium nitrate as ionic medium. The 
titrations were performed in an N2 atmosphere by 
stepwise addition of  sodium hydroxide to a pH of  
about 9. Back titrations with hydrochloric acid 
were also performed to obtain information on the 
reversibility of the acid-base equilibria. After 
each addition of  titrant the emf was followed until 
a constant reading was observed ( < 0 . 2  mV 10 
min-~),  which generally took less than 15 rain. 

The degree of deprotonation, ~, of the adsor- 
bent was calculated from 

= { ( V o +  VOH)[H +] -- [ O H  ]) + VoHCoH}/Qw 

-- ~blank 

Here Vo is the initial solution volume and VOH 
the added volume of  base of concentration Coll. 
Q is the concentration of  IDA groups as deter- 
mined from the inflection point on the titration 
curve and w the volume of IDA-Novarose. The 
proton concentration, [H +], was calculated from 
the glass electrode potential calibrated on the 
concentration scale. The expression for e neglects 
the amount of protons in the pore volume, which 
is difficult to find in an exact way but can be 
estimated to be negligible over most of  the studied 
pH range. The underivatised Novarose showed a 
small acid base capacity which was corrected for 

by ~blank' 

2.5. Capacity determinations 

The static metal ion binding capacity was deter- 
mined in the column mode as described previ- 
ously [5]. 

The dynamic capacity is defined here as the 
amount of metal ion captured by the adsorbent 
until the metal ion concentration in the column 
effluent has increased to 1% of  the in-going solu- 
tion. It was determined for an 8 mm i.d. x 14 mm 
column by continuously pumping a solution of 
the test ion through the column and directing the 
effluent into the nebulizer of the FAAS instru- 
ment. Since the loading flow rates used were 
higher than the normal aspiration rate of  the 
FAAS instrument, a simple flow splitter was used 
after the column to yield a constant aspiration 
rate of 5 ml min i 

2.6. Sorption isotherms 

A known volume of  about 1 or 2 ml of the 
adsorbent was converted to the zwitterion form in 
a column and extruded into a 200 ml portion of  5 
~tM Ni 2+ or Cd 2+ in water or 0.1 M sodium 
nitrate. The initial pH of  the solution was ad- 
justed to about 6.7 by 1 M ammonium acetate. 
The magnetic stirrer used for mixing hanged in a 
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thin, freely rotatable Teflon string in order to 
avoid grinding of the adsorbent. The pH of the 
solution was changed by additions of 1 M acetic 
or hydrochloric acid and measured by a combined 
glass electrode. The solution was sampled 15 rain 
after a change in pH had been made. A 3 ml 
portion was withdrawn by a pipette equipped 
with a 25 lain filter at the tip and further filtered 
through a 0.45 lam membrane filter into a test 
tube. Duplicates were collected at each pH and 
analysed by ICP-AES. 

2.7. Adsorption and desorption kinetics 

The kinetic measurements of the adsorption 
and desorption of the metal ions were performed 
in the batch mode. The experimental conditions 
were selected so that pseudo first order reaction 
conditions could be assumed [17]. A 200 ml por- 
tion of 5 ~tM Cd 2+ , Ni 2+, C u  2*  and Ca 2+ in 10 
mM acetate buffer, pH 4.7, was prepared in a 
beaker and continuously sampled by a peristaltic 
pump. The sample was transported through a 
filter to the ICP-AES instrument at a constant 
flow rate of 2 ml rain i. When the base lines had 
stabilised, 1.0 ml of IDA-Novarose or 1.6 ml of 
Chelex-100 (50-- 100 mesh) was quickly added to 
the rapidly stirred solution. The adsorption of the 
metals was followed by recording the emission 
signal every other second. 

The metal loaded adsorbent and the virtually 
metal free solution after the adsorption measure- 
ment were then used to the study of the desorp- 
tion profiles. The filter was cleaned from resin 
particles, the pump restarted, concentrated hy- 
drochloric acid added to a final concentration of 1 
M and the increase in metal ion concentrations 
determined by ICP-AES. 

opposite to the enrichment flow. The acid was 
loaded in a I ml loop by pump-C and carried to 
the column by the flow from pump-A. A flow of 
Milli-Q water at 4 ml rain i from pump-B by- 
passed the column and was aspirated into the 
plasma during sampling. The cycle time is 3 rain 
plus the sample enrichment time (up to 10 min). 
The transient signals were recorded during the 
washing and elution steps by the ICP-AES com- 
puter software. The area and height of the elution 
peaks were evaluated using a home made pro- 
gram. The sample loop connected to valve-4 was 
used for introduction of an external standard as a 
check of the sensitivity of the instruments. The 
FIA system can also be connected to a FAAS 
instrument as was done here in the preliminary 
experiments. 

For  tap water analysis, the system was used 
also in an off-line mode. The eluted analytes were 
collected in about 6 ml and determined by ICP- 
AES, against matched standards. 

2.9. Photo-digestion o1' tap water 

Portions of tap water, 50 ml, were weighed into 
12 quartz tubes and 50 gl 30% hydrogen peroxide 
were added. Six portions were acidified by 50 btl 
(0.012 M) and the others by 420 lal (0.1 M) of 
hydrochloric acid. The tubes were UV-irradiated 
with a mercury lamp, operated at 500 W, for 3 h. 
After the photo-digestion, the evaporated water 
(normally <1 ml) was compensated by Milli-Q 
water. 

3. Results and discussion 

3.1. Acidit3, constants 

2.8. The H A - I C P - A E S  procedure 

The flow injection system is presented in Fig. 1. 
The column was first conditioned by 6 ml of a 0.1 
M acetate buffer, pH 5.5, delivered by pump-A at 
a flow rate of 4 ml rain ~. The sample was then 
enriched, usually at a flow rate of 60 ml min 1 
(unless otherwise stated), washed by 4 ml of the 
buffer and eluted by 1 ml of acid in the direction 

hninodiacetic acid is a three-protonic acid and 
the different forms of IDA-Novarose can be rep- 
resented by R-NH +(CH2COOH)> R-NH ÷ 
(CH2COO )(CH2COOH) (zwitterion form), 
R-NH +(CHeCOO -)2 and R-N(CH_,COO )2. In 
equations further simplification to R-HS ... R2 
will be made. The potentiometric titrations started 
from the zwitterion form, which appears to be the 
only form of IDA based ion exchangers which can 
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be obtained with a well-defined stoichiometry [18]. 
The titration curve exhibits a reasonably sharp 
equivalence point for the titration of the first 
proton in the zwitterion. It was used to calculate 
the number of  IDA groups and the degree of  
deprotonation,  e, of  the zwitterion as exemplified 
in Fig. 2. The fair agreement between the forward 
and reverse titrations indicates that the ac id-base  
equilibria are reversible and the attainment of  
equilibrium appears to be markedly faster than 
for Chelex-100 [19,20]. 

The equilibria and apparent  acidity constants 
can be written 

R - N H  +(CH2COO )(CH2COOH) 

= R - N H  + (CH2COO - )2 + H + (aq) (I) 

{ R -  H - I [ H  + ] 
K, = - [H + ] ( l)  

{R - H2} 1 - 

and 

R - N H  + (CHzCOO - )2 

= R - N(CH2COO - )2 + H + (aq) (I1) 

{RZ-}[H +] ~ -  1 
K2 - - -  [H + ] (2) 

{ R - H  } 2 - ~  

Square and curled brackets denote concentration 
and activity, respectively, and the bar is used for 
quantities in the ion-exchanger phase. While the 
apparent  acidity constants are readily calculated 
from the experimental data, they are of  somewhat 
limited usefulness because they depend on the 
degree of  deprotonation and  the ionic composi- 
tion of  the solution phase. 

A number  of  approaches has been used to 
calculate the acidity constants in the resin phase 
[19,21,22]. The intrinsic acidity constants are 
defined by: 

{ R - H - } { H  +} {R2-}{H +} 
K u - and Kzi 

{R-  H2} {R-  H-} 
(3) 

The method proposed by Pesavento et al. [19] has 
been used to estimate K,i and K2i.The relationship 
between K. and Kn~ is 

K,, = Kn 7H_TRH, , {H + } 
7~H {H+} ~ K,  y H - -  

{Na + } 
~ K n - -  

[Na + ] 

{Na + } 

{Na + } 

(4) 
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(A). Adsorbent volume, 0.5 m[; buffer concentration, 0.01 M for Ca 2+ and 0.1 M for the other ions. 

The ratio of  the activity coefficients (7) in the 
resin phase is assumed to be 1. This assumption 
together with the Donnan equilibrium {H+}/  
{H + } = {Na + }/{Na + } leads to the second step 
in Eq. (4). The last step assumes that the activity 
coefficients of  H + and Na + cancel in the solution 
phase. The sodium ion concentration in the resin 
phase was calculated as suggested by Pesavento et 
al. [19] and 7s,  was taken from tabulated data of  
the mean activity coefficient of  sodium nitrate 
[231. 

Three IDA-Novarose  preparations with the ca- 
pacities 18, 55 and 140 lamol H + ml -~, respec- 
tively, were studied. The titrations were stopped 
at about pH 9 since titrations on underivatised 
Novarose showed a substantial increase in the 
consumption of added base by the agarose sup- 
port above this pH. The measurements covered a 
range in ~ from 0.5 to 1.9. The value of pK2, 
obtained was 8.65 _+ 0.1 and there was little or no 
variation of this value with the degree of deproto- 
nation or with the capacity of  the adsorbent. The 
result for pK~i, on the other hand, showed a 
significant trend with ~ and increased from 2.95 to 
3.20 when ~ increased from 0.5 to 0.9. Part of  this 
trend may be caused by experimental errors since 
the trend became more pronounced with decreas- 
ing capacity of the ion-exchanger and for ~ values 

above 0.9. The value of pKji extrapolated to :~ = 0 
is 2.6. 

The pK~i value is similar to the result obtained 
for Chelex-100 [19,22], whereas pK2, is lower by 
0.5 units [21]. The at tachment of  the iminodiac- 
etate group to the support  is quite different in 
Chelex-100 and in IDA-Novarose .  In the latter 
adsorbent the group is held by an alkyl chain 
containing hydroxyl groups. It may therefore be 
appropriate to compare the intrinsic acidity con- 
stants with the corresponding constants of  N(2- 
hydroxyethyl)iminodiacetic acid. The reported 
values are pK~ =2 .2  and pK2=8 .73  ( I = 0 . 1  M) 
[24], of  which the latter is quite similar to the 
results obtained for IDA-Novarose .  

3.2. Sorption isoterms 

The sorption of Cu 2 +, Ni 2 +, Cd 2 +, Pb 2 + and 
C a  2 + by the adsorbent of  medium capacity was 
measured in the column mode. The result at 
different pH is shown in Fig. 3. The maximum 
capacity was about  55 lamol ml ~ adsorbent for 
all of  the ions tested. The final capacity for Ca -~ + 
was only reached at a pH higher than 6.5. Alter 
washing the column with 3, 10 and 20 ml of  a 0.1 
M acetate buffer, pH 5.5, the calcium remaining 
on the column decreased to 5.9, 0.3 and 0.2 tamol 
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Fig. 4. Adsorption of nickel on high (0),  medium (D) and low (A) capacity IDA-Novarose as a function of pH. The curves depict 
the calculated sorption isotherms from Eq. (7). 

ml ~, respectively. The other metal ions were not 
eluted by this treatment. This behaviour indicates 
that calcium can be removed from the enriched 
sample by washing the column with a buffer 
solution after enrichment but before the elution. 
The high capacity ion-exchanger (140 gtmol m l -  1) 
also exhibited the same capacities for Cu 2 +, Ni 2 + 
and Cd 2+, whereas the capacity for Pb 2+ was 
about 120 gtmol ml 

Sorption isotherms were studied more closely 
only for nickel and cadmium and at two ionic 
strengths, 1 = 0.1 and 0. Two sets of isotherms are 
presented in Figs. 4 and 5, which demonstrate the 
influence of  the capacity of the sorbent. It has 
been shown that the iminodiacetate group binds 
nickel as a tridentate ligand in Chelex-100 [25] 
and the interpretation of the sorption isotherms 
was started on this hypothesis. The equilibrium 
reaction would then be 

M 2+ + R _ H 2 = R _ M + 2 H  + (III) 

with 

[ R  - M ] [ H  + 12 
/~, = - -  ( 5 )  

[ R  - H 2 ] [ M  2 + ] 

The fraction sorbed, F, is 

F = v [R - M] (6) 
V[M 2 + ] + v [R - M] 

in which v is the volume of  the sorbent and V the 
volume of the surrounding solution. In the pH 
range studied, R -  H2 and R -  H predominate 
in the resin phase since the loading of the resin 
was small compared with its total capacity. Intro- 
duction of the total capacity, R~, and the apparent 
acidity constant from Eq. (1) into Eq. (6) yields 

l 
F =  

1 -~ V[H + ](K~ + [H + 1) 

fllvRt 
1 

(7) 
= 1 + ~o[U +](K~ + [H+]) 

m which q~ is a constant. The value of  p, of  
course, depends on the experimental conditions 
chosen and was determined by curve fitting. 
Curves, F = f ( [ H + ] ,  K~, ~o), were calculated with 
K~-values extracted from the acid-base titrations. 
Very good fits could be achieved between the 
experimental data and the calculated curves. 
However, the fl~-values obtained from the o-val- 
ues showed a more or less definite trend towards 
smaller values with decreasing total capacity. 

It has been suggested that the following reac- 
tion 
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M 2 + + 2R - H 2 = M(RH)2 + 2H + (iv) 

plays a major  part  in the sorption in addition to 
reaction(lIl). Inclusion of this reaction, which can 
be envisaged also as an ion exchange reaction 
rather than as complexation by two bidentate 
ligands, removed some of the trend in the ~l-val- 
ues. On the whole, however, no convincing evi- 
dence of the presence of the species M(RH)2 was 
found. 

One reason for the trend in the value of the 
equilibrium constant might be that fll does not 
have a definite value in the resin phase but covers 
a range of values instead [26]. Some positions in 
the sorbent could allow further complexation to 
take place by adjacent carboxylate groups, which 
should lead to a stronger binding of the metal ion. 
If such a distribution of positions is present, it can 
be anticipated that the positions will be occupied 
in descending order of  strength. In the sorption 
experiments, the relative loading of the sorbent 
increased with decreasing total capacity and 
hence, according to the hypothesis, the fl~-value 
would decrease with & as observed. 

It is also known that the agarose matrix con- 
tains some sulphate and carboxylate groups and 
that additional carboxylate groups may be intro- 

duced by the crosslinking procedure [27]. These 
groups will probably contribute to the total ca- 
pacity, which is measured at a pH of about 5 and 
a relatively high metal ion concentration, but they 
may contribute little in most of  the pH range 
covered by the sorption isotherm measurements. 
The blank titrations on Novarose showed a 
base consumption corresponding to about  5 lamol 
ml-  ~ at pH 5 indicating that groups other than 
iminodiacetate could contribute to the capacity. 
As a consequence, the chelating capacity would be 
overrated. By subtracting 7.5 lamol ml 1 from the 
total capacities good agreement between experi- 
mental and calculated results were obtained for a 
constant value of []1 as shown in Fig. 4 and Fig. 
5. The results are summarised in Table 1. Since 

Table 1 
Stability constants, defined by reaction (liD, of 1DA-Novarose 
and N(2-hydroxyethyl)iminodiacetate complexes of Ni 2~ and 
C&' ' 

log/;i 

1=0.1 /=0  Ref. [23] (1= 0.1) 

N i  - 1 .92  - 1.8 o - 1 . 6 5  

Cd - 2.85 - 2.74 - 3.4l 
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the applied correction is small for the sorbent 
with the highest capacity, the reported data are 
close to the values obtained for this sorbent with- 
out the correction. The value of fl~ for nickel is 
quite close to the value obtained for N(2-hy- 
doxyethyl)iminodiacetic acid, whereas the con- 
stant for cadmium is about  five times larger. It 
has been observed that the isotherms on Chelex- 
100 follow the same pattern. The sorption takes 
place at a lower p H  than expected from the 
stability constants determined in homogeneous 
solution, particularly for weak complexes [19]. To 
account for the higher than expected sorption to 
Chelex-100, reaction(IV) was introduced into the 
sorption model. Although convincing evidence for 
this reaction could not be found here from the 
sorption isotherms of  nickel and cadmium, it is 
likely that ion exchange mechanisms play a major  
role in the sorption of  more weakly complexing 
ions. 

3.3. Kinetic measurements  

3.3.1. Batch experiments  
The kinetics of  the metal ion adsorption and 

desorption were studied in the batch mode for 
Chelex-100 and medium capacity IDA-Novarose .  

Different volumes of the adsorbents were taken in 
order to make the dry weight of  each adsorbent 
equal to 0.2 g. This choice leads to an about 
five-fold larger exchange capacity in the experi- 
ments with Chelex-100, which is offset by a 
smaller surface area due to a larger particle size. 
Otherwise the experimental conditions were the 
same for the two adsorbents. Results from the 
adsorption experiments are shown in Fig. 6. The 
great difference in the rate of  accumulation of the 
metal ions on the two adsorbents is evident from 
the graph. The enrichment is quantitative except 
for Ca 2+ on IDA-Novarose .  As the equilibrium 
concentration is expected to be inversely propor-  
tional to the square of  the capacity, the sequester- 
ing of  Ca 2 + is more efficient, and even 
quantitative, by Chelex-100. There is little varia- 
tion between the adsorption curves belonging to 
the same adsorbent, indicating that mass transfer 
is rate limiting. Conditional first order rate con- 
stant were calculated for the four metal ions 
studied and the average and standard deviation of 
the adsorption half-times were I 0 . 7 + 2 . 9  s for 
IDA-Novarose  and 525_+30 s for Chelex-100. 
Thus the new adsorbent is about 50 times faster 
than Chelex-100, which appears too large to be 
attributed solely to the difference in particle size. 
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Differences in the hydrophobicities and the an- 
choring of  the chelating group to the support  
most likely play a role here. Schulze and Elsholz 
[14] determined the adsorption half-times of 15 
sorbents and found substantial differences be- 
tween them. The ratio between the half-times of 
Chelex-100 and the fastest adsorbent was about 
four. Due to the variation in the nature of  the 
exchanging group in this study, it is difficult to 
discern the influence ot" the matrix but, in general, 
sorbents based on a h.ydrophilic support appear 
to be faster than those based on an organic 
polymer matrix, 

The desorption profiles in 1 M hydrochloric 
acid are shown in Fig. 7 and Fig. 8. The curves 
for IDA-Novarose  are similar and the average 
desorption half-time is 7.0 4- 0.8 s. The desorption 
and adsorption rates are thus rather equal and 
again point to the mass transfer characteristics of  
the experimental system as rate limiting. For 
Chelex- 100, the half-time for Cu 2 + was similar to 
the result obtained for IDA-Novarose ,  whereas 
the wtlues for Ca 2+ and Ni 2+ were 2 - 3  times 
larger. The slow desorption of Cd 2 + is due to the 
composition of the eluent and may be explained 
as follows. At a high chloride concentration a 
large fraction of the cadmium is present as the 
anionic complexes CdCL and CdCI4 . Concur- 

rently the high concentration of acid protonates 
the iminodiacetate group which becomes posi- 
tively charged. The adsorbent will hence become a 
's trong'  anion exchanger leading to a delayed 
desorption determined by the rate of  exchange of 
the complexes by the chloride ion. Evidence for 
this hypothesis was obtained by a change of the 
eluent to 1 M perchloric acid. In this medium no 
anionic complexes are formed and the behaviour 
of Cd 2 + was normal. Lowering the concentration 
of the hydrochloric acid eluent to 0.25 M also 
substantially increased the desorption rate. We 
can thus conclude that the desorption from the 
two adsorbents proceeds at similar rates, at least 
for low loadings. The normal desorption process 
can, however, be affected by the charge rendered 
to the sorbents at low pH. Such complications 
would be less pronounced for low capacity sor- 
bents as observed here. 

3.3.2. Column exper imen t s  

The efficiency of the IDA-Novarose  adsorbent 
for accumulation of metal ions at high flow rates 
was studied in the column mode. A 500 ~tg 1 '  
mixture of  Cu 2+, Cd 2+, Ni 2~, and Sr 2 + (as an 
alternative to Ca 2 ~ with less risk of  contamina- 
tion) in 10 mM acetate buffer, pH 5.5, was passed 
through the 8 mm i.d. x 14 mm column at flow 
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rates between 10 and 100 ml min-1.  Analysis of  
the column effluent by ICP-AES indicated that 
greater than 99% of  Cu 2+, Cd 2 + or Ni 2+, was 
taken up by the column at all flow rates studied. 
In the case of Sr 2+, however, a breakthrough 
occurred after 40-50 ml of  test solution. The high 
flow rates slightly compressed the adsorbent and 
decreased the bed volume. It is, hence, recom- 
mended to pack the column under pressure to 
avoid this problem or add more adsorbent to the 
column after compression. The exchange proper- 
ties of the column were unaffected by the volume 
change. 

The effect of  the loading flow rate on the 
adsorption of  Cu 2 + has been studied for Chelex- 
100 by Liu and Ingle, Jr [10]. A 3 mm i.d. x 50 
mm column, packed with the 100-200 mesh resin, 
adsorbed the metal ion quantitatively at flow rates 
up to 15 ml min-~,  the highest flow rate studied. 
For  smaller particle sizes the packing collapsed 
because of the high back pressure. Other investi- 
gations generally report flow rates below 10 ml 
rain ~ or unacceptable losses of analyte at high 
flow rates for IDA-based as well as some other 
chelating sorbents [9,28,29]. 

The influence of  the flow rate was further inves- 
tigated by a measurement of the dynamic capacity 
of the adsorbent for Cu 2+, Cd: + and Ni 2 + at 
input concentrations of 0.16 and 0.48 gM and the 
flow rates of  I0 and 50 ml rain-~. The dynamic 
capacity, expressed in percent of the static capac- 
ity, was found to be dependent both on the sam- 
ple flow rate and the concentration as exemplified 
in Fig. 9. The dynamic capacities decreased with 
increasing flow rate and increased with sample 
concentration. The capacities at 10 ml min 
were 80-95% and at 50 ml m i n -  ~ 50 80% of the 
static capacity. These values are considerably bet- 
ter than for the previously studied 
polyethyleneimine-Novarose adsorbent [5]. The 
dynamic capacities of Cu 2+, Cd 2 + and Ni 2 + 
were 35, 10 and 2%, respectively, at a concentra- 
tion of  1 g 1-~ and a flow rate of  only 5 ml 
rain ' 

3.4. The F IA-FAAS  and FIA-ICP systems 

The performance of  IDA-Novarose in the F1A- 
FAAS and FIA-ICP configurations was very sim- 
ilar. Therefore, mainly the results from the 
experiments with ICP-AES detection will be re- 
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ported. The increased backpressure caused by the 
tubing and valves of  the FIA manifold necessi- 
tated a decrease in the column length to achieve 
high flow rates. The shortest column packing that 
could be realised in the adjustable holder was 5 
mm (0.14 ml). The small packing was tested by 
passing 500 ng of Cd 2 ÷ at pH 5.5 through the 
column at flow rates between 10 and 110 ml 
min ~. The absorbance signals of the eluates did 
not vary indicating complete accumulation of the 
test ion. This finding was corroborated by dimin- 
ishing the active length of the 8 mm i.d. x 14 mm 
column packing to 3.5 ram. This was accom- 
plished by replacing 10.5 mm of the IDA-No-  
varose packing by underivatised Novarose and 
repeating the test, which again indicated complete 
uptake. Hence, the 6 mm i.d. column with 5 mm 
packings was used in the following experiments. 

The effect of  the volume and concentration of 
the hydrochloric acid eluent on the transient ana- 
lyte signal was investigated in the ranges 0.10-1.5 
ml and 0 .12-2 M, respectively. The area and 
height of  the signal reached constant values for 
concentrations and volumes larger than 0.5 M 
and 500 lal, respectively, and 1 ml of  1 M HC1 was 
used henceforth. The effect of  the elution flow 
rate on the emission signals was studied at 2 and 

4 ml min 1 The signal height at the lower flow 
rate was greater by a few percent but the peaks 
tailed excessively. Thus, the higher flow rate, 4 ml 
min 1 was used. 

The elution profiles of  Cu 2 - ,  Cd 2 + and Ni 2 + 
obtained from 260 ng of each metal ion are 
presented in Fig. 10. Yttrium was added to the 
eluent and used to indicate the dispersion of the 
eluent plug. A comparison of the profiles demon- 
strates the similarity of  the desorption kinetics. 
Cadmium, however, seems to desorb at lower 
concentrations of  acid than the others, which 
probably reflects the lower binding strength of 
this element. The peak width of y 3  ~ , which esti- 
mates the final volume of the acid plug, was 
calculated to be about 2.5 ml, whereas the widths 
of  the eluted peaks were about  I ml. 

Work at low concentrations increases the risk 
of  contamination. Hence, the purity of  the acetate 
buffer and Milli-Q water was tested by passing 
600 ml portions through the column. No signifi- 
cant contamination problems were encountered 
f o r  C d  2 + and Ni 2 +. For Cu 2 ~, however, varying 
degrees of contaminations, up to 60 ng 1 ~, were 
observed. The source of the contamination could 
not be identified but it was not due to a copper 
impurity in the acetate buffer. The effect of  sam- 
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ple volume and concentration on the recovery was 
investigated in the concentration range 50-500 ng 
1-1 for Cd 2+, 150-1500 ng 1 1 for Cu 2+, and 
300 to 3000 n g l  1 for Ni 2+. The volumes and 
concentrations were chosen so that constant 
amounts of  the test ions were collected. No sig- 
nificant change was observed in the emission sig- 
nals of  Cd 2 + and Ni 2 + from the eluate. In the 
case of  Cu 2+, however, a slight increase in the 
peak area with the volume of  the sample was 
observed. The amount  collected was 85 rig. This 
trend probably originates from the contamination 
problems met for this element and was not ob- 
served at the higher concentrations used with 
FAAS detection. 

The linearity of  the calibration curves for Cd 2 + 
, Cu 2+ and Ni 2 + were studied in somewhat dif- 
ferent concentration ranges depending on their 
relative sensitivities. Appropriate  volumes of  a 
standard solution were passed through the 
column and the peak area used to establish the 
calibration curves, which were linear (r > 0.999) in 
the studied loading ranges, respectively, 15-120, 
45-350 and 90-700 ng. The detection limits, cal- 
culated as three times the standard deviation of  
the estimated noise contribution from the base- 

line, w e r e  f o r  C d  2 + ,  C u  2 + a n d  N i  2 + ,  respectively, 
4, 7 and 22 ng (peak height) and 2, 5 and 10 ng 
(peak area). 

Considering 10 min as a reasonable enrichment 
time, and 60 ml rain-1 as an appropriate and 
practical sample flow rate, the peak area detection 
limits in ng can be transformed to the correspond- 
ing concentrations limits of  3, 8 and 16 ng 1- 
The signal enhancement for a 600 ml sample is 
estimated to about 1300. This estimate is based on 
a comparison of the peak height from an enriched 
sample of  Cd 2 + with the signal obtained by con- 
tinuous aspiration of  a 1 ppm solution of the 
element. Since the elution peak is present in a 
volume of about  1 ml, the preconcentration factor 
is numerically about equal to the enriched vol- 
ume. The relative standard deviation of  the peak 
area for four replicates was 1.8, 2.4 and 1.3% for 
Cd 2+ (50 rig), Cu 2+ (150 ng) and Ni 2+ (300 ng), 
respectively. 

The possible interference from calcium, a major  
matrix element in water samples, on the FAAS 
and ICP determinations was evaluated. Calcium 
can be removed from the column by washing with 
0.1 M ammonium acetate. This treatment does 
not affect the test ions but will displace other 
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loosely held ions such as Mg 2+ and Mn 2+. In 
FAAS, elimination of accumulated calcium by 
washing was unnecessary as the absorbance signal 
was unaffected at the concentration present in the 
effluent from the column. Enrichment of  cad- 
mium from solutions containing 5 mM calcium 
chloride, pH 5.5, yielded complete recovery, 
which shows that calcium does not disturb the 
adsorption. 

3.5. Analysis of tap water 

Cadmium and nickel are present in natural 
waters at ng 1 ~ levels and cannot be directly 
measured by ICP-AES and the copper concentra- 
tion is close to the detection limit of the tech- 
nique. Thus, preconcentration and determination 
of these elements in tap water was selected as an 
application. In the initial enrichment experiments 
on tap water and ICP detection, the column was 
washed with 2 ml of  buffer solution before elu- 
tion. The base line of  the cadmium and nickel 
signals, were then found to be disturbed by the 
effluent from the washing step right up to the 
start of  the analyte peaks. It is likely that the 
disturbance is caused by changes in the plasma 
from the relatively high concentrations of  alkaline 
and alkaline earth metals present in the effluent. 
The same effect was observed for synthetic tap 
water as well as for samples containing Ca 2 ÷ as 
the only matrix element. Therefore, the effect of  
different washing volumes on the calcium and 
magnesium signals was studied. It was found that 
4 ml of the 0.1 M acetate buffer sufficed to 
remove the majority of  Ca 2 + and Mg 2+ from the 
column. Using this volume, the disturbed part  of 
the cadmium and nickel base lines were well sepa- 
rated from the analyte peak. Experiments with 
blanks, containing only the tap water matrix, 
indicated that the remaining part  of  Ca 2 + in the 
elution step does not change the background sig- 
nal. 

In order to study the effect of  the tap water 
matrix on the recovery of the analytes, tap water 
was spiked with 0.5, 1.5 and 3.0 lag 1- i of  Cd 2 +, 
Cw" ÷ and Ni 2 +, respectively, after acetate buffer- 
ing to pH 5.5. Different volumes of  the solutions 
were enriched on the column. Linear relationships 

(r > 0.999) were obtained between peak area and 
sample volume. The recovery of added Cd 2 + was 
not significantly different from 100%, whereas the 
recovery of Ni 2 + was about  90°/,, and greater than 
100% for Cu 2 . It can therefore be concluded 
that the first results for copper were due to an 
erroneous calibration curve caused by losses of  
copper in the solutions of  pH 5.5 and low analyte 
and acetate concentrations. The results for nickel 
could be explained by the fact that, in presence of 
calcium and magnesium at relatively high concen- 
trations, the adsorbent is mostly in the Ca 2~ , 
Mg 2+, rather than H + or N H 2 ,  form. This 
might affect the kinetics of  the chelation of nickel. 
Experiments on the effect of the enrichment flow 
rate were in agreement with this hypothesis. A 2 
lag 1 ~ Ni 2 ~ sample, containing 10 mM Ca 2~, 
was loaded at flow rates of  60, 30 and 15 ml 
min ~, and the recoveries obtained were 75, 92 
and 101%, respectively. 

For the determination of copper in tap water 
the column was enriched with 100 ml increments 
of  the sample buffered at pH 5.0. The water 
sample contained 4.8 lag Cu 1 ~ as determined by 
GFAAS.  The eluates were collected in the off-line 
mode in order to increase the accuracy, and 
analysed by ICP-AES. While a recovery of 99% 
was obtained for standard solutions of the same 
concentration run in parallel, only about 60% of 
copper was recovered from the tap water sample 
and the rest, 40%, was lbund in the column 
effluent. Loading flow rates of  60. 30 and 12 ml 
min ~ for a natural and a synthetic tap water 
resulted in quantitative uptake for the synthetic 
sample, while recoveries of 68, 72 and 78%, re- 
spectively, were obtained for the natural tap wa- 
ter. The effluent concentrations were in agreement 
with the recovery figures. The results for the 
synthetic sample clearly indicate that the matrix 
effects from inorganic constituents are negligible. 
Hence, the reason for the loss of  copper is proba- 
bly complexation with humic substances or other 
organic ligands present in the tap water. This was 
tested by a measurement of the recovery of a 
photo-digested tap water. The column was en- 
riched with two tap water samples UV-irradiated 
at pH 2.3 and 1.2, respectively. No significant 
amounts of  copper was found in the column 
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effluents indicating quantitative adsorption of  the 
analyte from both samples ( <  5% loss). 

For nickel, it was necessary to enrich more than 
400 ml of tap water to get reasonable signals in 
the FIA-ICP-AES system. The sample was 
buffered at pH 5.5 and enriched at flow rate of 60 
ml min '. Enrichment of a 0.45 gg Ni 1 ~ tap 
water resulted in an uptake of  only 0.22 ~tg 1-1. 
The effluent concentration was measured to be 
about 0.2 gg 1-~ in agreement with the previous 
figure. Hence, the recovery of  nickel at this flow 
rate is about 50%. This is less than obtained for 
spiked, synthetic tap water samples (see above). 
Thus, complexation of nickel with humic sub- 
stances is indicated. Digestion experiments were 
not performed for this element due to the large 
sample volumes required. 

For  determination of  the cadmium concentra- 
tion, the column was enriched with 400 ml incre- 
ments of  a tap water at pH 5.5, 6.5 (adjusted) and 
7.7 (natural). A mean value of 36_+6 ng 1 J 
(n = 2 x 3) was obtained for the cadmium concen- 
tration. No trend in the result with pH could be 
discerned with the present precision, which, how- 
ever, is not as good as could be expected from the 
estimated detection limit. Analysis by GFAAS, 
using multiple injections, resulted in the concen- 
tration 36 _+ 4 ng 1 ~ in agreement with the result 
obtained from the preconcentration by IDA-No- 
varose. Analysis of the column effluent, resulted 
in cadmium concentrations below the detection 
limit ( <  2 ng 1 1). 

4. Conclusions 

This work has demonstrated the rapid exchange 
of  metal ions on 1DA-Novarose. In particular, the 
adsorption appears to proceed much faster than 
on Chelex-100, the most common adsorbent with 
iminodiacetate groups. The new adsorbent can 
tolerate relatively high pressures with no change 
in adsorption properties. Metal ions, at least in an 
uncomplexed form, can be quantitatively se- 
questered at high volumetric flow rates on a small 
column. Large preconcentration factors can then 
be reached within a moderate accumulation time. 

The large preconcentration factor, 500-1000, 
needed in ultra trace analysis with ICP-AES de- 
tection, will create an unbalance between the pre- 
concentration and quantitation times even at high 
sample flow rates. Automated preconcentration 
off-line could then be considered. In case a pre- 
concentration factor of  50-100 is needed, a more 
balanced situation is at hand, and the high flow 
rate permissible with IDA-Novarose will consider- 
ably increase the sample throughput. 

Analysis of tap water indicates the capability of 
the adsorbent to quantitatively adsorb cadmium 
at high flow rates. Effects of  humic substances 
and other matrix components on the kinetics of 
the adsorption of copper and nickel lead to in- 
complete recoveries even at low flow rates. 
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Abstract 

A sequential extraction-radiotracer technique was applied to a sediment core sample collected from Lake Biwa 
(Japan) in order to evaluate relative importance of the fractionated solid components to sorb Zn(lIt ions. The core 
was previously divided into three parts from the surface of the sediment: upper (0-6 cm), middle (6-12 cm) and 
bottom (12-18 cm). The solid residue after each chemical treatment was collected to perform a sorption experiment 
by using 65Zn as a tracer. A difference in the amount of Zn(II) sorption was observed among original samples without 
any chemical treatments at each depth. The amounts were very small (10 ~ s 111 4 tool Zn(lI) 100 g ~ of dry sample) 
in all fractions of the sediment. Electrochemical measurements of cadmium and copper ion sorption supported the 
results from the radiometric sorption experiment. The effects of several potential factors on zinc sorption were 
investigated. Ion exchange of zinc with protons on the mineral surfaces was a significant cause of the zinc sorption. 
~:c) 1997 Elsevier Science B.V. 

Keywords: Extraction-radiotracer; Fractionated solid: Lake sediment 

1. Introduction 

Fac to r s  cont ro l l ing  fates o f  po l lu tan t s  like 
heavy meta ls  and  rad ionuc l ides  in the aqua t ic  
env i ronment  have been extensively studied.  They 
are found  to be very complex,  pa r t ly  because  
there are several  forms o f  po l lu tan t s  themselves 
depend ing  on in situ cond i t ions  as well as those o f  
sol id phases  with which the po l lu tan t s  in teract  
[1,2]. 

*Corresponding author. Fax: +81 I1 7066675; e-mail: 
fuji;t4sun.hune.hokudai.ac.jp 

In the previous  papers  [3,4], the au thor s  investi- 
gated a sequent ia l  ex t r ac t ion - rad io t r ace r  tech- 
nique to e lucidate  minera l  phases  of  several  
na tura l  samples  with which per t inent  po l lu tan ts  
would  be taken  up. G o o d  results  were ob ta ined  in 
those cases; the Zn( I I )  so rp t ion  was relevant  to 
the a m o u n t  and the proper t ies  o f  some solid 
c ompone n t s  o f  the samples  remain ing  after  cer- 
ta in chemical  t rea tments .  

The technique is fur ther  appl ied  to an oxic lake 
sediment  collected f rom Lake  Biwa (Siga Prefec- 
ture, Japan)  to find possible  scavengers  and the 
sorbed a m o u n t  of  Zn( I I )  in the aqua t ic  environ-  
ment.  

0039-9140,'97/$17.00 ¢~ 1997 Elsevier Science B.V. All rights reserved. 
PII $0039-91 40(96)02193-5 
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2. Experimental 

2. I. Reagents and materials 

The core sediment used in this study was sup- 
plied by the courtesy of Dr Masuzawa of Nagoya 
University (Japan). It was collected at a point 
south west of Chikubu Island in Lake Biwa (Siga 
Prefecture, Japan) on November 21 1985. The 
sample was cut into three portions from the top 
of the sediment; upper (0 6 cm), middle (6-12 
cm) and bottom (12-18 cm). After drying at 
room temperature, those subsamples were then 
ground to homogeneous powders. 

Zinc-65 was purchased from Japan Radioiso- 
tope Association in the form of chloride in 0.5 M 
hydrochloric acid(stock solution). The nominal 
sp. act. was 105 GBq gZn-  ~, with a radionuclidic 
purity of 99.00% and a radiochemical purity of 
99.00%. The 65Zn(II) tracer solution (925 
kBqcm-3) was prepared from the stock solution 
by diluting with a standard zinc nitrate solution 
(1000 mgZn dm 3) to avoid the Zn(II)-chloro 
complexation in the solution. Almost all zinc ions 
in the solution is to be in the form of nitrates 
which have lower complexing capacities with 
Zn(I1) than chloride ions. The specific activity of 
this working solution was 2.36 GBq g ~ of zinc. 

2,2. Instruments 

GM counting system (Aloka Type 203B); X-ray 
diffractometer (Mac Science MXP); centrifuge 
(Kokusan Partner); ion analyzer (Orion EA940); 
pH meter (Horiba D-12); spectrophotometer (Hi- 
tachi 3000); mechanical shaker (Yamato Model 
SA-31); thermal analyzer (Shimazu DTA-50 and 
Shimazu TG-50). 

2.3. Procedure 

The sequential extraction of the lake sediment. 
A dried and ground original sample (F0) was 
treated sequentially with the following chemical 
reagents: (i) 1 M NaC1 (F1); (ii) 25% CH3COOH 
(F2); ( i i i )  0.04 M NH2OH.HC1 in 25% 
CH3COOH (pH 2) (F3); (iv) 30% H20 2 (pH 2) 
(F4); and (v) 7 M HNO 3 (F5). In the previous 

works [3,4], 1 M CH3COONH 4 was used in the 
first step treatment (i) to obtain ion exchangeable 
components. However, the treatment with ammo- 
nium acetate was not suitable for dissolving ion 
exchangeable components of this sediment with 
low zero point of charge (ZPC). Instead, 1 M 
sodium chloride solution was used for the pur- 
pose. Both carbonate and oxide phases contained 
in a sediment had been dissolved simultaneously 
into an acid/reductant mixed solution in the previ- 
ous works [3,4]. The present sample was thus, 
treated first with (ii) 25% CH3COOH and then 
with ( i i i )  0.04 M NH2OH'HCI in 25% 
CH3COOH. It is therefore to be six fractions (F0, 
FI, F2, F3, F4 and F5) of the sediment including 
the original sample without any chemical treat- 
ment (F0). 

The sorption experiments were carried out as 
follows; a dried sample (F0-F5) was weighed and 
transferred to a centrifuge tube (10 cm3). The 
total volume of the suspension was adjusted to 10 
cm 3 with distilled water. A small amount of the 
eSZn(II) tracer solution (10 80 lal) was added to 
the suspension, which was shaken mechanically 
for 40 rain. The suspension was then centrifuged 
(3000 rpm, 30 rain). An aliquot (1 cm 3) of the 
supernatant solution was pipetted into an alu- 
minum container, and dried completely for 7- 
counting. 

The 65Zn activity was measured using a GM 
counter. The specific activity of the 65Zn(II) tracer 
solution used in this study was found to be 2.36 
GBq gZn t, and the efficiency of the counting 
was 0.327% in total. Several standards of known 
activity were used to evaluate values obtained 
under the same counting conditions. 

The cation exchange capacity (CEC) of each 
sample was measured electrochemically with an 
ammonia electrode (Orion 95-10); all the cation 
sites of a sample in an aqueous suspension were 
previously substituted with ammonium ions (1 M 
NH4CI ). After centrifugation of the suspension, 
the residue was washed repeatedly with distilled 
water and then treated with 0.1 N NaCI solution. 
The amount of NH + ions released from the solid 
phase by the exchange with Na + ions was deter- 
mined electrochemically. 
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Fig. I. X-ray diffraction patterns of the untreated fractions (F0) of the core sediment sample. Q: quartz, F: feldspar. 

pH Effect was also investigated on Cd(II) and 
Cu(lI) sorption by using ion selective electrodes of 
both ions (Orion 94-48 cadmium electrode and 
Orion 94-29 cupric electrode). It was actually 
evaluated from the emf measurement of a liquid 
phase before and after the sorption equilibrium in 
each system. 

The mineral phases of the sediment samples 
after the various chemical treatments were iden- 
tified by powder X-ray diffraction analysis [5]. 

The surface area of the sediment samples were 
measured spectrophotometrically by using 
methylene blue as a coloring agent [6]. 

Thermal analyses of the untreated samples were 
carried out by DTA and TG in which the initial 
heating rate was 10°C r a i n  ~, and the tempera- 
ture of the furnace was then kept constant at 

450°C for 2 h. Weight loss of each sample after 
the combustion was calculated. 

3. Results and discussion 

The Lake Biwa is the largest lake in Japan, and 
many studies have been done on this lake ecolog- 
ically and hydrodynamically so far [7]. However, 
information on the chemistry of bottom sediments 
of the lake seems to be rather scant. 

Fig. 1 shows the X-ray diffraction patterns of 
untreated fractions (F0) of the three portions 
(upper, middle and bottom) of the core sample. 
There appear quartz and feldspars in all samples, 
and no apparent differences exist in the pattern 
among them. Similar patterns were observed in all 
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Table 1 
Weight loss (%) of  individual fractions of the sediment samples upon each chemical treatment 

Chemical treatment Upper (0-6  cm) Middle (6--12 cm) Bottom (12-17 cm) 

Electrolyte 2.4 2.5 0.7 
Weak acid 2.7 2.0 3.2 
Reductant 1.3 1.8 1.8 
Oxidant 5.2 4.9 5.1 
Strong acid 4.2 3.7 2.4 
Residue 84.2 85.1 86.8 

All values are on a dry sediment weight bases. Possible errors of those values are estimated to be less than _+ 5%. 

other fractions of the sediment. It is considerable 
that major mineral components of the sediment 
may be stable enough not to be leached apprecia- 
bly by any chemical treatments other than conc. 
HNO3. Results on the weight loss of the sample 
upon each treatment supports this assumption 
(Table 1). It should be noted that there exist some 
clay minerals and also hydrous ferric oxides in the 
sediment sample [7]. Those minerals may play a 
role to sorb Zn(II) ions, however, as shown later, 
the sorbed amount  was very small as a whole. 

Sorption experiments were then carried out ra- 
diometrically on 15 fractionated samples by using 
65Zn as a tracer. Fig. 2 shows the sorption 
isotherm on three portions of  the untreated sedi- 
ments; upper (F0), middle (F0) and bottom (F0). 
The good linearity of the isotherms leads to calcu- 
late the sorbed amount of  65Zn at maximum (Am).  
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Fig. 2. Sorption isotherms on untreated fractions (F0) of the 
sediment sample. C and q denote the 65Zn(Ii) activities in the 
aqueous and solid phases, respectively. O: upper, ©: middle, 
• : bottom. 

As shown in Table 2, the value is found to be 
highest at the surface (upper) and extremely low 
in the deepest portion (bottom) of  the core sedi- 
ment. 

In order to elucidate possible reasons for such 
differences in the sorption, the surface area of 
each sample was measured colorimetrically. No 
clear relationship exists between the surface area 
and the A m value of those samples (Table 2). The 
result suggests that the surface area is not a 
predominant factor controlling the Zn(II) sorp- 
tion under the present experimental condition. 

Fig. 3 shows the CEC of  each fractionated 
sample of  the sediment. The values are higher in 
all fractions of  the upper portion than those in 
other portions of the sediment. As shown in Table 
2, the CEC values on F0 samples are more than 
30 times higher than the sorbed amount of °SZn at 
maximum (A,,). As described in the experimental 
section, the CEC was obtained electrochemically 
by using an ammonia electrode, in which the 
electrode potential caused by the ion exchange 
between Na + and NH + in the solution was 
measured. It is thus possible that the sites for 
Zn(II) ions to be sorbed may not be just the same 
as those for NH4 + ions, since there are differences 
in charge and also in ionic radius between them. 

The CEC is obviously affected by surface states 
of  solid phases, and it is closely related to the pH 
value at zero point of  charge (pHzpc) of  the 
solids. The apparent PHzpc of  the untreated frac- 
tions (F0) of the sediment is estimated by pH 
change of  the solid suspension before and after 
the sorption equilibrium [d(pH)]. Fig. 4 shows 
that the pH value at which d(pH) is to be zero on 
the curve may be approximated to be the pHzpc 
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Table 2 
Comparat ive lists of  data on surface area, sorbed amount  of  ~'SZn at max imum (Am), CEC, pr ize  c and ignition loss at 450°C of 
three portions (upper, middle and bottom) of the untreated sediment sample (F0) 

Upper  (0-6)  cm t Middle (6 12) cm i Bottom (12 17) cm i 

Surface a r e a ( m  ~ g ~) 15+_3 15-+3 10-+3 
A m(10 4 mol 100 g-~)  3.43_+0.07 2.21 +_0.04 0.51_+0,01 
CEC (meq 100 g ~) 9.59 _+ 0.36 6.98 + 0.49 6.73 _+ (I,92 
pHzp ~, 6.6 + 0.1 6.3 + 0.1 6.2 _+ 0,1 
Ignition loss at 450°C (%) 6.60 _+ 0.01 6.29 + 0.01 6.13 + 0.01 

of each F0 sample. As shown in Table 2, the 
resulting value is highest at the upper portion and 
the lowest at the deepest one of the sediment, 
which is consistent with the result obtained in the 
radio-metric ('SZn sorption experiment. It is there- 
fore possible that the Zn(II) sorption is related to 
the proton exchange on the sediment surfaces, i.e., 
the more negative solid surfaces provide more 
sites for cation sorption in the aqueous phase. 

In order to evaluate the above results on other 
ions than Zn(II), the electrochemical approach 
was carried out by using ion selective electrodes of 
cadmium and copper. Fig. 5 shows the results of 
both cadmium (II) and copper (II) sorption on 
three portions of the nontreated sediment samples 
(F0) at pHzp c. The sorbed amount of Cu(II) is 
consistently larger than that of Cd(lI) at any 
depth of the sediment samples. Such a difference 
in sorptive ability between two metal ions can be 
explained by considering their hydrated radii and 
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Fig. 3. CEC of each fraction of the sediment sample (F0, F1, 
F2, F3, F4, F5). 

coordination properties of aqua-complexes. The 
values are in the same order of magnitude as 
those of the sorbed amount of ~'SZn at maximum 
obtained from the tracer experiment (Table 2). 

Those results suggest that the sorption of the 
divalent metal ions like Zn(II), Cu(II) and Cd(II) 
occur rather selectively through the ion exchange 
with protons on mineral surfaces of this lake 
sediment. A mineral which provides a surface 
with proton exchangeable sites thus, enables those 
metal ions to be sorbed to a great extent. This 
may also be true in the organic matter which will 
provide protons from carboxylic and phenolic 
groups. The organic contents of the non-treated 
sediments may be estimated from their ignition 
loss at 450°C. As shown in Table 2, the value is 
highest at the upper portion and the lowest at the 
bottom of the core. 

The crucial role of protons is well known in 
biosorption. Shiewer and Volesky [8] observed 
biosorption of C d  2 + ,  C u  2 + and Zn 2 v on a non- 
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Fig. 4. Change in pH of the solid (F0) suspension before and 
after the sorption equilibrium [d(pH)] as a function of pH 
adjusted initially (pHo). O: upper, : middle, A: bottom. 
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Bottom 

0 005 0.1 0.15 0.2 0 25 03 

Sorbed amount /mmol /100g 

Fig. 5. Sorption of Cd(II) and Cu(ll) on three portions of the 
untreated sediment sample (F0) at pHzr c. 

living biomass of the marine alga (Sargassum 
fluitans). They modeled the sorption using a 
modified mult icomponent  Langmuir  equation to 
describe metal ion-proton exchanges. 

It is apparent  that there are several factors 
controlling sorption behavior of  the divalent 
metal ions on various sediments; chemical forms 
of metal ions, surface states of  minerals espe- 
cially on number of  proton exchangeable sites, 
and probably the existence of organic matter  as 
complexing agents with metals as well as usual in 
situ temperature, pressure and redox conditions. 
Chemical forms of metal ions are also dependent 
on pH value of  the aqueous phase. 

Sorption processes in natural environment are 
therefore intrinsically heterogeneous in nature. 
Weber et al. [9] reviewed sorption phenomena in 
subsurface systems in order to elucidate the be- 
havior, transport  and ultimate fate of  contami- 
nants. And then they introduced the distributed 
reactivity model which was derived on the basis 
of  different distributions of  sorption reactions 
and mechanisms for different solute solid com- 
binations [10]. They showed experimental evi- 
dence to conclude the model to be valid. 

The sequential extraction-radiotracer technique 
should help to evaluate sorption capacities of  
individual components of  a sediment, if they 
could be leached sequentially by suitable chemi- 
cal treatments. The present authors previously 
reported the results on this technique applying to 
a scale sample collected from a water still and 
also a marine sediment [3,4]. The sorbed amount  

of  Zn(II)  was found to be clearly correlated with 
the kind and amount  of  mineral phases con- 
tained in the solid sample. 

From the results obtained in a series of  experi- 
ments, it is concluded that the Zn(II)  sorption is 
significantly controlled by the proton concentra- 
tion of  both aqueous and solid phases. A solid 
phase containing much amount  of  acidic miner- 
als (or organic matter  with carboxylic groups) 
tends to release protons into the aqueous phase 
to result in its suspension with low pH. The 
amount  of  Zn(lI)  sorbed is to be very small in 
such a case. The sequential extraction-radiotracer 
technique is thus, useful to evaluate the capacity 
of  each component  of  the sediment to scavenge 
toxic heavy metals, when its pHz~ c is relatively 
high ( p H > 8 ) .  Anyway, a sediment with low 
prize, c has only a small capacity for scavenging 
as a whole. 

Further experimental study should be contin- 
ued to elucidate the reversibility of  the sorp- 
tion and also competitive sorption among metal 
ions with various ionic radius and complexing 
abilities. 
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Abstract 

A method for immobilization of 5-formyl-3-arylazosalicylic acid derivatives on the surface of silica gel is described. 
The new silica gel phases were synthesized by a very simple and rapid route which can be defined as a one-step 
reaction. The phases were proved to show an excellent improvement in the iron (Ill) extraction and the determined 
mmol g ~ values are in the range of 1.24-1.32. The metal-uptake properties of eleven metal ions were also evaluated 
at different pH values and shaking times. The process of selective extraction of iron (III), in presence of an interfering 
ion, by these phases was also studied by both column and batch equilibrium techniques in order to identify the 
possible type of interference of each metal ion in this process. Three divalent metal ions (Mg, Ca and Mn) exhibited 
a minimum interference in iron (IIl) extraction. A group of six divalent metal ions (Co, Ni, Cu, Zn, Cd and Pb) were 
found to be interfering in the selective extraction of iron (III) via the arylazo-moiety of the silica phase, while Cr(III) 
was found to show a specific interference type based on the affinity of Cr(III) for binding to the chelation centers of 
the salicylic acid moiety of the silica phase. © 1997 Elsevier Science B.V. 

Keywords: Chelation centers: 5-Formyl-3-Arylazo-salicylic acid derivatives: Selective extraction 

1. Introduction 

Immob i l i z a t i on  o f  chela t ing  c o m p o u n d s  on the 

surface o f  silica gel has  received special  interest  in 
recent years  because  o f  the wide range o f  appl i -  

cabi l i ty  of  these phases  in meta l - ion  up take  and 
p re -concen t ra t ion  [1-10] ,  s epa ra t ion  of  t rans i t ion  

and non- t r ans i t i on  meta l  ions [11-15] ,  solvent  

c lean-up f rom undes i red  meta l  ions and  selective 
ex t rac t ion  o f  metal  ions f rom different  solvent  

* Corresponding author. 

systems [16]. The  selectivity i nco rpo ra t ed  and en- 

counte red  in such phases  is main ly  a t t r ibu ted  to 

the presence o f  d o n o r  a toms  capab le  o f  meta l -  

complex  fo rma t ion  with cer ta in  metal  ions [5,17]. 
The  mos t  c o m m o n l y  used d o n o r  a toms  in metal  

complexes  are oxygen,  n i t rogen and  sulfur, which 

are b o u n d  to the meta l  ion in a cer ta in  fashion for 

forcing selective ex t rac t ion  of  meta l  ions. A 

m e t h o d  for  selective ex t rac t ion  o f  a lka l i -meta l  

ions by s i l ica- immobi l ized  c rown ether  der ivat ives  

was repor ted  [18]. Silica gel modif ied  with 7- 
aminop ropy l t r i e thoxys i l ane  was shown to be a 

0039-9140/97/$17.00 ¢) 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)021 94-7 
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selective phase for preconcentration of gold (III), 
Platinum (IV) and palladium (II) [19]. Oxygen- 
and nitrogen-donor-containing macro-cyclic com- 
pounds immobilized on silica gel surface showed 
high selectivity for copper (II) in presence of 
cobalt (II), nickel (II), zinc (II) and cadmium (II) 
[20]. Palladium (II) was selectively extracted from 
other interfering metal ions by the use of silica- 
immobilized thioaniline derivatives [21]. 

Recently, we have reported the method of im- 
mobilization of two isomeric formylsalicylic acid 
derivatives on the surface of silica gel modified 
with aminosylating agent through the Schiff base 
formation between the aldehydic and the amino 
groups. The phases were found to be highly selec- 
tive for iron (III) extraction from a mixture of 
different interfering metal ions [22]. The selectivity 
of iron (III) through chelation with the two oxy- 
gen atoms furnished by the hydroxyl and the 
carboxyl groups [23]. 

In this paper, 5-formylsalicylic acid is deriva- 
tized to the corresponding arylazo derivatives via 
diazotization reaction with aniline, 2-aminophe- 
nol, 2-aminothiophenol and 2-aminobenzoic acid. 
This was clone in an attempt to explore the phe- 
nomenon of selective extraction of iron (III) by 
silica-immobilized salicylic acid derivatives, in- 
crease the possibility of metal-ion uptake, espe- 
cially iron (IlI), by the presence of additional 
chelating functional groups and study the influ- 
ence of such additional chelating centers on the 
selective extraction process. 

2. Experimental 

2. I. Apparatus 

Infrared spectra of 5-formylsalicylic acid ary- 
lazo-derivatives were recorded on a Perkin-Elmer 
1430 ratio-recording spectrophotometer. Atomic 
absorption measurements of the different metal 
ions were carried out by using a Perkin-Elmer 
2380 atomic absorption spectrophotometer oper- 
ated at the specific wavelength of absorption of 
each metal ion. The pH values of the various 
buffer solutions were measured by using a Schott 
Gerfite pH-meter calibrated against two standard 

buffer solutions of pH 4.0 and 9.2. Elemental 
analyses of the various 5-formyl-3-arylazosalicylic 
acid derivatives and modified phases were done at 
the microanalysis center at Cairo University. 

2.2. Reagents and materials 

5-Formylsalicylic acid was prepared according 
to previously reported method [24]. Aniline, 2- 
aminophenol, 2-aminothiophenol and 2- 
aminobenzoic acid were purchased from BDH 
Chemicals, Poole, England and used as received. 
3-Aminopropyltriethoxysilane was purchased 
from Aldrich Chemical Company, USA. The sil- 
ica gel used in this study is of TLC grade with 
70-230 mesh size and 60 A pore diameter, pur- 
chased from Woelm Pharma, Eschwege, Ger- 
many. Organic solvents were purified and dried 
according to conventional methods. 

5-Formyl-3-arylazosalicylic acid derivatives of 
aniline, 2-aminophenok 2-aminothiophenol and 
2-aminobenzoic acid were synthesized by diazo- 
tization of the corresponding arylamine below 
5°C with conc. HC1 and sodium nitrite, followed 
by coupling with an alkaline solution of 5-formyl- 
salicylic acid [25]. The separated azo-derivatives 
were filtered off, washed with water, air dried and 
recrystallized from methanol. 

Silica-gel-bound arylazoderivatives were pre- 
pared by mixing 5.0 g of dry amino-modified 
silica gel with 10 mmol of the azo-derivative, 
already dissolved in 300 ml of hot dry toluene, 
and the reaction mixture was refluxed for 2 h. 
After completion of the reaction, detected by the 
colour stability of the silica gel, the product was 
filtered off, washed with toluene, alcohol and 
diethylether and dried under vacuum at 80°C for 
6h.  

2.3. Surface coverage and metal capacity of  
modified silica 

The surface coverage (mmol g ~) of silica gel 
with arylazo-derivatives was determined on the 
basis of percent carbon of the modified silica 
phases. The metal capacity values (mmol g - i )  of 
the newly synthesized phases for the different 
metal ions in various buffer solutions (pH 1.0, 2.0, 
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3.8, 5.0 and 10.0) and in 1.0 M sodium acetate 
were determined in triplicate by the batch equi- 
librium technique. Of the dry phase, 30 mg was 
added to a mixture of 1.0 ml of 0.1 M metal ion 
and 9.0 ml of the selected buffer solution and 
automatically shaken for 30 min. After equilibra- 
tion, the mixture was filtered, washed with 80 ml 
double-distilled deionized water and the unbound 
metal ions were subjected to complexometric ti- 
tration using the proper indicator and/or atomic 
absorption analysis. 

The effect of shaking time on the amount of 
extracted metal ion (mmol g ~) was also studied 
by the batch equilibrium technique. Of the dry 
phase, 30 mg were added to 1.0 ml of 0.1 M metal 
ion and 9.0 ml of the buffer solution which 
showed the maximum metal capacity value in the 
previous section and the mixture was automati- 
cally shaken for the selected time and the metal 
capacity value (mmol g 1) was determined as 
above. 

2.4. Selectice extraction o f  iron (IH) 

Selective extraction of iron (1II) in presence of 
an interfering metal ion was evaluated by using 
both column and batch equilibrium technique. In 
the column technique, a column identical to that 
previously reported [1] was established and 
packed with 30 mg of the required phase in slurry 
of 5 ml double-distilled deionized water. A mix- 
ture containing 0.1 M iron ( l ib  and the interfer- 
ing metal ion, 1.0 ml each, was mixed with 15 ml 
of 1.0 M sodium acetate and drawn through the 
column with a flow rate of approximately 0.5 ml 
rain ~. The column was then flushed with double- 
distilled deionized water and the eluents were 
collected and diluted with double-distilled deion- 
ized water to a total volume of 100 ml in a 
volumetric flask. The mixture was subjected to 
further dilution to meet the requirements of the 
linear dynamic range of the calibration curves set 
up by the atomic absorption analysis for each 
metal ion. 

The batch equilibrium technique study of the 
selective extraction of iron (III) in presence of an 
interfering metal ion was accomplished by mixing 
30 mg of the phase with 1.0 ml each of 0.1 M iron 

( l ib  and the interfering metal ion and 15 ml of 
1.0 M sodium acetate in a 50 ml measuring flask. 
The mixture was automatically shaken for 30 min, 
filtered, washed with double-distilled deionized 
water and the total volume of the metal ion 
mixture was completed to 100 ml in a measuring 
flask and subjected to further dilution as above 
for the atomic absorption analysis. 

3. Results and discussion 

The structure of the arylazo-compounds was 
confirmed on the basis of IR analysis which 
showed the presence of the symmetric stretching 
vibration mode of the azo group in the range 
1430 1491 cm 1. The band correspond to the 
asymmetrical N N stretching mode, near 1600 
cm ~, was not detected as it merged with strong 
C=C ring vibration [26]. The structure of silica-im- 
mobilized 5-formyl-3-arylazosalicylic acid deriva- 
tives is shown below in Scheme 1. 

The IR studies of the modified silica gel Phases 
l - I V  showed the evidence for the formation of a 
new band corresponding to the coupling between 
the 5-formyl group and the amino group of 
modified silica with 3-aminotriethoxysilane. The 
product of this coupling is the C=N Schiff base 
bond formation which is identified in the IR 
spectra of I-1V at vcN 1525 1580 cm ~. The 
other characteristic functional groups such as vc. o 
at 1600 1700 cm ~ and vo,  at 3600 cm ~ were 
confirmed from the IR spectra of Phases 1 IV. 

It is important to declare here that the immobi- 
lization of arylazo-compounds on the surface of 
silica was accomplished in only one simple and 
fast reaction rather than the multi-step reactions 
reported by others [27-29]. The double bond 
nature of the Schiff-base-characteristic bond, 

CO0tl  

~ S i _ _ O ~ i _ _ ( C H 2 ) 3 _ _ N  = C H ~ _ O H  X _ ~  

Phase I, X = H Phase llk X ~ SH 

Phase II; X = OH Phase IV: X ~ COOH 

Scheme 1. 
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C=N, is known to be strong enough and the 
hydrolysis of Phases I - I V  by the studied buffer 
solutions was found to be insignificant based on 
the distinguished colour formation of filtrate solu- 
tion of these phases with iron (III), a property 
that can be used for a wide range of pH applica- 
tion of these phases. Moreover, the surface cover- 
age determined on the basis of percent carbon by 
elemental analysis was found to be in the range of 
0.75-0.82 mmol g 1, which is superior to the 
reported low values of silica gel surface coverage 
by azo-compounds [27~28]. 

3.1. Metal capacity study 

The metal capacity values (mmol g i) deter- 
mined for the twelve tested metal ions, namely 
Mg (II), Ca (II), Cr (liD, Mn (II), Fe (III), Co 
(II), Ni (II), Cu (II), Zn (II), Cd (II), Hg (II) and 
Pb (II), by the newly modified silica gel Phases 
I - IV  are compiled in Table 1. The values were 
determined in different buffer solutions to decide 
the optimum pH value for each metal ion extrac- 
tion and evaluate the effect of the pH value on the 
metal capacity. 

Several conclusions can be drawn from the data 
given in Table 1. The most important is the 
exceptionally high iron (III) metal capacity values 
demonstrated by the four phases. These values are 
1.24, 1.32, 1.30 and 1.28 for Phases I, II, III and 
IV, respectively. Such high mmol g-~ values of 
iron extraction compared with our previously re- 
ported data [22] can only be interpreted on the 
basis of the additional chelating functional groups 
present in Phases I - I V  from the arylazo-moiety. 
These chelating groups acted together with the 
salicylic acid moiety to enhance the metal capacity 
value of iron (III) and this trend suggests the 
participation of all chelating functional groups in 
iron (III) extraction by Phases I - IV,  as shown in 
Scheme 1. The effect of pH variation on the 
process of iron (III) extraction is evident in Table 
1, and can be summarized by the gradual increase 
of the mmol/g values with increasing the pH of 
the iron (III) solution to a maximum value in 1.0 
M sodium acetate, which is determined to have a 
pH of 5.6 and known to be the highest pH-limit 
for iron ( l id  extraction in presence of a buffer 

solution. However, the mmol/g values determined 
in buffer solutions of pH 5.6 and 5.0 revealed no 
or minimal contribution of the iron (III) hydrox- 
ide. 

The metal capacity values of the other metal 
ions listed in Table 1 can be classified into three 
categories. The first includes Mg(II), Ca (II) and 
Zn (II) ions, which were found to show little 
affinity for extraction by Phases 1-IV in acidic 
buffer solutions. The metal capacity values for 
these metal ions ranged from 0.00-0.10 mmol 
g ~ which are very low compared with other 
metal ions. The use of basic buffer solutions, 
especially pH 10, was found to improve the metal 
capacity values of these three metal ions to the 
range of 0.10-0.30 mmol g ~. The order of metal 
ion extraction is Mg (II) < Ca (II) < Zn (II). 

The second category of metal ions involves Cr 
(III), Cu (II), Cd (II) and Hg (II) and shows 
maximum metal capacity values in 0.1 M sodium 
acetate solution (pH 5.8-6.2). The 0.40-0.52 
mmol g J values of Cu (II), giving the following 
order of increasing metal capacity, Cd ( I I )<  Cr 
(Ill) ~ Hg (II) < Cu (1I). The third category con- 
sists of Mn (IlL Co (II), Ni (II) and Pb (II) ions. 
This group of metal ions showed an intermediate 
behavior between the first and second category. 
Mn (II) < Ni (1I) ~ Pb (II) < Co (II). A compari- 
son between the metal capacity values of some of 
the tested metal ions by Phases I-IV and those 
previously reported [22] indicates a close similar- 
ity in the mmol g ~ range of Co (II), Ni (II), Cu 
(II) and Pb (II) by the two phase types, while the 
corresponding value of Cd (1I) was improved by 
the new phases. 

The effect of shaking time on the percent ex- 
traction of metal ions was studied because it is 
important to identify the discrimination order in 
the behavior of the newly synthesized Phases I 
IV towards the metal ion extraction. Three repre- 
sentative metal ions from the previously classified 
categories, Fe (III), Cu (II) and Pb (II), were 
selected and tested at different shaking times. The 
results of this study are shown in Figs. 1 3 and 
designate the rapid interaction of Phases I - IV  
with metal ions, judging from the percent extrac- 
tion of metal ions. As shown in Fig. 1 Fig. 2 Fig. 
3, only 2 rain shaking time was sufficient to force 
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Fig. 1. Effect of shaking time (min) on the percent extraction 
of Fe (III) by Phases I-IV.  

at least 70% of the total capacity determined in 
case of  Fe (III) and Cu (II), while this shaking 
time affects 60% extraction of  Pb (II). In addition, 
20 min shaking time showed 98-99% of Fe (III) 
extraction, 90-95% of Cu (II) and 79-100% of 
Pb (II) extraction. It is clear from the data given 
that the metal ion--si l ica phase binding process is 
very fast, but no discrimination order can be 
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Fig. 2. Effect of shaking time (min) on the percent extraction 
of Cu (II) by Phases I-IV. 
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Fig. 3. Effect of shaking time (min) on the percent extraction 
of Pb (II) by Phases I-IV. 

outlined from the effect of shaking time on the 
value of  mmol g - '  and percent extraction of 
these metal ions. 

3.2. Selectivity study 

The determined values of  metal capacity (mmol 
g-~)  of  the various metal ions by Phases I - IV 
demonstrate that iron (III) is the most extractable 
metal ion amongst all tested metal ions, or, in 
other words, Phases I - IV  can be successfully used 
for selective extraction of  iron (III). In this study 
we preferred to evaluate the approach of selective 
extraction of  iron (III) in presence of only one 
interfering species rather than a mixture of differ- 
ent interfering metal ions as we reported before 
[22], in an attempt to investigate the individual 
behavior of iron (III) in presence of only one 
interfering metal ion. 

It is well known that the column technique is 
widely applicable in trace metal preconcentration 
from large-volume sample solution, in addition to 
the possibility of  further separation of  adsorbed 
or chemically bonded metal ions on the packing 
material surface [30]. This property is taken as an 
advantage over the batch equilibrium technique. 
However, the advantage of  using the latter is the 
simplicity of  operation and time saving compared 
with the column technique. 
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In the selectivity study, both column and batch 
equilibrium techniques were employed for the 
comparison. The experimental conditions such as 
dilution, washing and time of equilibration be- 
tween the metal ion solution and the phases were 
almost identical. The results of this experiment 
are presented in Table 2. Values in Table 2 are 
expressed in mmol g L for simple and direct 
comparison with the values given in Table 1. 
Three different trends can be summarized from 
the mmol g ~ values of iron (III) in presence of 
an interfering metal ion. The first trend is the 
less- or non-interfering group of elements which 
includes Mg (II), Ca (II) and Mn(II), classified 
on the basis of the high metal capacity values of 
iron (Ill) which closely approaches the mmol 
g ~ value determined for iron (III) separately 
(Table 1), and the very low mmol g ~ values of 
the other three interfering metal ions. Therefore, 
Phases l IV can be successfully used for selective 
extraction and separation of iron (III) in pres- 
ence of Mg (II), Ca (If) and Mn (II). The second 
trend is demonstrated by the general behavior of 
Co (If), Ni (II), Cu (IlL Zn (II), Cd (II) and Pb 
(If) metal ions. Although the metal capacity val- 
ues of iron (IIl) given in Table 2 are high and 
considered in good agreement with those shown 
in Table 1, a strong evidence for the interference 
of this group of metals in the selective extraction 
of iron (lIl) comes from the similar good agree- 
ment of mmol g ~ wdues compiled in Table 1 
and 2 for each metal ion, except Cu (II) which 
showed lower mmol g l values in Table 2. The 
number of accessible functional groups available 
for chelation and complex formation with the 
metal ion must be considered to account for this 
type of interference through selective extraction 
of iron (IIl), mainly by complex formation via 
the salicylic acid moiety, leaving the other 
chelating functional groups derived from the ary- 
lazo-moiety free for participation in the extrac- 
tion of the interfering metal ion, thus, enforcing 
such type of interference denoted in Table 2 as 
arylazo chelation centers interference. This be- 
havior of binding more than one metal ion is 
common and well known in the mixed metal 
complex formation by binucleating ligands 
[26,31 35]. 

The third trend in this study clearly shows 
another type of interference based on the selec- 
tive extraction of iron (III) in presence of Cr 
(III). The metal capacity values of Cr (II1) 
shown in Table 2 are consistent with those in 
Table 1, but those of Fe (1II) given in Table 2 
are dramatically lowered compared with those 
found in Table 1. The reason for this is at- 
tributed to the strong competition between iron 
(Ill) and Cr (I11) ions for complex formation 
with the same chelating centers, namely the sali- 
cylic acid active chelating groups. This type of 
interference can be correlated to the similarity of 
the charge on both metal ions and the strong 
affinity of both cations to the same chelation 
sites. 

Finally, the column and batch equilibrium 
data listed in Table 2 refer to the consistency 
between both techniques in evaluating metal up- 
take properties, metal ion extraction and interfer- 
ence processes, but the column technique is 
superior if further chromatographic separation 
between such metal ions is needed. 

4. Conclusion 

The studied silica-gel-bound 5-formyl-3-aryla- 
zosalicylic acid phases show very important and 
interesting results. The guide for designing new 
selective silica gel phases for metal ion extraction 
must be well defined on the basis of the number 
of interference types described in this study. The 
presence of an excessive number of chelating cen- 
ters may enhance the chance of increasing the 
metal capacity of one or more metal ions, but 
undoubtedly will assist the possibility of strong 
interference by other metal ions, which dimin- 
ishes the possibility of using such phases for se- 
lective extraction of a certain metal ion in 
presence of interfering metal ion(s). Therefore, it 
is important to design the new selective silica gel 
phases on the basis of the least number of 
chelating centers and selectively direct these cen- 
ters to bind only the desired metal ion. Elimina- 
tion of other factors which may cause any sort 
of interference is also recommended. 
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Abstract 

Combinations of 4-substituted phenylboronic acids [phenyl, iodo, bromo, and trans-4-(3-propenoic acid) sub- 
stituents] have been discovered to have synergistic effects in the horseradish peroxidase (HRP) catalyzed chemilu- 
minescent oxidation of luminol. Three types of effect have been observed: 1. synergistic reduction in the background 
light emission of a luminol-peroxide assay reagent to a value lower than the background obtained with either 
enhancer individually; 2. increase in signal to background ratio (S/B) in the presence of HRP to a value higher than 
the S/B obtained with either enhancer individually (synergy) or to a value higher than the combined S/B obtained 
with each enhancer (synergistic enhancement); and 3. for some combinations of enhancers, an increase in signal in the 
presence of HRP to a value higher than the signal obtained with either enhancer individually (synergy), or to a value 
higher than the combined signal obtained with each enhancer (synergistic enhancement). The magnitude of the effect 
was moderate but the synergistic decreases in background and increases in signal produced increases in S/B up to 
four-fold. Examples of synergistic pairs of enhancers included 4-biphenyl and 4-bromophenylboronic acid; 4-biphenyl 
and 4-iodophenylboronic acid; and trans-4-(3-propenoic acid) and 4-iodophenylboronic acid. Generally, synergy was 
obtained at several concentrations of all of the combinations of enhancers tested, and at different time points in the 
reaction due to the different light emission kinetics of the enhanced reactions. The mechanism of this synergistic effect 
has not been elucidated but may involve the enhancers acting at different points in the complex chemiluminescent 
peroxidase catalyzed oxidation reaction. © 1997 Elsevier Science B.V. 

Keywords: Aryl boronic acids; Chemiluminescence; Horseradish peroxidase; Luminol 

1. Introduction 

The discovery that  firefly luciferin enhanced 
light emission f rom the chemiluminescent 
horseradish peroxidase (HRP)  catalyzed oxidat ion 

*Corresponding author. Fax: + l  215 6627529; e-mail: 
larry kricka@path I a.med.upenn.edu 

of  luminol [1,2] led to a search for other  molecules 
that would act as enhancers in this reaction. Sub- 
sequently, potent  4-substituted phenols [3,4], sub- 
stituted naphthols  [4], a romat ic  amines [5], 
phenylboronic  acids [6,7], and a series o f  aromat ic  
molecules (e.g., 4-hydroxyacetanil ide) [8] have 
been identified as enhancers.  In an effort to fur- 
ther improve the enhancement  effect (increased 

0039-9140,'97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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signal, decreased background) we have investi- 
gated the enhancement properties of combina- 
tions of enhancers and we describe here our 
results with combinations of 4-substituted phenyl 
boronic acids. 

2. Experimental 

2.1. Materials' 

Luminol (Aldrich, Milwaukee, WI) was purified 
as the sodium salt by recrystallization from 
sodium hydroxide as described previously [9]. 
Light emission was measured using either an 
Amerlite analyzer (Amerlite Diagnostics PLC, 
Amersham, UK), or ML-3000 microtiter plate 
luminometer (Dynatech Laboratories, Chantilly, 
VA). Horseradish peroxidase (HRP, type VI-A) 
and phenylboronic acid were purchased from 
Sigma (St Louis, MO). 1,1'-Biphenyl-4-yl boronic 
acid, hydrogen peroxide (30% w/v), and 3- 
aminophenylboronic acid were purchased from 
Aldrich. 4-Bromophenylboronic acid was pur- 
chased from Lancaster Synthesis (Windham, 
NH). 4-Iodophenylboronic acid and trans-4-(3- 
propenoic acid) phenylboronic acid were synthe- 
sized by Cookson Chemicals (Southampton, UK). 

2.2. Experimental protocol 

the optimum concentration for each enhancer was 
tested. 

2.3. Screening procedure 

Two 1 l ×  4 matrix experiments were devised 
involving enhancer combinations as follows: en- 
hancer 1 (0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 
10, 20 mmol 1-i)  and enhancer 2 (0, 0.01, 0.1, 1 
mmol 1 - I  ) or enhancer 1 (0, 0.01, 0.1, 1 mmol 
1--1) and enhancer 2 (0, 0.005, 0.01, 0.02, 0.05, 0.1, 
0.2, 0.5, 1, 10, 20 mmol 1 ~). Stock solutions of 
enhancer 1 (20 mmol 1-J) and enhancer 2 (20 
mmol 1 ~) were prepared in DMSO, and then 
diluted in Tris buffer (0.1 mol 1 1, pH 8.6). The 
luminol--hydrogen peroxide reagent was pre- 
pared as follows: sodium luminol (12.5 rag) was 
dissolved in 50 ml of Tris buffer (0.1 mol 1- ~, pH 
8.6), and 15.5 ~tl of hydrogen peroxide (30% w/v) 
was mixed with 0.5 ml of Tris buffer (0.1 mol 1-~, 
pH 8.6). These two solutions were combined and 
diluted 1:10 in Tris buffer (0.1 mol 1 1, pH 8.6). 
Enhancer 1, 10 gL, 10 ~tl of enhancer 2, 10 ~1 of 
Tris buffer, and 100 gl of luminol-peroxide were 
mixed in a microwell and the light emission was 
measured using an Amerlite analyzer. The experi- 
ment was repeated, except that a sample of HRP 
(10 ~tl, 1:10000 dilution of a 1 mg ml ~ stock 
solution in Tris buffer, pH 8.6) replaced the Tris 
buffer added to the microwell. 

Matrix experiments were designed in which a 
range of concentrations of each enhancer were 
tested. The matrix experiments investigated com- 
binations of 1,1'-biphenyl-4-yl boronic acid, 4- 
iodophenylboronic acid, 4-bromophenylboronic 
acid, and trans-4-(3-propenoic acid) phenyl- 
boronic acid. The enhancers were tested in: (i) a 
luminol-peroxide reaction to determine if combi- 
nations of the enhancers reduced the assay back- 
ground; and (ii) a luminol-peroxide-HRP (type 
VI-A) reaction to determine if combinations of 
the enhancers increased the signal due to HRP. 
The signal to background ratio (S/B) was calcu- 
lated to determine if combinations of the en- 
hancers produced an improvement in the S/B for 
detection of HRP. For each combination of en- 
hancers, a range of concentrations either side of 

3. Results 

3.1. Types of s:ynergy and synergistic 
enhancement 

Several analytically desirable effects may occur 
as a result of mixing together two enhancers. A. 
Assay reagent background may be reduced to a 
value lower than the background obtained with 
either enhancer individually. Low background 
light emission from a luminol-peroxide assay 
reagent is desirable because this is a major factor 
limiting the detection limit for HRP in this type of 
chemiluminescent assay. B. Signal in the presence 
of HRP may be increased to a value higher than 
the signal obtained with either enhancer individu- 
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Table 1 
Synergy and synergistic enhancement of a peroxidase catalyzed oxidation of luminol using l,l'-biphenyl-4-yl boronic acid and 
4-iodophenylboronic acid 

Background rul Signal rlu Signal background 

a b a b a b 

Enhancer l I,l'-biphenyl-4-yl boronic acid (76.9 gmol 1 ~) 0.21 0.19 81.3 69.1 387.1 363.7 
Enhancer 2 4-iodophenylboronic acid (76.9 [amol 1 ~) 0.38 0.38 2.8 3.9 7.4 10.3 
Enhancer 1 +2 (observed) 0.18 0.15 124.0 78.4 688.9 522.7 
Synergy Yes Yes Yes Yes Yes Yes 
Synergistic enhancement * * Yes Yes Yes Yes 

* Not applicable flu, relative light units, light emission was measured on Amerlite analyzer immediately afler initiating the reaction. 
a Experiment 1. 
b Experiment 2. 

ally (synergy). Alternatively, the light emission 
signal in the presence of H R P  may be increased to 
a value higher than the combined signal obtained 
with either enhancer individually (synergistic en- 
hancement). High signals in the presence of per- 
oxidase are desirable because the measurement of  
high light levels is simple and convenient (e.g., 
wide range of  light emission detectors can be 
used- -pho tograph ic  film, silicon photodiodes). C. 
S/B in the presence of  H R P  may be increased to a 
value higher than the S/B obtained with either 
enhancer individually (synergy). Alternatively, the 
S/B in the presence of H R P  may be increased to a 
value higher than the combined S/B obtained with 
either enhancer individually (synergistic enhance- 
ment), An increase in the S/B can be achieved 
from an increase in the signal, a decrease in the 
background, or from combinations of  these ef- 
fects. For example, an increased S/B can be ob- 
tained from a combination of enhancers that 
lower the signal in the presence of HRP,  but 
produce a major  reduction in the assay back- 
ground. Increased S/B in the presence of peroxi- 
dase is desirable because this improves assay 
sensitivity and hence the ability to discriminate 
between incremental amounts of  peroxidase or a 
peroxidase label. 

3.2. M a t r i x  exper imen t  

Table 1 illustrates data from two separate ex- 
periments for synergy and synergistic enhance- 

ment with a pair of  enhancers (l , l ' -biphenyl-4-yl 
boronic acid + 4-iodophenylboronic acid). Back- 
ground light emission for the enhancer combina- 
tion was lower than obtained with either enhancer 
individually, indicating synergy. The signal and 
S/B was higher than with either enhancer individ- 
ually or the sum of values thus, indicating synergy 
and synergistic enhancement. 

All combinations of  enhancers produced a con- 
centration dependent decrease in the assay back- 
ground (synergy). The concentration dependence 
of the background reduction is illustrated for the 
combination of the 4-bromophenylboronic acid 
and 1,1'-biphenyl-4-yl boronic acid in Fig. I. Gen- 
erally, background light emission was reduced as 
the concentrations of the added l, l ' -biphenyl-4-yl 
boronic acid was increased. However, at high 
enhancer concentration ( > 0.1 mmol 1 ~ final 
concentration) the signal was reduced and thus, 
optimal signal is obtained at lower enhancer con- 
centration (Fig. 1). The net effect of  decreased 
background and increases signal was an improve- 
ment of  the S/B by up to 4-fold (Fig. 1, 0.154 
mmol 1 ~ 4-bromophenylboronic acid). 

Combinations of  enhancers that produced a 
synergistic enhancement in light emission and a 
synergistic enhancement in S/B in the presence of 
peroxidase included 1,1'-biphenyl-4-yl boronic 
acid in combination with trans-4-(3-propenoic 
acid) phenylboronic acid or 4-bromophenyl- 
boronic acid or 4-iodophenylboronic acid, and 
4-iodophenylboronic acid combined with trans-4- 
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Fig. 1. Effect of 1,1'-biphenyl-4-yl boronic acid on luminol--peroxide--4-bromophenylboronic acid reaction background (A), signal 
(HRP 25 fmol) (C), and signal/background ratio (E) in absence of l,l'-biphenyl-4-yl boronic acid; background (B), signal (HRP 25 
fmol) (D), and signal/background ratio (F) in presence of l,l'-biphenyl-4-yl boronic acid (76.9 pmol I ~); light emission was 
measured immediately after initiation of the reaction using a Amerlite analyzer. 

(3-propenoic acid) phenylboronic acid. Generally, 
synergy was obtained at several concentrations of 
all of the combinations of enhancers tested. An 
example of the effect of combining 1,1'-biphenyl- 
4-yl boronic acid and 4-iodophenylboronic acid is 
shown in Fig. 2. Successive addition of 1,1'- 
biphenyl-4-yl boronic acid reduced the back- 
ground, increased the signal, and produced a 
significant improvement in S/B. Above 0.03 mmol 
1 ~ of 1,1'-biphenyl-4-yl boronic acid (Fig. 2) 
there was no further improvement in S/B and at 
concentrations of 1,1'-biphenyl-4-yl boronic acid 
greater than 0.2 mmol l-1 a decline in S/B was 
observed. 

The kinetics of the light emission from en- 
hanced chemiluminescent reactions using different 
boronates show some differences. For example, 
the light emission kinetics with 4-bromophenyl- 
boronic acid rises slowly and then decays slowly. 
In contrast, 1,1'-biphenyl-4-yl boronic acid shows 
a more rapid rise and fall in light emission. Con- 
sequently in experiments that combine two en- 
hancers, the presence of synergy or synergistic 

enhancement can vary over the time course of the 
reaction. This is illustrated in Fig. 3 that shows 
data from twelve replicate 1,1'-biphenyl-4-yl 
boronic acid and 4-iodophenylboronic acid syn- 
ergy experiments performed in a microplate. The 
kinetics of 1,1'-biphenyl-4-yl boronic acid reaction 
are rapid compared with 4-iodophenylboronic 
acid, and thus the time taken to initiate the reac- 
tions in the wells and serial measurement signifi- 
cantly effects the observed synergy in the light 
emission signal. Panel A show the data for wells 
1-12  immediately after initiation of the reaction 
(t = 0). Panel B in Fig. 3 shows light emission 
data 5 rain after initiation of the reactions. The 
signal from the wells containing peroxidase and 
the mixture of enhancers varies at both time 
points (0, 5 rain). This reflects the kinetics of the 
reaction and the time taken to measure light 
emission from each well in the plate. However, a 
synergistic enhancement of the light emission was 
observed for each of the replicate experiments. 
This temporal variability restricts its analytical 
utility because it would require very tight control 
of initiation and light measurement. 
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Fig. 2. Effect of 4-iodophenylboronic acid on luminol--peroxide l,l'-biphenyl-4-yl boronic acid reaction background (A), signal 
(HRP 25 fmol) (C), and signal/background ratio (E) in absence of 4-iodophenylboronic acid; background (B), signal (HRP 25 fmol) 
(D), and signal/background ratio (F) in presence of 4-iodophenylboronic acid (76.9 gmol 1 ~); light emission was measured 
immediately after initiation of the reaction using a Amerlite analyzer. 

4. Discussion 

The synergistic enhancement effect was unex- 
pected and is complex. It is dependent on the 
particular pair of enhancers and on their relative 
concentrations and time of measurement of the 
light emission. Background reduction was the most 
important component of the synergy effect. The 
effect on signal is seen at enhancer combinations 
that are suboptimal and it is possible to obtain 
higher signals using one of the enhancers at its 
optimal concentration. However, in the presence of 
a second enhancer the background reduction ex- 
ceeds any diminution in signal and a net improve- 
ment in S/B is obtained. 

Some studies of the mechanism of boronate 
enhancement of the HRP catalyzed chemilumines- 
cent oxidation of luminol have been undertaken 
(e.g., determination of rate constants for reactions 
with HRP compounds I and lI) [10], but the precise 
mechanism remains unknown. Likewise, the mech- 

anism of the background reduction by enhancers is 
not fully understood. Complexion of metal ions 
that catalyze the chemiluminescent decomposition 
of luminol is one possible mode of background 
reduction. The antioxidant properties of the en- 
hancers (boronates are potent antioxidants) [11] 
may also be a contributing factor. In a previous 
study, we found some correlation between the 
electronic properties of the 4-substituent Hammett  
constant (o-J) on the boronic acid and the en- 
hancer properties of the molecule (e.g., a~ value 
for a 4-substituted aryl boronic acid > -0 .31  
conferred enhancer properties) [12]. In this study 
we noted that the combination of an enhancer with 
a positive Hammett  constant and an enhancer with 
a negative Hammett  constant produced a synergis- 

+ P h =  - 0 . 1 8 ,  B r =  +0.15,  I =  tic effect (e.g., c% 
+ 0.14). We are currently studying other enhancers 
in an effort to clarify the mechanism and to 
identify superior combinations for analysis of per- 
oxidase and peroxidase labels. 
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Abstract 

This paper presents a method of determination of aluminium in tree samples (wood, leaves, roots) based on the 
cathodic adsorptive stripping voltammetry. AI(III) complexed with alizarin S was determined by ASV method using 
a hanging mercury drop electrode. Optimal conditions were found to be: accumulation time 30-90 s, accumulation 
potential -0 .70 V versus SCE, supporting electrolyte 0.1 M ammonia ammonium chloride buffer at pH 8.2 and 
concentration of alizarin 1 x 10 5 M. The response of the system, a linear current-concentration relationship was 
observed up to 8 x 10 ~ M, The developed method has been tested by analysing international reference materials 
(BCR 62 Olive leaves and BCR 101 spruce needles), © 1997 Elsevier Science B.V. 

K~9'words: Adsorptive stripping voltammetry; Aluminium; Alizarin S: Tree samples 

1. Introduction 

The increasing process of soil acidification in 
recent years has caused the release of AI(III) ions 
in natural environment. This is the so-called ex- 
changeable aluminium, which when taken up 
through plant roots may induce a number of 
phenomena unfavourable to the development and 
growth of plants [1,2]. This 'aluminium danger' in 
recent years has been conducive to intense studies 
on the development of new, rapid and reliable 
methods for monitoring aluminium in the envi- 
ronment, 

Especially useful in this respect seems to be 
adsorptive stripping voltammetry. This method 
consists in producing an aluminium complex com- 
pound with organic ligands. This complex is accu- 

mulated adsorptively at a chosen potential on the 
cathode. Then, peaks of aluminium complexes, 
the currents of which are directly proportional to 
A1 concentration, are registered. Solochrome Vio- 
let SR [3-6], calmagit [7 10], cupferron [11] and 
alizarin S (1,2-dihydroxy- anthraquinone-3-sul- 
phonic acid) [12,13] are most frequently used for 
aluminium complexation. Out of all these com- 
plex compounds the most suitable seems to 
alizarin S. Its complex with aluminium is obtain- 
able for several s at a room temperature, without 
heating. Alizarin S in BES buffer (N,N'-bis-2-hy- 

droxyethyl-2-amino-ethane sulphonic acid) was 
used to determine A1 in seawater [12,13]. How- 
ever, the application of BES solution as a sup- 
porting electrolyte causes production of the 
aliz./Al peak at the potential of - 1.25 V versus 

0039-914t)/97/$17.00 ;d; 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)02198-4 
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Ag/AgCI, which causes interference by high con- 
centrations of  zinc ( >  50 riM) [12]. The employ- 
ment of  this method for the analysis of  samples 
containing not more than 50-100 nM AI was 
caused by the necessity to perform additional 
analytical operations, i.e., Zn(II) masking by the 
use of  EDTA. This method, therefore, does not 
permit to determine Al in trees, where Zn concen- 
tration is on the level of 1-20 [aM [1,14,15]. 

The objectives of  the present work were: (i) to 
establish optimal conditions for aluminium deter- 
mination by the method of cathodic adsorptive 
stripping voltammetry in differential pulse tech- 
nique using alizarin S as a complexing factor and 
0.1 M ammonia -ammonium chloride buffer as a 
supporting electrolyte; and (ii) to develop a 
method for aluminium determination in tree sam- 
ples. 

2. Experimental 

2. I. Apparatus 

Cathodic stripping voltammograms were ob- 
tained with a PA-4 polarographic analyzer, Labo- 
ratorni Pristroje (Czech republic). The 
electrochemical measurements were performed in 
a 3-electrode system: hanging mercury drop elec- 
trode (HMDE),  produced by Laboratorni 
Pristroje, saturated calomel electrode (SCE) pro- 
duced by Radiometer and Pt wire electrode. The 
differential pulse amplitude was 50 mV and the 
scan-rate was 10 mV s-1.  

Microwave digestion system were: low-pressure 
vessels type P/N 323000, CEM (USA); home mi- 
crowave oven Sharp, 850 W (Japan). 

2.2. Reagents 

Nitric acid 'Suprapur'  and alizarin S (Merck). 
Hydrogen peroxide, ammonia, ammonium chlo- 
ride, analytical grade, were produced by POCh 
(Poland). Certified reference materials: BCR No. 
62 Olive leaves and BCR No. 101 Spruce needles 
(Belgium). 

Standard solutions of A1, Cd, Pb, Cu, Ni, Co 
and Zn containing 1 g l-~ were prepared from 

ampoules (Merck). Solutions with concentrations 
below 10 -3 M were prepared just before use. 
Water was doubly distilled in a quartz still. 

2.3. Procedure 

Tree samples were taken from several oak trees 
Quercus robur L., on each investigated area. 
Wood samples were taken with a Pressler's bore 
at a height of  1.3 m above the ground. Roots 
samples were collected from the main and lateral 
roots. Leaves samples were at the end of the 
vegetation season-- in  September 1994. 

0.1-0.2 g biological samples were placed in low 
pressure vessels and a mixture of nitric acid and 
hydrogen peroxide (1 ml each) was added. The 
vessels were put into a microwave chamber to 
perform mineralization: 2 min with 225 W, 3 rain 
with 425 W, 5 min with 595 W and 5 rain with 
850 W. Intervals of  5 rain were made after each 
cycle. 

After mineralization in low pressure vessels the 
solution was transferred into a conical quartz cup 
and the excess of nitric acid was evaporated. The 
residue was dilluted in 0.1 M ammonia -ammo-  
nium chloride buffer pH 8.2 (in the amount 
providing the aluminium content to be within the 
range l - 5 x 1 0  6 M )  and 1 x l 0 -  5 M  alizarinS 
was added. 

20 ml of the solution was transferred into a 
measuring vessel. After deaeration of the solution 
with purified nitrogen the aliz./A1 complex was 
adsorptively accumulated for 30 90 s (depending 
on the amount  of  aluminium) at the potential of  
- 0 . 7  V by stirring the solution. The stirrer was 
stopped and after 15 s voltammetric cathodic 
curves over the potential range - 0 . 7 - -  1.2 V 
were registered, at a scan rate of  10 mV s -  ~, with 
a pulse amplitude of  50 mV. The cycle was re- 
peated three times. The content of  aluminium was 
evaluated by the method of  standard additions. 

3. Results and discussion 

3.1. Response characteristics 

Alizarin adsorbed on a drop electrode forms a 
cathodic peak at the potential of  - 0 . 6 3  V and 
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two anodic peaks at the potentials of - 0 . 6 3  and 
- 0 . 5 5  V. A repeated cycle on the same mercury 
drop affects an increase in the peak height due to 
alizarin adsorption on the electrode and causes 
the appearance of one more cathode peak at the 
potential of -0 .51  V. These voltammograms are 
consistent with the previous ones obtained in BES 
buffer at pH 7.1 [12]. They indicate a reversible 
reduction of free alizarin ligands on a mercury 
drop. 

Introduction of  AI(III) into the system causes 
the occurrence of cathode peak at the potential of 

- 0.87 V, being the result of adsorptive reduction 
of the aliz./A1 complex. Fig. 1 shows cyclic 
voltammograms for 0.1 M ammonia -ammonium 
chloride buffer at pH 8.2 containing 1 x 10 5 M 
alizarin S and 4 × 10 (' M AI(III). This reduction 
step is irreversible; no peaks are observed upon 
scanning in the positive direction. A repeated 
measuring cycle (dashed line) causes a very strong 
decrease in the reduction peak due to diffusion of 
the dye and the aluminium away from the elec- 
trode. 

The process of adsorptive accumulation of  alu- 
minium depends on many parameters. One of  
them is the accumulation time. Being too long it 
causes competitive saturation of the electrode sur- 

100 

7016 ~ -1.2 

Fig. t. Cyclic voltammograms for 1 x 10 5 M Alizarin S with 
4 x 10 6 M AI(Ill) in unstirred 0.1 M NH~-NH4C1 buffer at 
pH 8.2. Conditions: scan rate, 100 mV s- z; adsorption poten- 
tial - 0.7 V: adsorption time, 30 s. Solid line: scan on the new 
mercury drop. Dashed line: repetitive scan on the same drop. 
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Fig. 2. Dependence of the differential-pulse peak height for the 
Aliz./AI complex on adsorption time. AI(III) concentration, 
1.5 x 10 6 M. Supporting electrolyte, 0.1 M NH3-NH4C1 
buffer at pH 8.2. Alizarin concentration, 1 x 10 5 M. Adsorp- 
tion potential, -0.7 V: scan rate, 10 mV s ~: pulse ampli- 
tude, 50 mV. 

face with flee ligand and decreases the 
effectiveness of AI determination. This 
relationship for alizarin in ammonia -ammonium 
chloride buffer at pH 8.2 is presented in Fig. 2. It 
is linear within quite a wide range 15-180 s. 
According to it, the optimal time of adsorptive 
accumulation at alizarin concentration I × 10 5 
M is within the range of 30-90 s. 

Another, not less important parameter is the 
adsorptive potential (Fig. 3). A decrease of the AI 
peak height is observed when performing 
accumulation in the range of free ligand 
adsorption (to the potential of - 0 . 6 5  V); also 
under these conditions the peak of the aliz./A1 
complex is masked by free ligand adsorption. 

The influence of electrolyte pH and alizarin 
concentration is illustrated in Fig. 4 and 5. Fig. 4 
presents the dependence of A1 peak height on pH 
of 0.1 M ammonia -ammonium chloride buffer, 
whereas Fig. 5 shows the dependence of  AI peak 
on the concentration of alizarin obtained in 0,1 M 
ammonia -ammonium chloride buffer at pH 8.2. 

The best analytical signal is obtained by 
complexing aluminium at pH 8.0 and 8.2 in the 
presence of 1 x 10 5 M alizarin. Changes in the 
solution pH and a reduction in alizarin concentra- 
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Fig. 3. Dependence of  the differential-pulse peak height for the 
Aliz./Al complex on adsorption potential. AI(III) concentra- 
tion, 1.5 x 1 0  - 6  M, Supporting electrolyte, 0.1 M NH 3- 
NH4C1 buffer at pH 8.2. Alizarin concentration, l x 10-5 M. 
Adsorption time, 30 s; scan rate, 10 mV s -  ~; pulse amplitude, 
50 inV. 

tion decrease the effectiveness of complexating, 
whereas an increase in alizarin concentration, 
likewise a long accumulation time, has a similar 
ef fect - - i t  suppresses the A1 peak. 

On the basis of  Figs. 1-5 the optimal condi- 
tions for aluminium determination are as follows: 
• solution pH 8.2; 
• alizarin concentration - 10 pM; 

40 

~= 30- 

a /  

20- 
B 

~. lo- 

pH 

Fig. 4. Dependence of  the differential-pulse peak height for the 
Aliz./Al complex on pH of  the solution. AI(III) concentration, 
1.5 x 10 6 M. Alizarin concentration, 1 x 10 -5  M. Support- 
ing electrolyte, 0.1 M NH3-NH4CI buffer. Adsorption poten- 
tial, - 0 . 7  V; adsorption time, 30 s; scan rate, l0 mV s-~;  
pulse amplitude, 50 inV. 

~'30- 
r -  

20- 

~_ lO- 

o io 20 3'0 4o sb 
[Alizarin] (~uM) 

Fig. 5. Dependence of  the differential-pulse peak height for the 
Aliz./Al complex on Alizarin concentration. Al(lII) concentra- 
tion, 1.5 x l0 -6  M. Supporting electrolyte, 0.1 M NH 3- 
NH4C1 buffer at pH 8.2. Other conditions as for Fig. 4. 

• accumulation potential -0.70 V; 
• accumulation time 30-90 s. 
Under the above conditions the dependence of  the 
aliz./A1 peak height on Al concentration is linear 
within the concentration range of 1-8 × 10 - 6  M 
(Fig. 6). This range is incomparable with possibil- 
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Fig. 6. Dependence of  the differential-pulse peak height for the 
Aliz./A1 complex on AI(III) concentration. Alizarin concentra- 
tion, I x 10 -5  M. Supporting electrolyte, 0.1 M NH3-NH4CI 
buffer at pH 8.2. Other conditions as for Fig. 4. 
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ities of the methods developed in [12], where the 
limit of detectability is 1 nM. This however, is a 
sufficient (and even a more suitable) range for 
analysing biological materials, if 0.1-1.0 g sam- 
ples are used (e.g., 5×  10 6 M A l i n  1 gsample  
25 ml ~ corresponds to 3.4 lag g-~ A1). 

The limit of detectability can be reduced to 
2.5 × 10 s M. For that purpose the accumulation 
time should be extended to 3 min at a simulta- 
neous decrease of alizarin concentration to 2.5 x 
10 6 M. A linear dependence under these 
conditions was obtained for the range 2.5 × 
10 ~ 3 .5x  10 7 M AI(III). 

3.2. InteljOrences 

The influence of Zn(II), Cd(II), Pb(II), Cu(lI), 
Ni(II), Co(Ill) and Fe(III) on the height of  aliz./ 
AI peak was examined. 

As shown by the experiments, 1 laM of Zn, Cd, 
Pb, Cu and Ni or 25 laM Co and Fe have no 
effect on determination of 1.5 laM A1. An increase 
in the contents of Zn, Cd, Pb, Cu or Ni to 25 laM, 
causes a decrease in the height of  AI peak, in 
some cases by 30%, but, however, it enables A1 
determination by the method of standard addi- 
tions. Besides that, it should be emphasized that 
the contents on these ions on the level 25 laM 1 
correspond to 100-1000 lag g ~ in samples and, 
for instance, in biological materials they are very 
rare. 

The influence of surfactants was tested on the 
example of sodium dodecylsulphate and Triton 
X-100. The both, one and another surfactants 
present in the amount of 1 x 10-40//0 c a u s e  a very 
strong deformation and suppression of A1 peak, 
making impossible its determination. Their influ- 
ence can be completely eliminated by a thorough 
mineralization of samples. 

3.3. Analytical applications 

According to the procedure described in point 
2.3. an analysis was carried out on samples col- 
lected from oaks Quercus robur L., growing under 
conditions of different pH of soils. Fig. 7 gives an 
example of aluminium determination in the wood 
of oaks by the method of standard additions. The 
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Fig. 7. Vol tammograms and calibration curve from the deter- 
mination of AI(III) in a sample in wood by the method of 
standard addition. Curve (a) is of  the sample. Curves ( b )  (d) 
result from the further addition of  1 x 10 6 M AI(II1). Condi- 
tions as for Fig. 4. 

standard addition plot was linear. The AI(III) 
content evaluated from it is 4.7 x 10 6 M. 

Results of the oak analysis are presented in 
Table 1. The first studied oak stand is located in 
the region of the G]ogdw-Lubin copper basin, 
characterized by a very acid soil. This soil con- 
tains significant amounts of exchangeable alu- 
minium. The second oak stand is located in 
Krakowsko-Cz¢stochowska Upland, character- 
ized by neutral soil and by the same lack of 
aluminium. The third oak stand belongs to the 
experimental forest of the Institute of Dendrology 
in K6rnik. The level of exchangeable aluminium 
content in soils is reflected in different A1 absorp- 
tion by trees. As seen from Table 1, the precision 
of the proposed method is satisfactory (the rela- 
tive standard deviation ranged within 3.4- 10.1%). 

The accuracy of the developed method has been 
tested by analysing certified reference materials: 
BCR 62 Olive leaves and BCR 101 Spruce 
needles. The results are given in Table 2. They are 
satisfactory. 

The developed method was used in estimation 
of the effect of industrial pollutions on the oak 
stand decline on the Krotoszyn Plateau (West- 
Central part of Poland) [16]. 
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Table 1 
Determination of AI in samples of oak trees 

Sampling regions pH of soil ver- Exchangeable Matrix No. of tests Content A1 lag S.D. lag g-~ R.S.D. % 
sus 1 M KC1 AI" mg 100 g ~ g 

Copper basin 3.5 14.0 Wood 8 5.8 0.2 3.4 
Leaves 6 75.6 6.3 8.3 
Roots 7 482 19.8 4.1 

Krakowsko 7.0 - -  Wood 8 1.4 0.15 10.1 
Czgstochowska Leaves 6 78.2 3.1 4.0 
Upland Roots 7 56.0 4.3 7.7 
Experimental 4.0 7.0 Wood 8 3.8 0.2 5.3 
Forest K6rnik Leaves 6 60. l 5.9 9.8 

Roots 7 182 12.1 6.6 

Versus [16]. 

Table 2 
Determination of AI in reference materials 

Samples Certified value lag Found lag g -  
g - i  

Olive leaves BCR 450 + 20 462 + 32 
62 

Spruce needles BCR 173 __+ 5 165 _+ 8 
101 

Confidence intervals of means at a 95% confidence level, n = 8. 

Acknowledgements 

T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  P o z n a f i  U n i -  

ve r s i t y  o f  T e c h n o l o g y ,  G r a n t  N o .  3 1 - 4 7 4 / 9 5 / D S  

References 

[1] Kabata-Pendias and H. Pendias, Trace Elements in Soils 
and Plants, 2nd edn., CRC Press, Boca Raton, Florida, 
1992. 

[2] Stienen and J. Bauch, Plant and Soil, 106 (1988) 231. 
[3] Wang, P.M.A. Farias and J.S. Mahmoud, Anal. China. 

Acta, 172 (1982) 57. 
[4] Romero, J.E. Tahan and A.J. Moronta, Anal, Chim. 

Acta, 257 (1992) 147. 
[5] Stryjewska, S. Rubel and K. Ku~mierczyk, Chem. Anal., 

37 (1992) 43. 
[6] Downard, H.K.J. Powell and S. Xm Anal. Chim. Acta, 

262 (1992) 339. 
[7] Stryjewska and S. Rubel, Electroanal., 3 (1991) 995. 
[8] Stryjewska, S. Rubel and J. Wilgos, Chem. Anal., 36 

(1991) 941. 
[9] Stryjewska, M. Karpiuk and S. Rubel, Chem. Anal., 37 

(1992) 729. 
[10] Stryjewska, S. Rubel, J. Sadowska and M. Karpiuk, 

Chem, Anal., 38 (1993) 175. 
[11] Wang, J. Lu and R. Setiadji, Talanta, 40 (1993) 351. 
[12] Van den Berg, K. Murphy and J.P. Riley, Anal. Chim. 

Acta, 188 (1986) 177. 
[13] Hernandez-Brito, M.D. Gelado-Caballero and J. Perez- 

Pena, Analyst, 119 (1994) 1593. 
[14] Greszta, Frag. Flor. Geobot., 28 (1982) 29. 
[15] Lukaszewski, R. Siwecki, J. Opydo and W. Zembrzuski, 

Trees, 7 (1993) 169. 
[16] Opydo, to be published in Acta Soc. Bot. Pol. 



E L S E V I E R  Talanta 44 119971 1087-1094 

Talanta 

A novel potassium ion membrane sensor based on rifamycin 
neutral ionophore 

Saad S.M. Hassan *, Wagiha H. Mahmoud, Abdel Hameed M. Othman 
Department qf Chemistry, Faculty (?/' Science, Ain Shams Uniw,rsity, Cairo, Egypt 

Received 22 July 1996; received in revised form 6 November 1996: accepted 3 December 1996 

Abstract 

A novel potentiometric membrane sensor for potassium ion based on the use of rifamycin as a neutral ionophore 
is described. The sensing membrane is formulated with 2 wt.% rifamycin-SV, 69 wt.% dibutylsebacate plasticizer and 
29 wt.% PVC. Linear and stable potential response with near-Nernstian slope of 56.7_+ 0.2 mV decade 1 are 
obtained over the concentration range 1 x 10 I-3 x 10 -5 M K +. The detection limit is 0.3 lag ml- l K ~, the 
response time is 10-30 s and the working pH range is 4 11. Responses of the sensor toward alkali and alkaline earth 
metal ions are in the order K + > Rb + > Cs + > Na + > NH4 + > Ba 2 + > Mg 2 + > Ca 2 + > Sr 2 + > Li ~ . The selectiv- 
ity coefficient data reveal negligible interference from transition metal ions. Direct potentiometric determination of 
K ~ in the presence of 10-50-fold excess of alkali and alkaline earth metals gives results with an average recovery of 
99.1%, and a mean standard deviation of 1.2%. The data agree fairly well with those obtained by flame photometry. 
,~ 1997 Published by Elsevier Science B.V. 

Keywords: Dibutylsebacate plasticizer; Potassium PVC membrane sensor; Rifamycin neutral ionophore 

1. Introduction 

Potent iometr ic  sensors for potass ium ion are 

steadily replacing flame photomet ry  and other 

assay techniques for mon i to r ing  potass ium in var- 

ious matrices and have been widely used in vari- 
ous analytical  applicat ions [1]. These sensors 
incorporate  va l inomycin  [2-6],  crown ethers [7-  

10] and nonac t in  [11] neutra l  ionophores  as active 
m e m b r a n e  components .  Nature  and  characteris- 

tics of various types of potass ium ion membrane  
sensors have been reviewed [12]. Al though valino- 

* Corresponding author. 

0039-9140/97,'$17.00 ~ 1997 Published by Elsevier Science B.V. All 
PIl $01139-91 40(96)021 99-6 

mycin is, by far, the most  successful ionophore  for 

potass ium ion, it is a very expensive reagent with 

potent iometr ic  selectivity in the order: R b + >  

Cs + > K  + >>Na +. Crown ethers and nonac t in  

based sensors respond to the alkali metals in the 

order: Rb  + > K  + > C s  + > N a  + and Cs ÷ > 

Rb + > K  + > N a  +, respectively. It is evident 
from most  of the publ ished reports dealing with 

these ionophores  that  Rb  + and  Cs ÷ are seriously 

interfere in the de te rmina t ion  of K 

In the work reported here, a t tempts  were made 

to use some derivatives of r ifamycins as novel 

neutra l  carriers for K + ion, in PVC matr ix  mem- 
brane  sensors. Rifamycins  are a class of ant ibi-  

rights reserved. 
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otics known to stimulate the release of  K + ion 
remarkably from isolated living mitachondria and 
from red blood cells [13]. This is attributed to the 
interaction of these compounds with the biological 
membrane  causing a change in their permeability 
to K + ion. We have found that rifamycin-SV, a 
commercially available cheap antibiotic, has an 
excellent electrochemical response for potassium ion 
and a sensor based on it displays a potentiometric 
selectivity in the order K + > Rb + > Cs + > Na + 
> Li +. Performancecharacteristicsofrifamycin-SV 
based sensor including linear response range, cali- 
bration slope, lower detection limit, selectivity order, 
nature of solvent mediator, effect of  pH and 
analytical application have been investigated. 

2. Experimental  

2.1. Reagents 

Chemicals of  analytical-reagent grade were used 
unless stated otherwise. Doubly distilled deionized 
water was used throughout. Rifamycin-SV, 3-formyl 
rifamycin, rifampicin, poly(vinyl chloride) powder 
(PVC), potassium tetra-p-chlorophenylborate (KT- 
pCIPB) and tetrahydrofuran (THF) were obtained 
from Fluka. Dibutylsebacate (DBS), 2-nitropheny- 
loctylether (NPOE), dioctylphthalate (DOP) and 
dinonylphthalate (DNP) were purchased from 
Aldrich. Alkali, alkaline earth and transition metal  
salts in the form of  chloride or nitrate were obtained 
from B.D.H. Standard solutions were freshly pre- 
pared with deionized doubly distilled water. Phar- 
maceutical preparations containing K + were 
obtained for local pharmaceutical companies. 

2.2. Apparatus 

Measurements of  potassium were made at 25 _+ 
I°C with an Orion Ionalyzer (model 920 digital 
pH/mV meter) using rifamycin-SV PVC membrane 
sensor in conjunction with an Orion single junction 
Ag AgC1 reference electrode (Model 90-02). An 
Orion combination pH electrode (model 91-02) was 
used for pH adjustment. All spectrophotometric 
measurements were made on a Perkin Elmer Lambda 
15 uv/vis spectrophotometer using 10 mm cuvettes. 
Flame photometry were made on Corning Clinical 
Flame  photometer 410 C. 

2.3. Potassium rifamycin PVC membrane sensors 

The polymeric membranes were prepared by 
mixing 10 mg of rifamycin-SV, 190 mg PVC and 
360 mg of  DBS with 3 ml THF.  The resulting 
homogeneous syrup was poured into a 50 m m  
diameter ground glass casting ring and the solvent 
was allowed to evaporate off slowly at room 
temperature over a period of 48 h. A semi transparent 
flexible membrane with a thickness of  0.25 mm was 
obtained. A disc (8 mm diameter) was cut using a 
cork borer and pasting using T H F  [14 17], to an 
interchangeable PVC tip which was clipped on to 
the end of the electrode glass body. A solution of  
potassium chloride 1 x 10-2 M was used as an 
internal reference solution and Ag AgC1 wire (1 m m  
diameter)  was used as an internal reference electrode. 
The sensor was preconditioned after preparations 
by soaking for at least 24 h in 1 x 10 - 2 M potassium 
chloride solution and stored in the same solution 
when not in use. The sensor was washed with doubly 
deionized water and blotted with tissue-paper be- 
tween measurements. 

Sensor calibration was carried out by measuring 
the potential of  1 x 1 0  - 6  1 x 10 2 MKC1 solu- 
tions starting from the low to the high concentra- 
tions. The potentials were plotted as a function of 
potassium ion concentrations. The lower 

M e  M e  

o I ~, OH 
~ie "O 

Rifamycin-SV : R = - -  H 

3 - Formyl  r i famycin : R = ~ C H O  

Rifampicin : R = - - C H  ~ N ~ N /  X N - - C H  3 

x___/ 
F i g .  1. S t r u c t u r e  o f  s o m e  r i f a m y c i n  i o n o p h o r e s .  
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Table I 
Potentiometric response characteristics of rifamycin-SV PVC 
(DBS) membrane sensor 

Parameter Value ~t 

Slope, mV decade f 56.7 + 0.2 
Correlation coefficient, (r) 0.998 
Intercept, /mV) 216.7 +_ 0.5 
Lower limit of linear range, (M) 3.5 x 10 " 
Detection limit, iM) 8.5 x 10 ~' 
Working range, (pH) 4 11 
Response time for 10 3 M, (s) 10 + 2 
Recovery time for 1(1 ~ M, Is) 40 _+ 2 

" Mean of live measurements. 

detection limit was taken at the point of intersec- 
tion of the extrapolated linear segments of the 
potassium calibration curve. Repeatability was 
measured by immersing the sensor alternatively 
into 10 2 and 10 -~ M KC1 solutions at 25°C. 
Sensor life span was examined by repeated moni- 
toring of the slope of potassium calibration curve 
periodically. Selectivity coefficients of the sensor 
were determined using the separate solution 
method [1,18] and calculated from the rearranged 
Nicolsky equation: 

Log "'K.Mk'P'" = [EK - EM/S] + [1 + ZK/ZM] Log K + 

Where EK is the potential measured in 10 ~ 2 M 
KCI solution, E M is the potential measured in a 
10 -~ M solution of the chloride of the interfering 
cation, Z K and ZM are the charges of the potas- 
sium and interfering ion, respectively, and S is the 
slope of the electrode calibration plot. 

2.4. Determination of potassium in 
pharmaceutical products 

The contents of potassium syrup solutions and 
the contents of ten tablets containing potassium 
salt were mixed well. An accurate weight equiva- 
lent to one tablet and a 5.0 ml aliquot of the 
syrup solution were transferred to 1 1 volumetric 
flask, and completed to the mark with doubly 
distilled deionized water. A 3.0 ml aliquot of the 
solution was diluted to 25 ml and rifamycin-SV 
PVC (DBS) membrane sensor in conjunction with 
an Ag AgC1 reference electrode was immersed in 

the solution. The potential was measured before 
and after addition of 1.0 ml of 10 ~ M KC1 
solution. The original concentration of K ~ in the 
test solution was measured using the standard 
addition equation [1,18]. 

3. Results and discussion 

3.1. Rilamycin neutral ionophore 

Plasticized poly(vinyl chloride) membranes 
doped with three different derivatives of ri- 
famycin, namely, rifamycin-SV, 3-formyl ri- 
famycin and rifampicin (Fig. 1) were prepared 
and electrochemically evaluated as prospective 
sensors for potassium ion according to IUPAC 
standards [18]. Table 1 shows that rifamycin-SV 
based sensor displays the best performance char- 
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Fig. 2. Calibration curve for potassium PVC membrane sensor 
based on rifamycin-SV ionophore and dibutylsebacate (DBS) 
plasticizer. 
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Table 2 
Effect of rifamycin ionophores on the response to K + using dibutylsebacate (DBS) as a solvent mediator 

lonophore Slope, mV decade 1 Linear range, M Lower limit of detection, M 

Rifamycin-SV 56.7+_0.2 1 X 10 - I - 3 x  l0 S 8X 10 -6 
3-Formyl rifamycin 51.3 +_ 0.3 1 x 10 - I -  I x 10 4 3 x 10 -5 
Rifampicin 42.2+0.3 l x l 0 - 1 - 1 x l 0  4 5x10  -5 

acteristics for potassium ions compared with the 
other two derivatives. Optimization of  mem- 
brane composition led to the composition of  28, 
2 and 70 wt.%, poly(vinyl chloride), rifamycin- 
SV, and solvent mediator, respectively. 

Typical calibration graph and response char- 
acteristics of  potassium ion sensor based on ri- 
famycin-SV ionophore and dibutylsebacate 

180 
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LIJ 

60 

20 

-20 

10 -~ M 
• ~ - = - l - i  _- _= _- _ = 4 H ~ l  

10 .2 M 

1 I I - - i  I I 

0 2 4 6 8 10 12 14 

pH 

Fig. 3. Effect of pH on the response of rifamycin-SV PVC 
(DBS) membrane sensor for different potassium ion concen- 
trations. 

solvent mediator are reported in Fig. 2 and 
Table 2, respectively. At 25°C, the sensor dis- 
plays a linear response for potassium ions over 
the concentration range 1 x 10 i 3 x 10 _5 M 
with a detection limit of  8.5 x 10 - 6  M and a 
calibration slope of 56 .7+0.2  mV d ecad e - '  
(n > 6). Repeated calibrations of  the sensor over 
a period of  3 weeks with potassium chloride so- 
lutions show potential and slope stabilities 
within + 1 and 0.8 mV decade ~, respectively. 
The extended linearity of  the calibration plots 
without Donnan failure up to 10 1 M K + in 
solutions of  KC1, KBr, KI, KNO 3 and KSCN 
indicates complete co-ion exclusion under the 
present conditions. 

The response time (t95) of  rifamycin-SV potas- 
sium ion sensor was tested by measuring the 
time required to achieve a 950/,, steady potential 
for 10 4 and 10 3 M KC1 solutions when their 
concentrations were rapidly increased by one 
decade. Fairly short response times of  10 s for 
[ K + ] > 1 0  3 M and 30 s for [ K + ] < I 0  4 M, 
were obtained. Reasonably stable behaviour of 
the sensor was maintained during at least 6 
weeks, then 
a drop of the sensitivity as a function of time 
was observed. This response decay could be at- 
tributed to leaching of  the ionophore from the 
membrane. 

The pH dependence of  rifamycin-SV potas- 
sium sensor was examined using 10 -~, 10 2 
and 10 3 M KC1 solutions. Stable response 
over the pH range 4-11 was obtained (Fig. 3). 
Adjustment of  pH was performed using dilute 
lithium hydroxide and hydrochloric acid. Below 
pH 5, the sensor response increases with the in- 
crease of  the analyte acidity. At such high acidi- 
ties the membrane may extract H + ion in 
addition to K + ions as rifamycin is also known 
to extract H + [13]. 
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Table 3 

Ef fec t  o f  solvent mediators on the response to K + using rifamycin-SV ionophore 

1091 

Solvent mediators Dielectric constant, E S lope ,  m V  L i n e a r  r a n g e ,  M Lower limit of detection, M 

decade 

Dibutylsebacate ( D B S )  4 

Dioctylphthalate ( D O P )  7 

D i n o n y l p h t h a l a t e  ( D N P )  9 

2-Nitrophenyl octylether ( N P O E )  24 

5 6 . 7 + 0 . 2  l x l 0 -  ~ 8 x 1 0  ~' 

- 3 x 1 0  5 

4 4 . 6 _ + 0 . 5  l x l 0  ' I x l 0  s 

- 1 × 1 0  3 

3 8 . 3 _ + 0 . 3  I × 1 0  i 5 × 1 0  ~ 

1 × 1 0  a 

1 4 . 7 + _ 0 . 4  1 × 1 ( I  ~ 7 × 1 0  

1 × 1 0  -~ 

3.2. Effect of solvent mediators 

Potentiometric response of sensors based on 
neutral ionophores is greatly influenced by the 
polarity of the membrane medium, which is in 
turn defined by the dielectric constants of  the 
major membrane components. Potassium PVC 
matrix membrane incorporating rifamycin-SV 
with four different plasticizers having dielectric 
constants over the range 4 -24 ,  namely dibutylse- 
bacate (DBS), dioctylphthalate (DOP), di- 
nonylphthalate (DNP) and 
2-nitrophenyloctylether (NPOE) were prepared, 

T a b l e  4 

Selectivity coefficient (K~'~A) for rifamycin-SV P V C  ( D B S )  

m a t r i x  K + s e n s o r  

Interfering ion, M K ~ .  M°t 

Li + 1 . 4 x  l0  4 

N a  ~ 3.9 × 10 - 3  

N H 2  3.1 x 10 3 

R b  ~ 1.1 x l 0  - I  

C s  ' 4.1 x 10 - ~  

Sr  2 ~ 2.3 × 10 - 4  

C a  2 ~ 3.7 x 10 - 4  

M g  2~ 3.9 x 10 4 

Ba 24 5.3 x 10 4 

C u  "~ 5 . 7 x  10 

N i  24 3.9 x 10 3 

Co: ~ 3.9 x 10 - ~  

Z n  ~ '  1 . 4 x  10 2 

Fe  ~ " 1.9 x 10 - 2  

AI  ~ ~ 1.4 x 10 2 

tested and the results are shown in Table 3. 
Performance characteristics of  membranes plasti- 
cized with DBS showed high sensitivity, reason- 
able selectivity, wide linear response range and 
near Nernstian slope. With DOP and DNP plasti- 
cizers, however, narrower linear response range 
(1 x l0 ~-I x I0 3 M) and non-Nernstian slope 
(35 +_1 mV decade 1) were obtained. Poor re- 
sponse was detected with membranes plasticized 
with NPOE. 

These data indicate that non polar ester type 
solvent mediators give a potassium ion sensor 
with more favourable potentiometric characteris- 
tics than polar solvents of the ether type with high 

1.0 

11.8 

IL6 

0.4 

0,2 

0.0 

K ÷ 

444  508  572 636 

Wavelength, n m  

Fig .  4. Absorption spectra of rifamycin-SV in absence (AI and 
in the presence of various alkali metal cations. 
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Table 5 
Determination of potassium in some pharmaceutical products using rifamycin-SV PVC (DBS) matrix membrane sensor and flame 
photometry 

Pharmaceutical product Nominal potassium content Recovery a, % 

K-Sensor Flame photometry 

Slow-K (Swiss-Pharma) 
K-Syrup (El-Nile Pharm.) 
KCI, 7.5"/,, (W/V) solution (EI-Nasr Pharm. Chem.) 
KCI, 15% (W/V) solution (E1-Nasr Pharm. Chem,) 

600 mg tablet ~ 99.3 __+ 0.6 98.8 _+ 0.9 
150 mg ml -~ 101.5 +0.6 100.9_+ 1.1 
75 mgml  ~ 99.5+0.6 98.9_+0.8 
150 mg ml ~ 99.2_+0.5 98.8_+0.9 

Average of five measurements. 

dielectric constants. This is in good agreement 
with previous reports showing that the response 
characteristics and selectivities of  monovalent  
cations are favoured by low dielectric constant 
solvents [5,19]. 

3.3. Selectivity of rifamycin membrane 

The potentiometric selectivity coefficients K~°r~ 
of  potassium rifamycin-SV sensor were evaluated 
using the separate solution method [1,18] with 
10 -2  M concentration level of  alkali, alkaline 
earth and transition metal ions. The results ob- 
tained (Table 4) show that the selectivity of  the 
sensor with regard to alkali metal ions is in the 
order: K + > Rb + > Cs + > Na + >> Li +. Al- 
though the hydrophobicity and free energy of  
transfer (AGO data parameters of  these metal 
cations are in the sequence: Cs + > Rb + > K + > 
Na + > Li + [20,21], selective complexation of  K + 
with rifamycin-SV displaces Cs + and Rb + in 
respect of  the above order of  hydrophilicity and 
strict AGt/K~°~ correlation is no longer valid. 
Accordingly, the selective response of  rifamycin- 
SV membrane towards K + could be mainly ex- 
plained in term of  interaction between 
rifamycin-SV and K + ions and a preferred ex- 
traction of  K + ion into the plasticized membrane 
phase. Measurements of  the electronic absorption 
spectra of  rifamycin-SV in the presence of  K + ,  
R b + ,  Cs + and Na + ions show absorption max- 
ima at 536, 526, 524 and 515 nm, respectively. 

As shown in Fig. 4, K + ions induce the great- 
est shift of  the maximum absorption in the visible 
spectrum of rifamycin-SV and also induce the 
greatest change of the molar  absorptivities when 
compared with the other alkali metal ions. This 
observation confirms the preferential complexa- 
tion of  K + ions over other metal cations with 
rifamycin-SV ionophore and supports a neutral 
carrier ion exchange mechanism. The electrostatic 
interactions between the ionic charge of  K + ions 
and the dipoles of  rifamycin-SV ionophore are 
primarily responsible for the fast and stable com- 
plex. The electrostatic interaction between potas- 
sium rifamycin-SV complex and the surrounding 
membrane  solvent is a further contribution to the 
stability of  rifamycin-SV complex in the mem- 
brane. 

The influence of  quaternary ammonium chlo- 
rides on K + based rifamycin-SV sensor was 
tested by soaking the membrane sensor for differ- 
ent time intervals (20-40 min) in 0.1 mM te- 
tramethyl ammonium chloride (TMAC1) before 
sensor calibration in KC1 solutions. In contrast to 
K + based valinomycin sensor [22], the potenti- 
metric response of the present sensor is less dis- 
turbed by quaternary ammonium salts. Potassium 
rifamycin-SV sensor pre-soaked in lipophilic 
T M A  + cation exhibits near-Nernstian slope to- 
wards K + (40-45 mV decade -~) depending on 
pre-soaking time without a significant variation in 
the lower detection limit. A membrane sensor 
pre-soaked in 10-2 M T M A  + for 20 min exhibits 
a linear calibration slope of 32 mV decade ~ over 
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Table  6 

C o m p a r i s o n  of  some po tas s ium sensors 

1093 

l o n o p h o r e  Price US $_ga (K~<o~)b 

N a  + Cs* Rb + NH 2 

References 

Val inomycin  1862.8 2 ×  10 5 2 . 6 ×  10 ~ 0.2 
2 x 1 0  2 4 25 

Nonac t in  709.8 6 . 6 x  10 ~ 3.1 0.42 
Dibenzo-18-crown-6  133.5 1 . 4 × 1 0  2 9 x 1 0  2 0.1 

4 . 5 x  10 t l x l 0  I 0.25 

Ri famycin-SV 36.6 3 . 9 x  10 -~ 4 . 2 x  10 ~ 1 . 1 x l 0  t 

1.2 × 10 2 

0.1 
2.62 

5.8 x 10 -" 

1.14 

3.1 x 10 ' 

[2,3,25 27] 

[111 
[7,28,29] 

Present work  

" F l u k a  C h e m i k a  Biochemica  A G  Cata loge ,  Switzer land,  1994 1995. 

b High and low select ivi ty coefficient values repor ted in the l i terature.  

the concentration range 1 0 - 3 - 1 0 - ~  M with 
a lower limit of detection of 5 x  10 4 M 
TMA + . 

The cation response order of potassium ri- 
famycin-SV sensor for alkaline earth ions is Ba 2 + 
> Mg 2+ > Ca 2+ > Sr 2+. The response for Ba 2 + 

is < 37 mV decade - ~, whereas response for other 
divalent cations are considerably less. The re- 
sponses of the transition metal ions are poor with 
response order of Zn 2 + > Fe 2 + > Co 2 + = Ni 2 + 
> Cu 2- .  The rejection of divalent and trivalent 
ions is favoured more in DBS than in NPOE 
plasticized membranes. Interferences caused by 
high concentrations ( > 1000-fold excess) of AP +, 
Fe z+, Fe 3~, and Zn 2 + ions are completely cir- 
cumvented by potentiometric measurements at 
pH 10, at which these metal ions are precipitated 
as hydroxides a n d - o r  converted into non interfer- 
ing anionic species such as [AI(OH)4] and 
[Zn(OH)3] . 

An effort was also made to improve the re- 
sponse characteristics of rifamycin-SV sensor, by 
incorporating potassium tetra-p-chloro-phenylbo- 
rate (KTpC1PB) in the sensor cocktail to act as 
anion excluder, to improve the selectivity for 
potassium, to reduce the membrane resistance and 
to reduce the activation barrier of the membrane-  
solution interface [23]. No improvement of the 
sensor selectivity for K + over other alkali metal 
cations was noticed. On the contrary, the response 
of the sensor for Rb + and Cs + cations was 

improved over K + ions; probably due to the 
stronger interaction of Rb + and Cs + with KTp- 
C1PB. Interaction of alkali metal ions with te- 
traphenylborate is known to increase with the 
increase of the ionic diameter of the alkali metals, 
that is in line with the AGt sequence [24]. 

3.4. Analytical applications 

Utility, sensitivity and selectivity of rifamycin- 
SV sensor were verified by determining 10 I-tg 
ml ~ of K ÷ in synthetic mixtures containing 
10 50-fold molar excess of different alkali (except 
N a - )  and alkaline earth metal cations using the 
standard addition (spiking) technique. Results 
with an average recovery of 99.1°/,, and a mean 
standard deviation of 1.2% were obtained. The 
sensor was also used for the determination of 
potassium ions in some pharmaceutical products. 
The average recovery was 99.8% of the nominal 
and the mean standard deviation was 0.6% (Table 
5). These results were compared with data ob- 
tained using flame photometry (average recovery 
98.7%, mean standard deviation 1.3%). The F-test 
reveals that no significant difference between the 
means and variances of the two sets of results. 
The good agreement between potentiometric 
and spectrometric data demonstrates the appli- 
cability of the sensor for routine analysis of real 
samples containing potassium without a prior sep- 
aration. 
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4. Conclusions 

The most  interesting features o f  rifamycin-SV 
based potassium ion sensor compared with those 
incorporating valinomycin, crown ethers and non- 
actin are: (a) better potentiometric selectivity for 
K + ion over R b + ,  Cs + and N H  + ions; (b) fast 
and stable potentiometric response; (c) weak po- 
tential disturbant in presence of  quaternary am- 
monium cations and (d) commercial availability 
of  rifamycin-SV ionophore at a considerably 
cheap price. These characteristics (Table 6) make 
the use o f  the proposed sensor useful and conve- 
nient substituent for all other K + sensors except 
in cases when the Na + - K  + ratio is significantly 
high as in blood serum (Na + - K  + ratio > 35). 
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Abstract 

A cold dissolution procedure for the determination of uranium in various geological materials like rocks, minerals. 
soils etc., has been described. Samples are allowed to react with HF and HNO 3 at room temperature overnight. Boric 
acid is added to complex excess fluoride ions. From the clear solution thus obtained, uranium is determined directly 
in laser fluorimeter after the addition of fluorescence enhancing reagents. The results of few standard reference 
materials analysed by the present method agree with the certified values. This methodology does not require platinum 
or teflon ware, exhaust system and time consuming solvent extraction step. Hazardous acid vapours are not left in 
air, so there is no air pollution. Chemicals consumption is minimal. Therefore the method is economical. The method 
can be employed for high sample throughput which is the prerequisite for exploration geochemists. ,c, 1997 Elsevier 
Science B.V. 

Kevwords: Geological materials; Laser fluorimetry: Uranium 

1. Introduction 

Exploration geochemists generate large number 
of  samples for the delineation of anomalous 
zones, favourable for uranium. Therefore a rapid 
and economical feedback of  the data is always 
desired. Among the various dissolution proce- 
dures for the determination of total uranium, in 
various matrices, dissolution [1,2] with H F  and 
HNO3 mixture in platinum dishes followed by 
NaxO2 fusion of  residue, if any left, is practiced 
mostly. But this methodology requires platinum 
or teflon ware and exhaust system, for sample 

* Correspouding author. 

opening. So big batch analysis cannot be carried 
out rapidly and economically. The determination 
of different constituents of  solid samples after 
aquaregia and HF attack at room temperature is 
well established [3-5]. Fluorescence of aqueous 
uranyl solution is quite weak, therefore intense 
excitation source in the presence of various 
fluorescence enhancing reagents [6 12] is used for 
very low level detection. Chloride ions in aquare- 
gia quenches [13] uranium fluoresence even with 
intense excitation source and various known 
fluorescence enhancers. Also chloride ions leads to 
extraction [14] of  Fe(III) in ethyl acetate which is 
a quenching agent in the fluorimetric determina- 
tion of uranium. Therefore HC1 (Aqua regia) is 

( 0039-9140,'97,$17.00 ((~, 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(96)02201- 1 
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mostly avoided in the uranium determination by 
fluorimetry which is the most sensitive method for 
uranium. 

In the present method samples of rock, mineral, 
soil and stream sediments are allowed to react 
with HF-HNO 3 at room temperature overnight in 
wide mouth screw cap polythene bottles and ex- 
cess fluoride ions are complexed by the addition 
of H3BO3. From the clear solution uranium is 
determined [8] by laser excited fluorimetry after 
the addition of fluorescence enhancing reagents. 
To test the accuracy and precision of the present 
method standard reference materials (SRMS) and 
inhouse standards were analysed. The results ob- 
tained are in agreement with the certified and 
recommended values. 

2. Experimental 

Instrumentation: Scintrex UA-3. Uranium 
analyser (Scintrex, Canada). N~-Laser pulse rate 
16 times s 1. Pulse duration 3-4 nanoseconds. 
Excitation wavelength 337.1 nm. Measurement 
wavelength 516 nm. 

Reagents: all the reagents used are of analytical 
grade. 

Fluoresence enhancing buffer mixture: NH4 H 2 

PO4 (500 g) and H3PO 4 (50 ml) made up to 2 1 
volume. 

Plastic ware: 125 ml capacity wide mouth screw 
cap polythene bottles. 

2. I. Procedure 

Of each of the powdered ( - 200 mesh) samples, 
0.1 g, were weighed into polythene bottles. 
Reagent blank was also run simultaneously. 
Conc. HNO3, 5 ml, and 5 ml of 40% HF were 
added. The bottles were tightly capped and al- 
lowed to stand at room temperature overnight. 
The demineralised water, 50 ml, and 15 ml of 
saturated boric acid added to the bottles and 
shaken for a few minutes with cap fixed tightly. 
The contents of the bottles were carefully trans- 
ferred to 100 ml volumetric flasks quantitatively, 
diluted to volume with demineralised water and 
shaken thoroughly to get clear solution. An 

aliquot of 1 ml was transferred to a 10 ml volu- 
metric flask, 4 ml of buffer mixture was added 
and made up to volume. Fluorescence readings 
were obtained using UA-3 Uranium Analyser. 
Using pure uranium standards calibration graphs 
were prepared for 0-2 and 2 20 ppb U. For 
higher Uranium content in sample, suitable dilu- 
tion is made before drawing an aliquot of I ml for 
fluorescence measurement. 

3. Results and discussion 

Boric acid is added to neutralise fluoride ions 
which attack glass. Fluoborate does not interfere 
in uranium determination. Most of the elements 
that decrease the intensity of uranium fluores- 
cence are taken care of by the dilution technique 
followed and total uranium is quantitatively de- 
termined in a variety of geological materials. 
Dolostone [15] and syenite [16] samples are associ- 
ated with pitchblende and betafite, pyrochlore and 
monazite minerals respectively, which are the 
source for uranium. In these minerals [17] ura- 
nium is also present in tetra valency state. In the 
present method uranium tetrafluoride (UF4) has 
not precipitated and lost but oxidised to hexava- 
lency state and kept in solution. This is confirmed 
from the data presented in Table 1. Samples 
containing 50% of uranium in tetra valency state 
[18] have been analysed by the present method. 
The results obtained for total uranium compare 
favourably with the conventional method of dis- 
solution [1,2] and estimation [9,14] demonstrating 
efficacy of the proposed method of dissolution for 
the determination of uranium. A variety of inter- 
national standards (SRMS) rocks and minerals 
were analysed by the present method and the 
values obtained are in good agreement with the 
certified values [19] (Table 2). 

Although Dolostone samples contain very high 
calcium, i.e., around 30% CaO [15] and Calcium 
precipitates as C a F  2, the uranium concentration 
obtained from the supernatant solution agreed 
very well with the inhouse standard values (Table 
3). Luminescence of aqueous uranyl solution is 
quite weak and enhanced fluorescence yields have 
been achieved by using intense excitation source 



K. Ramdoss et al. : Talanta 44 (1997) 1095 1098 1097 

Table 1 
Comparison of total uranium obtained with the present method and with the conventional method of dissolution [1,2] and 
estimation [9,14] 

Test sample No. Present method 

Total uranium 

U30, (%P 

Conventional method 

Total uranium Tetra valent uranium 118] Hexavalent uranium [18] 

1 0.083 0.084 0.041 0.040 
2 0.076 0.080 0.037 0.035 
3 0.049 0.051 0.025 0.025 

~' Each xalue is an average of three determinations. 

in the presence of various fluorescence enhancing 
reagents [6-12]. Fluran [9,10] sodium pyrophos- 
phate, sodium dihydrogen phosphate [11] and 
sodium polysilicate [12] are reported fluorescence 
enhancing reagents. These are strongly pH depen- 
dent and at pH lower than seven their effect is 
greatly reduced. Tolerance for inorganic quench- 
ers (Fe, Mn, Cu, Co) is also less. Orthophospho- 
ric acid [6,7] has been extensively used as an 
enhancer of Uranyl fluorescence both as direct 
additive to U VI solutions and as a stripping 
agent for Uranylnitrate from ethyl acetate extrac- 
tive phase. A mixture of orthophosphoric acid 
and ammonium dihydrogen phosphate [8] has a 
fairly high tolerance for inorganic quenching ions 
and for Ca, Mg, Nb, Ta, Ti, A1 etc. Uranium in 
solid sample solution of 10% acidity prepared by 
the present cold dissolution is directly determined 
using this reagent [8]. It is not highly pH sensitive 
and has high tolerance for inorganic quenchers, 
while determining nanogram ml i of uranium. 

The precision expressed as coefficient of varia- 
tion is within +_ 10%. This work is most suitable 
for Geochemical exploration of uranium where 
anomalous values are important, so a variation of 
10% at these low values (Table 3) will be suffi- 
cient. The accuracy of  the method is also within 
+ 10% at low concentration of uranium Table 2). 

4. Conclusion 

The present cold dissolution technique and 

Laser fluorimetric method of uranium determina- 
tion is highly useful for exploration Geochemists 
where speed, economy and high sample through- 
put are the prerequisite. The present method does 
not require costly platinum or teflon ware for 
sample dissolution, acid and other reagents used 
are minimal. Therefore it is highly economical. 
Since no defluoridisation step is involved by evap- 
oration, air pollution is not there and there is no 
solvent extractive stage for removal of interferents 
and hence the method is eco-friendly also. An- 
other advantage of this method of dissolution is 
the limited attention required at the dissolution 
stage, which decreases the likelihood of errors. 
The use of  plastic ware, the avoidance of  heating 
and after dilution with demineralised water, direct 
determination of  uranium in laser fluorimeter ren- 
ders the method adoptable for big batch analysis 
in geochemical exploration work in field condi- 
tions. 
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Table 2 
Uranium contents of standard reference materials determined using the present method 

Sample No, Rock mineral Uranium (ppm) 

Present method Certified values [19] 

SY-2 Syenite 275 
SY-3 Syenite 632 
ASK-2 Schist 23 
ZW-C Zinwaldite 18.1 
MA-N Granite 12.9 
GXR- 1 Jasperoid 32,9 
Mica-Fe Biotite 76 
NIST-120C Phosphate rock (Florida) 120 

284 
650 

22 
20 
12,5 
34.9 
80 

l l4  

Table 3 
Comparison of results obtained with the present method and 
with the conventional method of dissolution [1,2] and estima- 
tion [9,14] 

Uranium (ppm) 

Test sample in- Present method ~ Conventional 
house standards method 

Dolostone [15] 516 525 
Dolostone [15] 945 927 
Syenite [16] 360 365 
Syenite [16] 949 932 
Pink granite 4 4 
Grey granite 2.8 3 
Rhyolite 1.9 2 
Dolerite 2.1 2 
Dolerite pink gran- 2.1 2 

ite and rhyolite 
Andesite 4.6 5 
Rhyolite porphyry 1.9 2 
Granodiorite 8.4 9 

Each value is an average of three determinations. 
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Abstract 

A fluorometric technique based on a liquid drop excited from its interior by an optical fiber is described for the 
measurement of low concentrations of atmospheric hydrogen sulfide (HzS). A drop of alkaline fluorescein mercuric 
acetate (FMA) solution is suspended in a flowing air sample stream and serves as a renewable sensor. An optical fiber 
contained within the conduit that forms the drop, brings in the excitation beam; the fluorescence emission is measured 
by an inexpensive photodiode positioned close to the drop. As H2S in the sample is collected by the alkaline drop, 
it reacts rapidly with FMA resulting in a significant decrease in fluorescence intensity, proportional to the 
concentration of H2S sampled. The chemistry of this uniquely selective reaction has been well established for many 
years; the present technique permits a simple fast inexpensive near real-time measurement with very little reagent 
consumption. Even without prolonged sampling/preconcentration steps, limits of detection (LODs) in the double digit 
ppbv range is readily attainable. © 1997 Elsevier Science B.V. 

Keywords: FMA; H2S; Limit of detection; Optical fiber 

1. Introduction 

Sulfur gases and their reaction products have 
taken on a new significance in recent years due to 
their involvement in the formation of atmospheric 
aerosols, acid precipitation, planetary radiative 
equilibrium and a number  of  other issues, includ- 
ing the biogeochemical cycling of sulfur in the 

* Corresponding author. Fax: + l 806 7421289; e-mail: 
VEPPD@TTACS.TTU.EDU 

~ Permanent address: Instituto de Quimica-UNESP, Dep. 
Quim Analitica Caixa Postal 355/CEP 14800 900, 
Araraquara-Sfio Paulo, Brazil. 

marine environment [1]. Sulfur dioxide is the only 
sulfur compound that is emitted with the sulfur in 
the + 4  oxidation state. Most of  the emitted 
sulfur compounds contain sulfur in the - 2  oxi- 
dation state, these include dimethyl sulfide, car- 
bonyl sulfide and H2S. The natural emission of 
H2S into the atmosphere was once believed to be 
the dominant sulfur emission [2]. But over the 
years, the importance of this contribution has 
been continuously revised downward and is now 
believed to be relatively small [3]. Except in re- 
mote regions, anthropogenic, mostly petroleum 
related, sources dominate H2S emissions. Regard- 
less of  the decreased perceived importance of H2S 

0039-9140/97/$17 00 © 1997 Elsevier Science B.V. All rights reserved. 
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in the global sulfur cycle, it has long been known 
that at a local level even low levels of  H2S con- 
tributes to material corrosion, paint damage and 
troubles for the electronics industry [4]. In addi- 
tion, of  the sulfur gases mentioned above, H2S is 
by far the most toxic. Here in West Texas, known 
for its oilfields, dead pigeons around oil storage 
tanks are a common sight; accidental human fa- 
talities also occur. 

The measurement of atmospheric H2S has 
therefore received considerable attention and a 
number of  analytical methods have been devel- 
oped over the years [5-9]. In the following discus- 
sion, we confine ourselves to simple, field 
deployable, affordable methods. Most of these 
methods require a collection/preconcentration 
step (typically using a Cd(OH)2 suspension to 
make CdS) before actual analysis is carried out 
[6-9]. Atmospheric oxidants can interfere in the 
collection step, the collected CdS photodecom- 
poses and the physical design of the absorber can 
cause varied results, leading to conflicting, ques- 
tionable and erroneous conclusions [10,11]. Post- 
sampling reactions can also occur with glass 
collection vessels [12]. 

In recent years, we have become enamored with 
the potential of  liquid drops and films as analyti- 
cal devices, notably as gas sensors. Such a sensor 
has a truly renewable collection surface like a 
wetted denuder [13,14] but requires much less 
collection liquid and can be produced in a com- 
pact form more conveniently and reproducibly. In 
the first drop based gas sampling system, an 18 gl 
static drop of  diluted H2SO4 suspended in a sam- 
ple stream was used to collect ppbv levels of NH 3 
[15]. The drop contents were then withdrawn into 
a microscale elctroosmotically pumped sequential 
injection system for detection. Instead of  with- 
drawing the drop for analysis elsewhere, in many 
cases it is possible to use a reagent in the drop 
that can result in a property change that can be 
followed in real-time, thus a selective reproducible 
sensor results. In this vein, a drop/film of Griess- 
Saltzman reagent suspended on a wire support 
forms the basis for sensing NO2 at ppbv level 
using simple light emitting diode (LED) based 
interrogation of  the drop/film [16]. Hydroperox- 
ides were selectively detected using in-situ electro- 

chemical sensing in a drop [17]. A gaseous 
chlorine sensor was developed with a continu- 
ously growing and falling drop of tetramethylben- 
zidine solution suspended in a sample stream and 
photometry with an LED based system [18]. 

It has occurred to us that a drop system is also 
particularly suitable for exciting fluorescence by 
placing a light source, such as an optical fiber 
terminus within the drop, because of  the small 
optical path length, there is little attenuation of  
the excitation beam and efficient excitation of the 
liquid can take place. Further, such a scheme 
eliminates interracial scattering of the excitation 
beam at the air/container wall interface. In this 
work, we demonstrate a near real-time fluoromet- 
tic detection method for H2S using a drop sam- 
pler. The H2S is collected by a drop of  alkaline 
fluorescein mercuric acetate (FMA) solution. This 
well known sensitive reaction, selective for 
sulfhydryl groups, results in a quenching of the 
native FMA fluorescence [7,8,19]. 

2. Experimental 

2.1. Chemica& 

All chemicals were reagent grade quality and 
used without further purification. Deionized water 
was used throughout. The FMA stock solution 
(20 laM) was prepared in 0.1 M NaOH. An FMA 
solution of 6.0 ~tM, diluted from the stock solu- 
tion with 0.1 M NaOH, was used to form the 
drop sampler for gaseous H2S. 

2.2. Measurement system 

The measurement system arrangement is shown 
in Fig. 1 (a) with the cross section view from the 
top shown in Fig. 1 (b). Silica optical fiber F 
(1000 lam core, fused silica, Ensign-Bickford Op- 
tics, Avon, CT) is positioned inside Teflon tube T 
(3.8 mm i.d., 4.8 mm o.d. and 27.0 mm in length) 
to carry the excitation beam. The axis of optical 
fiber F is 1 mm away from the axis of tube T and 
the end of  the fiber is ~ 2  mm above the tip of 
tube T. A Teflon tube C (0.3 mm i.d. and 0.6 mm 
o.d.) is also inserted into tube T to deliver the 
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Fig. 1, Schematic diagram of the drop based sampling/detec- 
tion chamber. C, Teflon tube for the delivery of FMA solu- 
tion; F, silica optical fiber: K Teflon tube for drop formation; 
E, fitting (lhe gas outlet arm is an integral part of this), P, 
opaque PVC lube: D photodiode. The drawing is not to scale. 

F M A  reagent. Tube T is fixed in a fitting E that is 
screwed into an opaque PVC tube P (12 m m  i.d., 
17 mm o.d. and 110 mm in length) through which 
the sample gas is aspirated. The F M A  solution is 
allowed to flow by gravity through tube C to form 
a drop on the tip of  tube T. A solenoid valve (SV 
in Fig. 2) is incorporated in the liquid inlet line. 
The F M A  solution flow is stopped when the valve 
is shut off. The maximum drop volume of a drop 
for such an arrangement is about  60 ~tl, after that, 
the drop falls. The fall of  a drop is readily dis- 
cernible from the optical signal. Using the instant 
of drop detachment as a marker,  keeping the 
solenoid valve on for a given period of time past 

SV 

FC2 

Compressed A B FC1 
P FC3 C 

Fig. 2. Schematic diagram of the experimental arrangement, A 
and B, sequential columns for air purification: FC I 3, mass 
flow controllers: G, pressure gauge and regulator; T, ther- 
mostated enclosure: P, permeation chamber; V, three-way 
Teflon solenoid valve: L, light source; S, FMA solution; SV, 
liquid on/off valve; M, drop based sampling/detection cham- 
ber: Q. signal processor and readout; C, air aspiration pump. 

this instant allows one to form a drop of desired 
size (up to the maximum) reproducibly. The beam 
from a 25 W Tungsten lamp source (Lamp source 
type 01 coupled to grating AMC1-03, PTR Op- 
tics, Waltham, MA) is coupled to optical fiber F, 

with the grating wavelength set at 495 nm. A 
small silicon photodiode D equipped with an in- 
terference filter centered at 530 nm (T5-STK-530, 
Intor, Socorro. NM, TO-5 package) is put into a 
hole on the wall of  tube P (approximately on the 
same side as fiber optic F; vide intYa) to detect the 
fluorescence emission from the drop. The center 
of the photodiode is in the same horizontal plane 
as the center of the drop. A home-built  current 
detector, based on a low noise switched integrator 
[20] is used to convert the photocurrent detected 
to a voltage signal. 

2.3. Gas generation and sampling 

The arrangement for H2S standard gas genera- 
tion and sampling system is illustrated in Fig. 2. 
All gas flows are regulated by mass flow' con- 
trollers FC1-3 (Model FC280, Tylan General, 
Torrance, CA). Air purified by sequential 
columns A (activated carbon) and B (silica gel,' 
soda lime) is metered by flow' controller FCI 
through a permeation chamber P housed in a 
thermostated enclosure T maintained at 30°C. A 
permeation wafer device (VICI Metronics, Santa 
Clara, CA) emitting H~S at - 1 0 0  ng min ' is 
placed inside the permeation chamber. The HeS 
gas stream from the chamber is diluted by pure 
air metered by FC2. Any excess flow of the stan- 
dard gas, metered by FC3, is aspirated to waste, 
while the desired amount (FCI + F C 2 -  FC3) 
flows through the sampling chamber. By activat- 
ing three-way valve V, pure air, controlled by 
FC2, can be sampled instead of the analyte. Soda 
lime trap tubes are placed in all vent lines to avoid 
contamination of the laboratory atmosphere with 
the noxious ~,as 

Unless otherwise stated, the experiment proce- 
dures are as follows: (a) form a drop of ~ ~LI in 
volume and begin recording the fluorescence sig- 
nal synchronous with the solenoid valve being 
shut oft'; (b) sample H2S of desired concentration 
for 2 min at a flow rate of  (I.16 1 rain ~: (c) 
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Fig. 3. Fluorescence signal in during the lifetime of  a single 
drop for various diameters of  Teflon tube T; liquid flow rate is 
held constant.  

activate three-way valve V to flush the measure- 
ment chamber with pure air for 10 s; (d) cease all 
gas flow; and (e) reestablish liquid flow, form a 
new drop and begin a new cycle. A complete cycle 
takes ~ 5 min. 

3. Results and discussion 

3. I. Effect of  drop size 

As noted in the Section 2, the drop size can be 
varied by the timing of  the solenoid valve. The 
maximum attainable drop size, on the other hand, 
can be changed by varying the diameter of  the 
drop tube T. Experiments were conducted with 
different outer diameters of  T with a drop contin- 
uously forming and falling while the fluorescence 
signal was monitored, the optical fiber being coax- 
ial with tube T. The results are shown in Fig. 3. In 
each case, the fluorescence signal increases as the 
drop grows and reaches a maximum shortly be- 
fore drop detachment occurs. The results do not 
show an unidirectional change with an increase in 
drop diameter, rather, the observed fluorescence 
intensity is substantially higher for the 4.8 mm 
tube. In these experiments, the observed fluores- 
cence signal is a complex function of  many fac- 

tors. Some of  the light launched from the fiber 
undergoes internal reflection at the drop/air inter- 
face; McMillan et al. have made an excellent and 
detailed analysis as to how such multiple internal 
reflections can occur in a drop [21]. In the present 
case, it is intuitive that the number of internal 
reflections should also be dependent on the con- 
vexity of  the drop bottom, decreasing with in- 
creasing tube diameter. However, there is a 
substantially larger amount of  liquid (and thence 
a substantially larger number of  molecules) to be 
excited as the tube diameter increases. On the 
other hand, the detector position and photosensi- 
tive area remains fixed regardless of drop size, 
keeping its field of  view fixed. Finally, the drop 
also behaves like a lens and its focus changes as a 
function of  size; past a certain size, it may actually 
block the vision of  the detector towards the most 
luminescent region. 

Clearly, it is impossible to assess the contribu- 
tion of  each individual factor from the results in 
Fig. 3. The data however, allowed us to choose 
the intermediate tube diameter of 4.8 mm as the 
optimum in our specific experimental setup for 
further work. We also elected to choose a drop 
volume of 50 lal for further work, just short of the 
maximum drop volume (at which point the drop 
may be more subject to premature detachment 
due to shock/vibration). 

3.2. Position of  the optical fiber and the detector 

Fig. 4 (a) shows the detector photocurrent as a 
function of the depth of protrusion of  the fiber 
beyond the mouth of  tube T, with negative values 
indicating that the fiber is inside tube T. Maxi- 
mum photocurrent is observed with the fiber ca. 2 
mm inside tube T. This is likely a function of the 
numerical aperture of the fiber and the conse- 
quent angular dispersion of the light as it enters 
the liquid as well as the drop size. Experiments 
also showed that maximum photocurrent is pro- 
duced with the fiber slightly off  the coaxial posi- 
tion within the tube T, the highest photocurrent 
being observed with the fiber axis in a position 

1 mm off the tube axis in the direction close to 
the detector. Light launched from an off-axis fiber 
and perpendicularly incident on the interior of the 
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drop surface encounters an area with greater cur- 
vature relative to when the fiber is concentric with 
tube T. We believe therefore that the off axis 
position of the fiber likely increases the extent of 
internal reflections, thus resulting in signal en- 
hancement. 

The emitted photon flux around the drop be- 
comes anisotropic when the fiber is no longer 
coaxial with the tube. The position of the detector 
now becomes a variable. Referring to Fig, 1 (b), 
we can define its relative position by considering 
the angle 0 between the center of  the photodiode 
D, the axis of  tube T and the axis of  fiber F on an 
horizontal plane. With the detector D fixed on the 
wall of tube P, the above relative position can be 
changed by rotating tube P with respect to tube T 
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Fig. 4. (a) Fluorescence signal as a function of vertical position 
of the terminus of fiber F, zero connotes a position flush with 
the terminus of tube T and negative values indicate a position 
inside the tube. (b) Signals from an alkaline drop containing a 
fluorescent analyte and a drop containing only NaOH with 
optimized positions of the fiber and the detector, three succes- 
sive drops are shown in each case. 

(and vice-versa). For 0 = 0 ° (F is in the closest 
possible position to D), the photocurrent  was 
observed to be 1.18 nA, this increased to a maxi- 
mum of 1.40 nA at 0 = 30 ° and decreased to a 
minimum of 750 pA at 0 = 180 °. Overall, relative 
to the coaxial position, the 1 mm off-axis position 
of the fiber and the 30 ° viewing angle of  the 
detector led to a significant enhancement of  the 
observed photocurrent.  In addition, the amount  
of  scattered excitation light registered by the de- 
tector (as measured by the signal when a NaOH 
solution was substituted for alkaline fluorescein) 
is also minimum at an observation angle of  30 ° . 

Thus, with the opt imum positioning of  fiber F 
vertically, radially and relative to detector D, Fig. 
4 (b) shows the photocurrent  from a growing and 
falling drop (three sequential drop traces are 
shown) of (a) a N a O H  blank solution and (b) a 
solution of 6 I.~M FMA in 0.1 M NaOH.  Clearly, 
if we consider the ratio of the signal in case b 
versus the signal in case a as the index of the 
signal to noise ratio (the noise is assumed to be 
linearly related to the blank), this is maximized 
shortly before the drop grows to its maximum 
size. The choice of  a static drop size of  ~ 50 lal is 
thus further justified. 

3.3. Reduction of  stray light with fiber in drop 

Two experimental situations were compared. In 
the first, conventional setup, the excitation fiber 
was introduced through an aperture in the wall of  
the tube P in the same horizontal plane as the 
photodiode and the center of  the drop. The fiber 
terminus was located 2 mm away from the drop 
boundary. The point of  the fiber terminus, the 
drop and the photodetector formed a 90 ° angle in 
the same horizontal plane. In the second experi- 
ment, the optimized position of the fiber (1 mm 
off-axis, 2 mm inside the tube) and the detector 
(at an angle of  30°). Only a drop of water was 
used in the tube so that the signal registered by 
the photo detector is essentially due to stray/re- 
fracted light. The mean current due to stray light 
was 225'7o greater in the first vs. the second case, 
testifying to the advantage of the design. 
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Fig. 5. Temporal profiles of the fluorescence signal for three 
different H2S concentrations. 

3.4. Response characteristics 

A typical trace of the detector photocurrent as 
a function of  time is shown in Fig. 5 for several 
different H2S concentrations. A careful study of  
the traces will reveal that the length of  this quies- 
cent period is dependent on the H z S  concentration 
sampled, decreasing with increasing H2S concen- 
tration. This can occur either because the reaction 
has an induction period that is dependent on the 
concentration of  HS at the droplet surface (de- 
pendent in turn on the concentration of HzS 
sampled) or more likely, the quiescent period 
reflects the time necessary for a finite concentra- 
tion of the quenching species generated at the 
surface to travel to the region that is effectively 
probed by the exciting radiation. From first prin- 
ciples this period is likely to be related to the 
logarithm of the concentration sampled, this was 
not explored in the present study. 

At a time of 2 rain, the gas sampling is stopped 
and pure air flow is turned on for 10 s. This flow 
switching results in a perturbation in the status of 
dynamic mixing of  the drop, apparently enhanc- 
ing it momentarily and bringing in more of the 
quencher species in the most effectively probed 
region of  the drop. (It should be noted that the 
mixing in the drop is not simply due to diffusion, 
the frictional drag of  the gas moving past the 
liquid generates a circulatory motion on the sur- 

face that is very readily visible [15].) All gas flow 
is then ceased. The current initially increases after 
the cessation of all flow and decreases again to a 
minimum and then increases slowly to a stable 
plateau. The analytical signal AS can be taken to 
be the difference between the photocurrent at the 
beginning of the experiment and that at the mini- 
mum occurring between 2.3 and 3.5 min, leading 
to a linear relationship within the H2S concentra- 
tion range of  0-100 ppb H2S: 

A S  = 7.04( _+ 0.22) x 10 3[H2S, ppb] - 0.1520 

+ 0.0154, r 2 = 0.9991 (1) 

Alternatively, AS  can also be taken to be the 
difference between the initial photocurrent and 
that at some point after cessation of  sampling, 
e.g., when the difference between t = 0 and 4 rain 
are considered, we obtain the following linear 
relationship: 

A S =  6.65( + 0.37) x 10 - 3 [ H 2 8  , ppb] - 0.1778 

+ 0.0254, r 2 = 0.9967 (2) 

The lowest concentration tested was 28 ppbv 
H2S, at this concentration, a detectable signal was 
observed. The relative standard deviation ranged 
from less than 2'Vo to 12% in the 28-100 ppbv 
concentration range. 

3.5. Effect o f  gas flow rate 

If the collection of the gas by the drop is 
diffusion limited, the analytical signal AS  should 
be related to the flow rate Q through a relation- 
ship of  the type: 

A S  = Q(1 - a e  b / Q ) / c  (3) 

where a, b and c are constants [17]. Fig. 6 (a) 
shows the experimental data for the flow rate 
range of  60-350 ml min-~; a good fit (a = 4.115, 
b--1284,  c =  1165, r2=0.9969)  is obviously ob- 
tained. 

3.6. Effect o f  water vapor and other gases 

Relative humidity (RH) of  the sample indirectly 
affects the measurements in that a low sample RH 
leads to greater evaporation of  the droplet. 
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At this droplet size, as the droplet evaporates 
and there is greater concentration of FMA within 
the smaller droplet (probably the surface concen- 
tration is greater), the observed photocurrent in- 
creases. Fig. 6 (b) shows the situation when pure 
dry air is sampled at 0.16 1 m i n - i  Beyond a 
period of 5 min, the increase in photocurrent is 
sufficient to cause too great an analytical error if 
not compensated for. Of course, this is the worst 
case situation, a more humid sample will cause far 
less evaporation. In any case, this compensation 
can be provided by a second fluorescent dye in- 
corporated into the drop which is inert to H,S 
and fluoresces at a wavelength different from that 
for FMA when excited by the same incident 
beam. This fluorescence intensity can be read by a 
second, symmetrically placed photodiode, 
equipped with a suitable interference filter. 

As may be expected, the chemistry used in the 
present case responds to other gases bearing - S H  
groups such as CH3SH. However, prolonged col- 
lection is not a feature of the present technique 
and oxidants such as NO, which was found to be 
a significant interference in early deployment of 
this chemistry [8] did not interfere. We found no 
interference in the determination of 49 ppb H~S 
by 180 ppb NO2. 

In summary, the present application shows that 
a fluorescence based drop sensor can be 
configured simply and provide impressive limits of 
detection even with a photodiode detector. Initial 
experiments show that appropriately filtered blue 
LED sources can work as well or better in this 
application relative to the lamp/grating combina- 
tion used in this work, thus further simplifying 
deployment. 
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Fig. 6. (a) Analytical signal as a function of sampling flow 
rate. The sample gas concentration is 49 ppbv; (b) Signal 
observed for pure air as a function of sampling time. 
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Abstract 

Sensors for determining humidity in air have been described and investigated. Sensing film of the devices was 
prepared from polyvinylalcohol and graphitized carbon black disperse phase. The composition, thermal treatment 
and design of sensing films were investigated and optimized. An optimized humidity sensor has better metrological 
parameters as compared with its prototype (response time ~ 45 s, detection limit 0.17%, slope 6.25 + 0.05 ~)/R.H., 
standard deviation of measurement 0.15%, standard deviation of analytical signal in the graduation equation 8.29f~). 
Such construction of sensors have prospects in analytical practice. © 1997 Elsevier Science B.V. 

Keywords: Air: Conductometric humidity sensors; Graphitized carbon: Polyvinylalcohol 

!. Introduction 

Looking through the evolution in field of hu- 
midity sensors during the last years devices based 
on varying of  resistance stand out. Majority of 
this kind are thin hydrophile polymer films some- 
times including a disperse phase of first-class con- 
ductor [1-3]. The conductivity of thin film 
changes owing to the swelling process of hy- 
drophile polymer layer [4]. First-class conductor 
dispersed in the polymer matrix improves metro- 
logical parameters of the sensor. There the resis- 
tance of thin film is significantly lower and the use 
of more simple and reliable measuring equipment 
is possible [5]. These sensors are used for measur- 
ing humidity in gaseous, liquid and solid phases 
[6,7]. 

Except named positive features these sensors 
are not lack of shortcomings limiting their appli- 

cation. The most distinct are: relatively long re- 
sponse time, hysteresis and high level of 
uncertainty. Notwithstanding, only a few sources 
directly dealing with metrological improvement 
problem its possible to discover [8,9]. Getting 
clear that further development of polymer-film 
sensors with first-class conductor will advance 
only after elimination of enumerated shortcom- 
ings this work is an attempt to make a step in this 
direction. 

2. Experimental 

Resistance of thin polymer film was measured 
using constant current ohmmeter (model V7-38, 
running voltage 1.0 V) and registered with 
recorder N 307. Thin polymer film (thickness of 
30 Jam) was formed by means of spin-coating 

0039-9140/97/$17.00 ¢~ 1997 Elsevier Science B.V. All rights reserved. 
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(device model OPn-8). The constant temperature 
in the system was maintained using thermostat 
MLW-UH. The air stream saturated up to fixed 
humidity was transported to the sensor by means 
of microcompressor (model AEN-3). Artificial ag- 
ing of the sensors was carried out in device SKVS- 
4.5.4, 54/ZI-1. This device consists from an 
insulated camera with controlled level of relative 
humidity (R.H.) and temperature inside. Sensors 
were kept at the R.H. 100% and temperature 
50°C in this camera for 10 h. 

The chemicals used were analytical grade. 
Polyvinylalcohol, 10%, (PVA) (type PVS; av. tool. 
mass 60 000) solution was prepared after swelling 
and dissolving at 60°C. Graphitized carbon black 
(CB) for conducting disperse phase was synthe- 
sized according to Brauer [10] from gaseous car- 
bon monoxide at 600 C using Fe as catalyst and 
purified by means of permanent hot extraction 
with HC1. The grain size of CB synthesized under 
above mentioned conditions is ~ 15 nm [10]. Dis- 
persion of CB in PVA was observed using light 
microscope (Leitz-Wetzlar, type 307-107.002). 
There the conglomerates of inhomogeneity 
reaches 1.0-2.0 ~tm. 

Connection between the sensor's design and 
metrological parameters was examined. For that 
purpose sensors of different structure were pre- 
pared (Fig. 1A, B). Both kind consisted from two 
electrodes and thin sensing film. The sensors were 
designed on the glass plate. Two electrodes were 
made from A1 foil. In one of these modifications 
electrodes were coated with transition layer of 
high-concentrated CB dispersion in PVA, treated 
at 300°C (Fig. 1B). Etched glass (glass treated 
with 10% Na2SiO3 solution up to 300°C for 6 h; 
Fig. 1B) and heated PVA (at 300 C) sublayers 
were used to improve adhesion between polymer 
film and substrate. The morphology of etched 
glass was observed by means of light microscope. 
Surface roughness of etched samples reaches 0.5 
ram, dimensions of chaotically scattered crystal- 
lites varies within 0.5-5.0 pm. Thin films heated 
at 300°C show gradual discoloration, embrittle- 
ment and reduction of water absorbency. There 
the polymer exists in cross-linked state incapable 
for swelling [11]. Thin films of PVA formed from 
aqueous solutions well when placed in contact 

with humid air. The state of polymer there is 
thermoplastic and swelling process is reversible. 
Humidity sensing CB/PVA film was prepared by 
means of spin-coating at 1000 turns min ~. In the 
process of calibration, the stream of air was satu- 
rated up to indicated value of relative humidity 
(R.H.) by means of blowing it through bubblers 
(stream velocity 25 cm min - 1). The bubblers were 
filled with solutions of salts and in common with 
measurement cell were placed into thermostat at 
20 C. Salts for solutions used and R.H. reached 
(pointed out in blackets) were as follows [12]: 
K2SO 4 (99); ( N H 4 ) 2 S O  4 (81) ;  N H 4 N O  3 (67); 
NaHSO4" H20 (52); CaC12.6H20 (33); LiCI.H20 
(15); H2SO4 (0). Measurements were repeated five 
times. 

3. Resu l t s  and discuss ion 

Parameters most often used for metrological 
description of humidity sensors are as follows 
[13]: response time (r), detection limit (AX, m), 
slope + confidence limits (b + Eb), standard devia- 
tion of measurement (ax), standard deviation of 
analytical signal in graduation equation (av). The 
slope was linear in all cases inside investigated 
R.H. interval (Table 1). Named parameters are 
sensitive to the composition and design of humid- 
ity sensor and could be used for the optimization. 

The contact quality between polymer film and 
substrate directly acts on the analytical signal. In 
the case of poor contact the sensor gradually 
becomes degraded at that time increasing the 
uncertainty of results (Table 1). Sublayers posi- 
tively affect on the quality of sensor. This fact is 
evident comparing metrological parameters of the 
sensors after artificial aging: the one without sub- 
layer degrades. There we can draw and conclusion 
that the sensors including sublayers are more 
stable in time. 

Heating of PVA reduces the hydrophobity and 
swelling capacity of the film due to forming of 
cross-linked structure [11]: 

-CH~-CH- -CH2-CH- 
I [-H~O] I 

O-H H-O > O 
{ { 

-CH-CHz- -CH-CH~- 
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Fig. I. Design of humidity sensors. (A) humidity sensing film consisting from CB dispersion in PVA matrix, (B) including composite 
two-layer humidity sensing film (optimized design of humidity sensor). 
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Table I 
Metrological parameters of humidity sensors prepared by different ways 

Changed detail or con- Resp. time (~); Detection limit 
struction and its parame- s (AXiom); % 
ters 

Slope and confidence lim- 
its (b ,+ %); f~/R.H. 

Stand. dev. of Stand. dev. of 
signal (av); f~ measurand (Crx); 

% 

Sublayers 
Without sublayer 50 1.17 l 19.50 _+ 1.36 
Aged sensor 240 43.4 40.48 _+ 5.31 
Etched glass 60 0.80 121.70 _+ 1.02 
Etched glass + aged 65 1.94 107.37 _+ 1.43 

Heated PVA sublayer 60 0.38 177.43 __+ 1.13 
PVA+aged 60 0.64 164.20 ± 1.40 

Heated sensing film (tem- 
perature, °C) 
- 65 1.39 34.91 _+ 0.42 
100 30 0.58 10.54 _+ 0.05 
170 40 4.64 4.67 ± 0.02 
240 40 8.04 0.31 ,+ 0.01 
300 40 14.8 0.23 ,+ 0.01 

CB amount in sensing 
film (%) 
53 120 >20  12 573 +_ 542 
57 60 2.21 1842 ,+ 16 
59 65 1.54 244.5 _+ 2.5 
66 40 - -  10.7 ,+ 2.0 

Two-layer sensing film 45 0.17 16.25 _+ 0.05 
(Fig. 1 B) 

O.98 58.4 
36.3 220.1 

O.67 43.8 
1.62 61.3 
0.32 48.5 
0.54 60.0 

1.17 18.03 
0.49 2.14 
3.88 0.86 
7.15 0.42 

12.4 0.42 

> 18 23 265 
1.73 687 
1.30 107 

> 80 86 
0.15 8.29 

Statistics and other results accompanying the 
heating of sensing film at various temperatures are 
presented in Table 1. These data show strict corre- 
lation between heating temperature and standard 
deviation of analytical signal. This could be ex- 
plained taking into account interaction between 
CB grains and PVA matrix. At lower tempera- 
tures the chemical interaction is weak and CB 
grains are not fixed in the polymer matrix very 
steady. Working with humidity-sensing films pre- 
pared under these conditions we observe standard 
deviation of analytical signal reaching significant 
values. One of the possible explanation of this 
phenomena could be that during multiple process 
of swelling and contraction of the polymer matrix 
CB grains are affected by the irreversible process 
of spatial orientation. This could occur where 
bonds between PVA molecules and CB grains are 
weak. The conjecture is affirmed by the fact that 
standard deviation of humidity-sensing film pre- 
pared at higher temperatures reduces to insignifi- 
cant values. Taking into account that under 

higher temperatures -OH groups from PVA 
chain reacts with surface of CB grains (see reac- 
tion above), these grains being fixed more steadily 
in the polymer matrix. Under these conditions we 
could expect that the irreversible process of grains 
spatial orientation has no place. The swelling 
capacity of humidity-sensing films, treated at 
higher temperatures, is reduced as well as their 
sensitivity. Detection limit being the function of 
slope reaches minimum values after heating at 
IO0°C. 

The amount of conducting CB phase in poly- 
mer matrix affects the metrological parameters of 
humidity sensors too (Table 1). In the case of less 
amounts CB grains are insulated by PVA matrix 
and resistance of the film is high. The standard 
deviation of analytical signal there is significant 
apparently due to lower reliability of equipment 
as well as to high values of resistance and less 
amounts of microcontacts between CB grains. In 
the case of greater amount when carbon grains 
prevails over polymer in the bulk of sensing film 
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Fig. 2. Response transients (A) and calibration curves (b) of 
two-layer humidity sensor (1) and heated (at 100°C) sensing 
film (2). 

sensitivity should be improved. To solve this 
problem is possible using composite sensing 
film with separated CB and PVA layers. 

• Quality of adhesion between sensing film and 
substrate affects on the sensor's metrological 
parameters (Table 1). For better adhesion the 
sublayer of etched glass is used. 
Taking into account these notes above design 

of humidity sensor has been changed (Fig. 1B). 
New one included composite two-layer humidity 
sensing film. Additionally a sublayer of etched 
glass and inert transition layer on the electrodes 
were formed. Metrological parameters of the sen- 
sor are given in Table 1. Response transient and 
calibration curve of this sensor are presented com- 
paring with analogous data of other sensor in Fig. 
2. It's evident, that precision and sensitivity are 
increased using two layer humidity sensors. Thus, 
the conclusion about correction direction in sen- 
sor's design optimization could be done. 
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Abstract  

Some kinetic aspects of the reaction of glutamic acid (GLU) and Trinitrobenzenesulfonic acid (TNBS) were studied 
spectrophotometrically (420 nm), under pseudo-first order reaction conditions. The effect of GLU, TNBS, SO 2 and 
H + had been investigated. Working curves for the initial rates IR versus [GLU] are linear in the range 7.5-30.0 mM. 
The regression equation is IR = (8 4- 8)E - 6 + (39 4- 0.5).[GLU] and the correlation coefficient r = 0.9998. The limit 
of quantitation is 1.5 pM GLU and the relative standard deviation of the method 1.2%. The kinetics of the interfering 
TNBS hydrolysis reaction in alkaline range of pH, as well as the effect of sulfite concentration on the main reaction, 
are also presented. The analytical application of the reaction for the kinetic spectrophotometric assay of GLU and 
other aminoacids, as well as TNBS, is presented and the relevant advantages and disadvantages of the method are 
discussed. ~) 1997 Elsevier Science B.V. 

K(5l'words: Glutamic acid; Kinetic study; Kinetic determination; Trinitrobenzenesulfonic acid 

1. I n t r o d u c t i o n  

K. Sa take  and  his g roup  [1,2] app l ied  the reac- 
t ion o f  Tr in i t robenzenesu l fon ic  acid (TNBS)  with 
:~- and / / - aminoac id s  (AM) ,  amines  and pro te ins  

for their  assay in different  samples.  The  same 
inves t iga tor  found  tha t  this reac t ion  belongs to 
the ca tegory  o f  the b imolecu la r  reac t ions  o f  aro-  
mat ic  nucleophi l ic  subs t i tu t ion  and  takes  place  
accord ing  to the fo l lowing general  scheme [3]: 

N-7,2 N Q ,, 
4 ~  I 

, ,:-.--CHORE._.. ~ , / : ~ . . ~ . C ~ . ~  CCO- 
~0 I: ",'~ _ .  ~ ,~  , , ,c . . . . . - , / -=~H. , ' -  

NC-~ NC~ 

l -  

TN P-c,v, lnQ ozid 
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0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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Freedman and Radda [4] studied the rate of the 
reaction of TNBS and -SH, while Goldfard [5] the 
effect of SO 2- on the formation of its complex 
with the TNP-Am, at 420 rim. 

R. Fields [6] made a detailed study of the 
reaction at 420 nm and observed the various 
factors affecting the value of the second order 
reaction rate constant k. Many investigators made 
use of this reaction: (i) for the spectrophotometric 
determination of aminoacids, amines, peptides, 
proteins and their mixtures [7-10]; (ii) for the 
measurement of the activity of enzymes [11]; (iii) 
for the inhibition of the activity of enzymes [12]; 
and (iv) for the construction and analytical appli- 
cations of an ion selective electrode responding to 
trinitrobenzenesulfonic acid [13,14]. 

The use of a buffer of pH higher than 8.5 is 
necessary, because the reaction goes on the unpro- 
tonated aminogroup. All investigators who have 
so far used this reaction have observed, that at 
pH values over 10.0 the determination of the 
-NH2 is problematic, because of side reactions 
mainly initiated by the hydrolysis of TNBS, itself. 

In the present work we have studied the reac- 
tion of glutamic acid (GLU) and TNBS and its 
interfering hydrolysis of TNBS to picric acid. 

2. Theoretical considerations 

The reactions of TNBS with GLU as well as its 
alkaline hydrolysis to picric acid, are bimolecular 
(second order) aromatic nucleophilic substitu- 
tions. Both are taking place in two consecutive 
steps, the first of which is slow and reaction rate 
determining: 

kl 
T+ G ----+ MC1 --+P~ (1) 

k~ 
T+ C ----+ MC2 --+ P2 (2) 

where T, G, C, MC, P~ and P2 stand for TNBS, 
GLU, OH , Meisenheimer complex, TNP-GLU 
and picric acid, respectively. 

Under the conditions where T is in excess 
([7] >> [G] and [7] >> [C]) we have pseudo-first or- 
der reactions and the following equations are 
valid: 

d[P , ]  
- k , [ T ] [ 6 ]  (3) 

dt 

diP2] 
- k217][C]  (4) 

dt 

The absorbancies (A) of the reacting mixture are 
additive: 

A t = Ap~ q- mp2 = elbPi + e2bP2 (5) 

By differentiating Eq. (5) we receive: 

dA,  b { d P l  5 b{'dP2~ 

and substituting Eq. (3) and Eq. (4) to Eq. (6) we 
finally receive: 

dA t 
dt = ~bk~[T][G] + c2bk2[T][C] 

or 

dAt 
dt = kob,[G] + kob2[C] (7) 

where kob~ =¢lbkl[T] and kob2=~2bk2[T].In the 
above equations, [G] is the concentration of the 
unprotonated aminoacid, which can be deter- 
mined from the dissociation constant k2 of the 
aminoacid and the known [H +] using Eq. (8): 

k2 
[G] = C % 2 + [ n +  ] bCc~ (8) 

where Co is the analytical concentration of glu- 
tamic acid and the factor fl represents the fraction 
of the unprotonated aminoacid. 

The second order reaction rate constant k was 
calculated by dividing the observed rate constants, 
by the fraction of aminoacid with unprotonated 
aminogroup. 

3. Materials and methods 

3.1. Apparatus 

Kinetic measurements for the reaction of GLU 
with TNBS were done with a filter spectrophoto- 
meter (Metrohm Model 662 Photometer) 
equipped with fiber optic for the transmission of 
the light and a 1 cm immersed-type optical cell. 
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Fig. 1. Absorbance versus [TNBS]/[SO~-] Gram-mol,  fraction at pH 9.5 and t =  25.0 + 0.1°C, [SO3 ] = 1.0 raM. 

The reaction cell was thermostatted at 25.0 _+ 
0.1°C. The measurements were carried out under 
stirring conditions with a mechanical stirrer (Ra- 
diometer TTA 80). 

Spectra of the reagents and the products were 
taken with a double beam spectrophotometer 
(Perkin-Elmer Model Lambda 15). 

A pH/pIon meter (Radiometer PHM 83) was 
used for pH measurements. Data acquisition was 
performed by an IBM data acquisition and con- 
trol adaptor (Mendelson Electronics) and an 
IBM-compatible PC. Data collection and acquisi- 
tion software was written in Microsoft Quick-BA- 
SIC. The program allows the collection of 2500 
points, the plotting of the reaction curve At = f ( t ) ,  
the determination of kob applying the infinite time 
method and the measurements of the slope 6A/~St 
in any point of the reaction curve. 

4. Reagents  

All the solutions were prepared in distilled wa- 
ter from p.a. grade reagents. 

Buffers: the buffers used were 0.025 M 
N a 2 B 4 0  7" 10H~O 0.1 M HCI for pH 8.5 9.0 and 
0.025 M Na2BaOT"10HzO-0.1 M NaOH for pH 
9.5 11.0. 

Na2SO3: a stock solution 0.4 M was prepared 
and stored at 4°C for 3 days. 

GLU,  TNBS and Picric Acid: aqueous stock 
solutions 0.004 M were prepared and stored at 
4°C. For  TNBS, fresh working solutions were 
prepared every 2 days. 

4.1. Procedure 

Borate buffer, 15.0 ml, 0.040 ml of sulfite stock 
0.4 M solution and 0.100 ml of aminoacid work- 
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Table 1 
Experimental results for the determination of  the reaction rate constant  k~ at different pHs and sulphite 

pH [ S O ~ - ] m M  k o b S - i x 1 0 - 4  kob2 S i)<10 4 kobl s i x l 0  4 kl 1 0 - 4 M - t × s  1 ( jX / (~ t ) inAs -1×lO-4  

9.0 0.0 2.03 0.76 1.27 0.8 0.51 
9.0 0.5 3.38 0.76 2.62 1.7 1.36 
9.0 1.0 3.90 0.76 3.14 2.1 1.52 
9.0 2.0 3.83 0.76 3.07 2.0 1.56 
9.0 4.0 4.02 0.76 3.26 2.1 1.63 
9.5 0.0 5.18 0.82 4.36 1.4 1.41 
9.5 0.5 9.01 0.82 8.19 2.6 4.14 
9.5 1.0 10.07 0.82 9.25 3.0 4.80 
9.5 2.0 9.99 0.82 9.17 3.0 4.60 
9.5 4.0 10.04 0.82 9.22 3.0 4.60 

10.0 0.0 10.68 0.93 9.75 2.1 2,63 
10.0 0.5 15.81 0.93 14.88 3.2 7.27 
10.0 1.0 16.07 0.93 15.14 3.2 7.83 
10.0 2.0 15.87 0.93 14.94 3.2 7.79 
10.0 4.0 15.88 0.93 14.95 3.2 7.79 

[ T N B S ] = 6 . 0 x  10 4 M, [ G L U ] =  1.2x 10 5, t=25_+0.1oC.  

ing solution were pipetted in the reaction cell. The 
mixture was equilibrated at 25 + 0.1 °C, the wave- 
length set at 420 nm (except otherwise stated) and 
the transmittance adjusted to 100%. Then 0.100 
ml of  the TNBS working solution was rapidly 
injected in the reaction cell and the measuring 
system activated. The total measuring time and 
the interval between points were set accordingly. 
The reaction curve was plotted and the observed 
reaction constant kob and the initial reaction rate 
(6A/6t) were calculated using the software. 

For  the study of hydrolysis of TNBS the same 
procedure was followed, except that G L U  was 
omitted from the reaction cell. The observed reac- 
tion rate constant kob or other parameters were 
determined using the same software. 

The reaction curve received by this procedure is 
the composite curve for both reactions leading to 
products P~ and P2 with kob 1 and kob2, respec- 
tively. The rate constant kob of  the main reaction 
between TNBS, G L U  and SO 2 may be calcu- 
lated by the following equation: 

kob = kob ~ q- kob 2 

5. Results and discussion 

5.1. Effect of sulfite concentration 

By the addition of TNBS in a buffered solution 
of SO 2-  a red product was formed very rapidly. 
Its absorption spectrum shows 2~ax at 350 nm and 
absorptivities depending on the pH (Fig. 4, point 
A). This red product, already cited by previous 
investigators as a complex compound [5,6], is a 
meisenheimer like product of TNBS with SO 2- .  
An effort to determine its coordination number at 
pH 9.5, gave the results of Fig. 1. The almost 
linear dependence of  its absorbance on the 
[TNBS]/[SO 2 ] ratio for a wide range of sulfite 
concentrations higher than 0.1 raM, denotes 
rather the formation of an equilibrium product. A 
small change of the slope in the range above 1 of 
[TNBS]/[SO32-] might mean the formation of a 
complex in a 1:1 ratio followed by the formation 
of  a second equilibrium product with almost the 
same absorptivity. 

The study of  the effect of  [SO~-] on the reac- 
tion rate constant of  the main reaction between 
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[ T N B S ]  = 0,73 m M ,  t = 25 .0  -# 0 .1°C .  

TNBS, G L U  and SO 3 shows that [SO~-]  in the 
range 1 .0-4.0  m M  gives constant values for k,, b, 
kob,, kob, and initial rates (,qA/dt)i , ,  as shown in 
Table 1. 

5.2. Effect o/" TNBS hydrolys'is to picric acid 

The spectrum of  picric acid shows maximum 
absorption at 360 nm and therefore contributes 
very little to the total absorption of  the reaction 
mixture at 420 nm. 

Fig. 2 shows the reaction curves (absorbance 
versus time) o f  the hydrolysis o f  TNBS at differ- 
ent pH values. The second order rate constant k 2 
for the hydrolysis reaction of  TNBS to picric acid 
at pH 9.5 was found to be k a =  0.15 s -~  M 
(Fig. 3, Curve A), while k 1 = 3 . 0 0  s i M i 
Therefore its interference with the main reaction 
seems to be significant only at pH values over 
10.0. while at lower values it is negligible (Fig. 3). 
The big difference of  molar absorptivities values 
between TNBS and picric acid at 2 = 4 2 0  nm 

(~:TNB,S = 600 cm i M i a n d  % ..... = 7 5 0 0  c m  i 

M 1) and the increased contribution of  the hy- 
drolysis reaction at higher pHs might give a good 
explanation for the behaviour of  the system, un- 
der these conditions. 

5.3. ~ e ¢ ~ c t q [ p H  

The pH of  the reacting mixture T N B S - G L U -  
SO~ affects the concentration of  species partici- 
pating in the reaction. It determines: 
• The concentration of  the unprotonated amino 

group (K2 = 3.39. I0 r~ at pH 9.5). 
• The addition of  SO3-  on TNBS.  TNBS is an 

electrophilic reagent and the degree of  this 
substitution by SO 3 increases with pH 
(K,  so~ = 1.02.10 7). 

• The formation of  the final coloured P~. as 
shown in the proposed schemes o f  the reac- 
tions. 

• The rate of  hydrolysis of  TNBS to picric acid 
at pH values higher than 10.0. 
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The reaction curves A = f ( t )  for the reaction o f  
G L U  with TNBS at different pHs and 2 = 420 
nm, are shown in Fig. 4 (after point B). The 
reaction curves at 2 = 500 nm show the same 
profiles. Our experimental results show that pH 

va lues  in the range  9 . 5 - 1 0 . 0  ensure  m a x i m u m  

va lue  for the  s e c o n d  order  rate c o n s t a n t  k~, keep-  

ing the  interference  o f  the s ide react ions  at negl ig i -  

ble  level.  F r o m  our  e x p e r i m e n t a l  results w e  are 

p r o p o s i n g  the  f o l l o w i n g  sequences  for the m a i n  

a n d  s ide react ions:  

/,'.,I C 2 

',,,,t 0 2 

, -  i ~ 2 ~  ~ _ ~ / . i c  2 

~3 

;<2 

-- NO; 
i r" O- 

NC 2 

~- __/xc z 
i /,, ~,x,,c x >! 

M e ~ e n h c i m e r  ,~C 2 
Cc.m~le x 2 

SO-. = 
:" ?:aduc', I 

"tcrL "4.~ 

)? 
I" I Rod Produc', 

I ~,4c 2 N~ 2 
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5.4. Kinetic determination o f  GLU and TNBS  

The effect of [GLU] or [TNBS] on the reaction 
rate was studied under pseudo-first order condi- 
tions and constant pH, [SO~-] and temperature. 
The results are presented in Table 2. The appli- 
cability of this procedure for the development of a 
reaction rate method for the determination of 
GLU, other aminoacids or TNBS in aqueous 
solutions, seems to have very good prospectives. 

For [GLU] and [TNBS], in the range of  7 .5 -30  
taM the working curves (6A/6t)i~ =J[GLU]  and 
(6A/dt)m =J[TNBS] are linear, as shown in Fig. 
5. The regression equations of the curves are: 

(dA/St)i, , = (8 + 8 ) E -  6 + (39 _+ 0.5)[GLU] (9) 

and 

(dA/6t) , ,  = (7 + 6 ) E -  6 + (36.7 _ 0.4)[TNBS] 
(10) 

at p H = 9 . 5 ,  [SO~ ] = 1 , 0  mM and t = 2 5 _ +  
0.1°C. The correlation coefficient for both curves 
is r--0 .9998.  Concentration of GLU and TNBS 
in Eq. (9) and Eq. (10) are applied in molar 
concentrations, M. 

The accuracy of the method for both determi- 
nations is better than 1.5%. The limits of detec- 
tion are 1.5 I~M GLU and 1.2 I~M TNBS. The 
method can be applied for the kinetic assay of 
many other amino acids in aqueous solutions, in 
combination with chromatographic separation. 
The kinetic method is more accurate, precise, 
sensitive, fast and therefore advantageous com- 
pared to the stoichiometric methods, because the 
initial rate is measured during the first 30-100  s 
after the injection of TNBS, where interference 
due to hydrolysis of  TNBS is almost negligible. It 
can be also applied for the study of  hydrolysis of 
various proteins and total of free aminoacids in 
mixtures. The method is not selective and cannot 
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Table 2 
Experimental results for the determination of the rate constant k~, for the reaction between Glutamic acid and Trinitrobenzenesul- 
fonic acid (2 = 420 nm) 

M x l 0  4 k o b S - I X l 0 - 4  kob2 S I × l  0 4 kobl S i x 1 0 - 4  k l x l  0 4 M i n s  i ((~A/dt)i.  A s - l x l O  4 

[TNBS] [GLU] 

6.00 0.075 10.04 0.82 9.22 3.0 2.92 
6.00 0.100 9.97 0.82 9.15 3.0 4.10 
6.00 0.120 10.02 0.82 9.21 3.0 4.75 
6.00 0.150 10.02 0.82 9.20 3.0 5.92 
6.00 0.300 9.95 0.82 9.13 3.0 11.77 
0.075 6.00 9.50 0.047 9.45 3.0 2.8 l 
0.100 6.00 9.46 0.047 9.41 3.0 3.78 
0.120 6.00 9.49 0.047 9.44 3.0 4.40 
0.150 6.00 9.49 0.047 9.44 3.0 5.65 
0.300 6.00 9.55 0.047 9.50 3.1 11.08 

[SO~-] = 1.0 nM, pH = 9.5, t = 25 __+ 0.1°C. 
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Fig. 5. Dependence of the initial rate on the concentration of GLU (curve A) or TNBS (curve B) at pH 9.5 and under pseudo-first 
order reaction conditions. [TNBS] or [GLU] = 0.6 mM, [SO3- ] = 1.0 raM. 

d i f f e r e n t i a t e  t h e  d i f f e r e n t  a m i n o a c i d s .  I t  c a n  b e  

a p p l i e d  to  s a m p l e s  w h i c h  c o n t a i n  o n l y  o n e  

a m i n o a c i d .  S ince  t h e  r e a c t i o n  r a t e  is a l m o s t  t he  

s a m e  fo r  all  a m i n o a c i d s  w i t h  o n e  a m i n o g r o u p  [13] 

it c a n  b e  a p p l i e d  fo r  d e t e r m i n a t i o n  o f  t o t a l  

a m i n o g r o u p s  o f  a m i n o a c i d s .  
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Abstract 

2 5 ,26,2 7 ,28-tetrakis( N,N-diethylaminocarbon ylmetho xy )- 5,11,17 ,2 3-tetrakis( 1,1,3,3-tetramethylbutyl)calix[4]arene, 
a macrocyclic extraction reagent, and p-(1,1,3,3-tetra-methylbutyl)phenoxymethyl-N,N-diethylamide, an acyclic ex- 
traction reagent corresponding to the former one, were synthesized to investigate their extraction behavior for 
silver(I), gold(III), palladium(II), and platinum(IV) from highly acidic solution into chloroform. In the extraction of 
silver and gold from hydrochloric acid solution, a completely different extraction behavior was observed between 
these two types of the reagents. The extraction behavior was examined in detail for silver and was found to be 
dependent on whether silver ion was extracted as a cationic species or a anionic species complexed with chloride ion. 
This was supported by proton nuclear magnetic resonance study of the calix[4]arene derivative. As a result, the 
extraction of silver ion with calix[4]arene derivative was very peculiar which was attributable to the fitting between 
cyclic size of calix[4]arene and ionic radius of silver. © 1997 Elsevier Science B.V. 

Keywords: Calixarene amide derivative; Chemical shift; Competition; Highly acidic chloride media: Silver ion: Solvent 
extraction 

1. Introduction 

Cal ixarenes  and their  der ivat ives  have been at- 
t rac t ing  much  a t t en t ion  as novel  types o f  interest-  

ing hos t  c o m p o u n d s  [1-4] .  Thei r  recogni t ion  and 

d i sc r imina t ion  abi l i ty  for  meta l  ions  are one o f  the 

r em arkab l e  features  as a specific recep tor  [5,6]. 

* Corresponding author. Fax: 
ultraman@ccs.ce.saga-u.ac.jp 

+81 952 288591; e-mail: 

In the previous  work ,  we synthesized 
25 ,26 ,27 ,28- te t rak i s (ace tomethoxy) -5 ,11 ,17 ,23- te -  
t rakis (1 ,1 ,3 ,3- te t ramethylbutyl )ca l ix[4]arene  as a 
ca rbony l  c o m p o u n d  to invest igate  the ex t rac t ion  
behav io r  for  silver (I) and  pa l l ad ium (II)  f rom the 
highly acidic so lu t ion  into  ch lo ro fo rm.  In n i t ra te  
media ,  the ke tonic  t e t r amer  was found  to selec- 
t ively ext rac t  silver ion over  p a l l a d i u m  ion in the 
highly acidic region [7,8], suggest ing,  therefore,  
tha t  c a rbony l  c o m p o u n d s  are capab le  o f  extract -  
ing some meta l  ions f rom highly acidic solut ion.  

0039-9140/97,,'$17.00 ,© 1997 Elsevier Science RV. All rights reserved. 
Pll S0039-9140(97)00019-2 
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Among carbonyl compounds, amide com- 
pounds have high dipole moment and tautomerize 
at high concentration of mineral acid [9-12]. 
Many authors have reported about the extraction 
of  some metal ions with the amide compounds 
including diamide compound [10-29]. Recently, 
amides have been attracting much attention as 
good extractants for the recovery of  actinides, in 
particular, which can alternate with tributylphos- 
phate, a typical conventional extractant for ac- 
tinides. The amide type derivatives of calixarenes 
have been also reported in relation to solvent 
extraction of some metal ions [30-33], though no 
paper have been reported on those from highly 
acidic solution. 

In the present work, an amide type derivative 
of  calix[4]arene have been synthesized to investi- 
gate the solvent extraction of  some precious metal 
ions from acidic solution and compared with the 
extraction behavior of  the corresponding 
monomeric amide. 

2. Experimental 

2.1. Reagent 

The chemical structures of the extractants em- 
ployed in the present work are shown in Fig. 1. 
Synthesis of carboxylate derivative of 
calix[4]arene (24) was described in the previous 
paper [34]. The syntheses of  the amide derivatives 
were carried out according to the similar manners 
with those of  calixarene derivatives with t-butyl 
groups as alkyl radicals [35-37]. 

j OR 

14 : R = CH2CONEt  2 

24 : R = C H 2 C O O H  

11 : R = CH2CONEt2  

Fig. 1. C h e m i c a l  s t ruc tu re s  o f  the  ex t r ac t an t s .  

25,26,27,28-tetrakis(n,n-diethylaminocarbonyl- 
methoxy)-5,11,17,23- tetrakis(1,1,3,3-tetramethyl- 
butyl)calix[4]arene (cone conformation) (14) 

Under a nitrogen stream, to 300 cm 3 of dry 
toluene were added carboxylate derivative 24 
(15.67 g, 14.2 mmol) and thionylchloride (160 g, 
1.34 tool). The solution was refluxed for 20 h. 
After cooling, the solvent was removed in vacuo. 
The residue was dissolved into 150 cm 3 of dry 
toluene and to the solution was carefully added 
diethylamine (16.5 g, 226 mmol) in 50 cm 3 of dry 
toluene in an ice bath. The mixture was stirred at 
0°C for 2 h and at room temperature for 48 h. 
The solvent was removed in vacuo and to the 
residue was added 500 cm 3 of chloroform. The 
organic layer was washed three times with 1 
mo ldm-3  hydrochloric acid and with distilled 
water. After drying over anhydrous magnesium 
sulfate, filtration, and evaporation, to the residue 
was added acetone and distilled water to reprecip- 
irate three times the desired compound. It was 
filtered to get white powder; 13.1 g (81%), m.p. 
148°C, TLC(SiO2, chloroform:methanol = 5:1 (v/ 
v), Rf=0.91) ;  IR(KBr) Vc-o 1664 cm -1, vc. N 
1434 cm-~;  ~H-NMR (270MHz, CDC13, TMS, 
27°C) 6 0.69 (36H,s,C(CH3)3), 1.09 
(48H,m,C(CH3)2 + (CH2CH3)2), 1.53 
(8H,s,CCH2C), 3.17 (4H,d,ArCHzAr(exo), J =  
13.18 Hz), 3.31 (16H,m,(CH2CH3)2), 5.00 
(SH,s,OCH2CO), 5.29 (4H,d,ArCHzAr(endo), J = 

13.19 Hz), 6.74 (SH,s,ArH). 
p -(1,1,3,3-tetramethylbutyl) 

phenoxymethyl-N,N-diethylamide (ll)  
N,N-Diethylchloroacetoamide was synthesized 

from chloroacetyl chloride and N,N-diethyl amine 
in toluene according to the paper reported by 
Cope and Ciganek [38]. 

Under a nitrogen stream, to 600 cm 3 of dry 
acetone were added sodium iodide (5.25 g, 35 
mmol) N,N-diethylchloroacetoamide (10.47 g, 70 
mmol), p-(1,1,3,3-tetramethylbutyl)phenol (10.32 
g, 50 mmol), and potassium carbonate (13.82 g, 
100 mmol) to reflux for 8 days. After cooling, the 
solvent was removed in vacuo. To the residue was 
added 400 cm 3 of chloroform to extract the de- 
sired compound. The organic layer was washed 
twice with 1 mol dm 3 hydrochloric acid and 
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three times with distilled water. After drying over 
anhydrous magnesium sulfate, filtration, and ev- 
aporation, to the residue was distilled in vacuo as 
pale yellow liquid; 12.35 g (77%), TLC(SiO2, chlo- 
roform, Rf=0.73) ;  IR(neat) Vc=o 1651 cm l 
VC-N 1436 cm ~' IH-NMR (270 MHz, CDCI3, 
TMS, 20°C) ~5 0.70 (9H,s,C(CH3)3), 
1.16(6H,m,(CH2CH3)2), 1.33(6H,s,C(CH3)2), 1.69 
(2H,s,CCH2C), 3.39 (4H,s,(CH2CH3)2)), 4.64 
(2H,s,OCH2CO), 6.86 (2H,d,O-ArH), 7.27 
(2H,d,C-ArH). 

2.2. Distribution equilibria 

appropriately adjusted. Both phases were mixed 
and vigorously shaken at 30°C for more than 48 
h. After phase separation, the peaks of 14 in the 
organic phase were measured by proton nuclear 
magnetic resonance spectrometer (Jeol, JNM- 
GX270). 

3. Results and discussion 

3.1. Distribution equilibria in the extraction./i'om 
nitrate media 

An organic solution was prepared by diluting 
each extractant into an analytical grade of chlo- 
roform to a desired concentration. An aqueous 
solution was prepared by dissolving metal salts 
to a desired concentration into aqueous hy- 
drochloric acid or nitric acid solution. 
Chloroauric acid was employed as a gold salt. 
Equal volumes (10 cm 3) of both phases were 
mixed and vigorously shaken at 30°C for more 
than 48 h, which was sufficient enough to attain 
equilibrium in a preliminary experiment. After 
phase separation, the concentration of proton in 
the aqueous phase was determined by neutral- 
ization titration with sodium hydroxide aqueous 
solution using phenolphthalein as an indicator 
or by using a pH meter (Beckman, q5-45). Con- 
centrations of metal ions were measured by 
atomic absorption spectrometer (Seiko Instru- 
ments. SAS-7500) and inductively coupled 
plasma atomic emission spectrophotometer (Shi- 
madzu, ICPS-2000). The amount of extracted 
metal ions were calculated from the differences 
of the metal concentrations in the aqueous 
phase between before and after the extraction. 

2.3. Proton nuclear magnetic resonance study 

An organic sample solution was prepared by 
dissolving 14 into an analytical grade of deu- 
terium chloroform to a desired concentration. 
An aqueous solution was prepared by dissolving 
silver nitrate or sodium nitrate into an analytical 
grade of deuterium oxide or distilled water. The 
initial concentration of sodium and silver were 

The effects of the concentration of nitric acid 
on percentage extraction of gold(Ill), silver(1), 
palladium(II) and platinum(IV) with 14 and 11 
are shown in Fig. 2a and b, respectively. With 
14, gold was quantitatively extracted over the 
whole concentration region of nitric acid except 
for at 10 tool dm 3 where the extraction de- 
creased to 80%. The percentage extraction of sil- 
ver was about 80"/,, over the whole concentration 
region, though it reached about 100% at 10 
moldm 3. Palladium was extracted to the extent 
of only about 15% in the concentration region 
less than 4 moldm-3  while it abruptly increased 
up to 100% in the region greater than 4 
moldm -~. The extraction of  platinum was not 
observed in the concentration region greater 
than 0.1 moldm 3. On the other hand, in the 
extraction with !,,  the plots of the % extraction 
for gold appear to lie on a convex curve having 
a maximum of 68% at 1 moldm ', while the 
plots for silver appear to lie on concave curve 
having a minimum of 21% at 0.5 moldm 3 
Palladium was hardly extracted over the whole 
region. The extraction of  platinum with 1~ was 
similar to that with 14 . As described above, the 
percentage extractions of all kinds of metal 
ions examined with 11 was much lower than 
those with 14, except for platinum. The higher 
extraction ability of 14 may be considered to 
be attributable to the following factors: size 
matching between the ring size of calix[4]arene 
and the ionic diameters of metal ions, aggrega- 
tion of functional groups based on cone confor- 
mation. 
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Fig. 2. Effect of the concentration of nitric acid on percent 
extraction. (a) la; (b) It; m, gold; O, silver; O, palladium; A, 
platinum, [14] = 3.3 x 10 _3 moldm 3, [It] = 1.33 x 10-'- 
moldm 3 [Au3+]=[Ag+]=[Pd2+]=[pt4+]=l .0x  10 -4 
moldm - ~ 

3.2. D i s t r i b u t i o n  equ i l ib r ium in chlor ide  m e d i a  

The  effects o f  hyd roch lo r i c  acid concen t ra t ion  
on percentage  ex t rac t ion  o f  prec ious  meta ls  with 
14 and  1~ are  shown in Fig. 3a and  b, respectively.  
In the ex t rac t ion  o f  silver, since grea t  ma jo r i t y  
was p rec ip i t a ted  in the hydroch lo r i c  acid concen-  
t r a t ion  region less than  3 m o l d m  3 l i th ium chlo-  
r ide was a d d e d  so as to ma in ta in  the to ta l  
ch lor ide  concen t ra t ion  cons tan t  at  3 m o l d m - 3  in 
the region o f  hydroch lo r i c  acid  less than  3 
m o l d m  - 3 to prevent  the fo rma t ion  o f  the precipi-  
tate.  In n i t ra te  media ,  a l though  the large differ- 
ence in the ex t rac t ion  abi l i ty  was observed  
between m o n o m e r i c  and  te t ramer ic  ext rac tants ,  

the o rde r  o f  selectivity for  prec ious  meta ls  was the 
same between these two regents. In  chlor ide  me- 
dia,  however ,  the dras t ic  change  in the ext rac t ion  
o f  gold  and  silver ions was observed  between 14 
and  17. The te t ramer ic  14 can quant i ta t ive ly  ex- 
t rac t  gold,  while the m o n o m e r i c  1, scarcely ex- 
t rac t  gold  over  the whole  concen t ra t ion  region o f  
hydroch lo r i c  acid except  for  10 m o l d m - 3 ,  where 
gold was quan t i t a t ive ly  extracted.  Conce rned  with 
silver, a l though  the percentage  ex t rac t ion  with the 
t e t r amer  is cons tan t  in the hydrogen  ion concen- 
t r a t ion  region less than  3 m o l d m  3 since total  
ch lor ide  ion concen t ra t ion  is ma in t a ined  cons tan t  
at  3 m o l d m - 3 ,  it decreases  with the increase o f  

ch lor ide  concen t ra t ion  in the region greater  than  3 
m o l d m  3, a t t r ibu tab le  to the suppress ion o f  ex- 

u.l 

ua 

100 

80 

60 

40 

20 

. . . . . .  m ..... • ! ,  . .... ~ . . . . . .  ~,, 

(a) 

0 0 0 0 
0 

0 
0.001 

100 

80 

60 

40 

... . . . .  A . . . . . .  
0.01 0.1 1 10 

[HCI] / tool dm -3 

(b) 

0 

o ~  

20 • 

• 
qt ~ 

0.001 0.01 0.1 1 10 

[HCI] / mol din-3 

Fig. 3. Effect of the concentration of hydrochloric acid on 
percent extraction. (a) 14; (b) |1; I ,  gold; 0 ,  silver; o, 
palladium; A, platinum; [14]=3.3 × 10 -3 moldm-3; [ l d=  
1.33 x 10 -2 moldm 3; [Au~+]=[Ag+]=[pd2+l=[pt4+]= 
1 . 0  × 1 0  - 4  moldm -3 
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traction due to the complexation of silver ion with 
chloride anions. Contrarily, the % extraction of 
silver with the monomeric analog increases with 
the increase of proton concentration, and attains 
to 100% extraction in the concentration region 
greater than 1 moldm 3 though it abruptly and 
drastically decreases to nearly 0% at 10 moldm -~ 
This extraction behavior is similar to the extrac- 
tion of anionic metal complexes with protonated 
extractant such as high-molecular-weight amines, 
suggesting that the monomeric analog extracts 
silver as anionic species. 

In order to clarify the extremely different ex- 
traction behavior between these two extractants, 
further experiment was carried out for silver ion 
in particular. The effect of the concentration of 
proton on percentage extraction of silver ion with 
14 and 1~ was compared in Fig. 4a and b, respec- 
tively. As described above, since the precipitate 
was formed in the concentration region of hy- 
drochloric acid below 3 moldm-~,  lithium chlo- 
ride was added so as to keep the chloride 
concentrations constant at 5 and 3 moldm 3 in 
the experiment of Fig. 4a and b, respectively. In 
the chloride concentration region above 5 or 3 
moldm 3, hydrochloric acid was added to in- 
crease proton and chloride concentration as in the 
previous case. The decrease of  the added amount 
of chloride ion from 5 to 3 moldm 3 increases the 
percentage extraction of silver ion with 14, while 
only slightly decreased with 1~, indicating the 
opposite extraction behavior between 14 and 1 1. 

As mentioned earlier, the difference in the extrac- 
tion behavior is attributable to the difference in 
the species of silver extracted with each extrac- 
tant. That is, since the calix[4]arene derivative 14 
is suggested to extract silver ion as cationic spe- 
cies, the extraction is suppressed by the complexa- 
tion of silver ion with chloride ion to form anionic 
species with the increase of chloride concentra- 
tion. On the other hand, since the monomeric 
derivative 11 is considered to extract metals as 
anionic species, the percent extraction increases 
with the increase of chloride concentration in low 
acidic region, and it also increases with the in- 
crease of the concentration of the protonated 
extractant in highly acidic region. This result 
shows that the difference of the silver species 
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Fig. 4. Effect of the concentration of proton on percent 
extraction of silver ion with 14 and 11 . (a) 5 moldm ~ of 
chloride ion and (b) 3 moldm 3 of chloride ion in the low 
hydrochloric acid concentration • ,  14; , 1~; [24] =3.3 x 
10 3moldm ~;[21]=1.33× 1 0 - 2 m o l d m  a : [ A g ~ ] - l . 0 ×  
10 4 moldm ~. 

extracted depends on whether the structure of the 
extractant is cyclic or acyclic and on the fitting 
between cyclic size and ionic radius in the case of 
cyclic compound. 

The extraction of gold (llI) ion with the amide 
extractants | 4  and 11 shown in Fig. 3a and b 
seems to exhibit more significant difference of the 
metal species extracted. That is, the calix[4]arene 
derivative 14 and the monomeric derivative 11 are 
considered to extract gold as cationic and anionic 
species, respectively, similarly to the extraction of 
silver. However, different from the extraction of 
silver, the extraction of gold with the calix[4]arene 
derivative 14 is hardly suppressed by the complex- 
ation of gold ion with chloride ion due to the 



1128 K. Ohto et al./Talanta 44 (1997) 1123-1130 

strong affinity of gold ion with 14. The extraction 
of gold with the monomeric derivative 1~ is very 
poor in the region of hydrochloric acid concentra- 
tion less than 1 moldm 3, while quantitatively 
extraction was observed at 10 moldm -3. Thus, 
gold was suggested to be easily extracted as 
cationic species and to be scarcely extracted as 
anionic species less than 1 moldm-3 with 14 not 
with ll, and was extracted as anionic species at 10 
moldm-3 with 1~. 

3,3. Dependency of the extraction of silver ion on 
the extractant concentration 

The effect of the extractant concentration on 
the extraction of silver ion was examined for the 
purpose of clarifying the stoichiometry of the 
extracted complex as shown in Fig. 5. The plots 
for 14 appear to lie on a straight line with the 
slope of l, while those for l~ appear to lie on a 
straight line with the slope of 2, suggesting the 
numbers of the molecules of the reagent species 
which takes part in the extraction of the silver ion 
to be 1 and 2 for 14 and 1~, respectively. 

3.4. Proton nuclear magnetic resonance study for 
the complex of 14 and silver ion 

As the amide 14 effectively extracted silver ion 
as well as the tetrameric ketonic derivative [7,8], 

10 

¢~ 0.1 

0.01 

0.001 . . . . . . . .  I . . . . . .  i 

10 100 

[RI / mmol dm-3 

Fig. 5. Effect of the extractant concentration on percent 
extraction of silver ion with 14 and 1 I. I ,  14; ©, 11; [HC1] = 1 
moldm-3;  [Ag +] = 1.0 x 10 -4  moldm 3. 

_5 Z_ (a) 

(b) 

I~ . . . .  j ~ ~  (c) 

_~, (d) 

_ _ _ _ _ J L  _ ~  

I l l l l l l ) t l l l l l l l l l l l l l l  
7 6 5 4 ppm 

Fig. 6. Partial proton nuclear resonance spectra of 14. [14]- 
2.0 × 10 -3  moldm 3; D20/CDCI 3 = (1 cm3/1.6 cm3); (a) orig- 
inal, contacting with; (b) 5 moldm -3  hydrochloric acid 
solution; (c) 0.4 m o l d m - 3  sodium ion in 1 moldm 3 hy- 
drochloric acid solution; (d) 0.16 m o l d m - 3  silver ion in 5 
m o l d m -  3 nitric acid solution; (e) 0.08 m o l d m -  3 silver ion in 
deuterium oxide. 

the participation of carbonyl groups in the extrac- 
tion reaction should be taken into consideration. 
However, the extraction behavior of the 
monomeric derivative suggested the participation 
of the protonated form of the extractant in the 
extraction reaction in highly acidic region. In 
order to clarify the participation of the carbonyl 
groups and the protonation of the 14, the proton 
nuclear magnetic resonance study was also con- 
ducted. The partial proton nuclear magnetic reso- 
nance spectra of 14 was shown in Fig. 6. The 
chemical shifts for the peaks of 14 was observed in 
the sample prepared by only contacting with hy- 
drochloric acid solution, suggesting the protona- 
tion of 14, since, as is well-known, amide 
compounds are protonated at carbonyl oxygens in 
highly acidic region. The addition of silver ion 
caused further chemical shifts of 14 through the 
extraction. The addition of sodium ion also 
caused similar shifts. However, the shifted peaks 
of ketonic derivative which extracted silver ion 
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appeared at approximately the same position as 
those which extracted sodium ion, whereas the 
position of the shifted peaks of amide derivative 
which coordinated silver ion was partially differ- 
ent from that which coordinated sodium ion. 
Therefore, it can be considered that the coordina- 
tion of silver and sodium ions takes place at same 
sites with the ketonic derivative, while it takes 
place at slightly different sites with the amide 14. 
Since the peaks assigned to aryl proton were 
hardly shifted, the difference between the ketonic 
and amide extractants was considered to be at- 
tributable to that of the participation of carbonyl 
groups of amide compound and ketonic com- 
pounds to the coordination to metal ions; but, 
further detailed investigation should be conducted 
on this respect. 

between monomeric and tetrameric derivatives 
was suggested to be attributable to the /'act that 
calix[4]arene derivative can extract silver ion only 
as a cationic species. 
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3.5. Extraction mechanism o/'silver 

According to the above-mentioned experimen- 
tal results, the extraction reactions of silver (I) 
were inferred to be expressed as follows: For  14, 

H4 R4 ~ 4C1 + AgCI~ 

= R A g + C I  +6C1 + 4 H  + (1) 

,and i\~r 11 

2 ( H R ' C I  )+AgC1]  

=(HR)2 ~ AgCI~ + 2C1 . (2) 

where H4 R4 +4C1 and HR + C1- denote the pro- 
tonated 14 and 11, respectively. Since the protona- 
tion of the extractant 14 was supported by the 
proton nuclear magnetic resonance study as de- 
scribed above, the extraction of silver ion with 
calixarene derivative is suppressed not only with 
the increase of the proton concentration but also 
with that of the chloride concentration. 

The proposal structures of the complexes of 
silver ions formed with the extractants 14 and l j 
are shown in Fig. 7a and b. The ionic diameter of 
silver (I) is about 1.94,~ which fits for the ring size 
of calix[4]arene. However, the diameters of the 
chloride complexes of silver are much greater than 
that of the cationic species and no longer fits for 
the size of" the calix[4]arene. Thus, the remarkably 
great difference of the specific extraction behavior 
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Fig. 7. Proposal structures of complex formed of silver ion 

with 14 and I v {a) 14; (b) 11. 
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Abstract 

Lipophilic acyclic dibenzopolyether diamides, 12 kinds, have been designed to prepare solvent polymeric membrane 
ion-selective electrodes (ISEs) for Pb 2 +. The ionophores include 1,5-bis[2-(N,N-dialkylcarbamoylmethoxy)phenoxy]- 
3-oxapentanes 1-4,  1,5-bis[2-(N,N-dialkylcarbamoylpentadecyloxy)phenoxy]-3-oxapentanes 5 8, and 1,2-bis[2-(2'- 
N,N-dialkylcarbamoylpentadecyloxy)phenoxy]ethanes 9-12. Linear response concentration range of the ISE based on 
9 is 3 × 10 2 _  1 x 10 6 M of Pb 2 + (average slope = 28.5 mV decade ~). Potentiometric selectivities of the ISEs 
based on 1-12 for Pb 2 + over other heavy metal cations, alkali metal cations, and alkaline earth metal cations have 
been assessed. These ISEs exhibit remarkably high selectivities for Pb 2 ~ relative to heavy metal cations, such as 
Cu ~ , F e  ~ a n d N i  2+ the selectivity coefficients ~1,'v°t ~ b e i n g 5 x l 0  -5 6 x l 0 - S f o r l - 4 a n d c a .  6 x l 0  4for  

, , I * x  P b , C u , t  - -  

9. For the Pb 2 + selectivities over alkali metal cations, such as Na + and K + , 9 which has an ethylene glycol spacer 
and a N,N-diethyl group is superior to other dibenzopolyether diamide ionophores 1 8 and 10-12. ~, 1997 Elsevier 
Science B.V. 

Kevwords: Acyclic dibenzopolyether diamides; Electrode; Lead-selective ionophore; Poly(vinyl chloride) membrane 

1. In troduct ion  

Much  effort  has been p laced  on the develop-  
men t  o f  ion-select ive electrodes (ISEs) for var ious  
metal  cat ions.  However ,  relat ively a little a t ten-  
t ion has been pa id  to deve lopmen t  o f  Pb  2 +-selec- 
tive e lect rodes  [1]. Several  sol id-s ta te  p b 2 + - I S E s  

* Corresponding author. 

based  on PbS/Ag2S have been repor ted  [2 8]. 

However ,  the presence o f  some heavy metal  
cat ions,  such as Cu 2+ and Fe 2 .  . great ly inter-  

fered with the measuremen t  of  Pb 2 + by the solid- 

s tate ISEs. 
Some po lymer ic  m e m b r a n e  ISEs based  on neu- 

t ral  carr iers  for Pb 2+ have been developed.  
Acycl ic  [9,10] and cyclic [11] oxamides  which 
show selectivities for  PbX + (X : O H  , CI , 

0039-9140/97/$17.00 ¢5 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9 14(1(97)0002 l-0 
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and NO3-) and Pb 2 + have been examined. Mali- 
nowska et al. reported polymeric membrane ISEs 
based on thioamide functionalized calix[4]arenes 
for which the selectivity coefficients for Pb 2+ 
relative to Cu 2 + ~po, ~ -3 ~''Pb,Cul were 10 - 10 -4 [12]. 
Polymeric membrane ISEs based on polyalkoxy- 
lares [13] and liquid ion-exchangers [14] for Pb 2+ 
have been reported. Also a Pb 2+ selective field 
effect transistor (FET) was developed [15]. 

Recently acyclic dibenzopolyether dicarboxylic 
acids, such as 1,5-bis[2-(2'-carboxyhep- 
tyloxy)phenoxy]-3-oxapentane, have been pre- 
pared as selective extractants for Pb 2+ [16,17]. 
These extractants exhibited excellent selectivities 
for Pb 2 + over Cu 2+. Condensation polymeriza- 
tion of the acyclic dibenzopolyether dicarboxylic 
acids provided effective chelating resins for Pb 2 + 
separation [17,18]. In our short communication, 
we reported the synthesis of lipophilic N , N -  

dipentylamide derivatives of the dibenzopolyether 
dicarboxylic acids, such as 1,5-bis[2-(N,N- 
dipentylcarbamoylmethoxy)phenoxy]-3-oxa-  
pentane, and briefly described that a poly- 
meric membrane ISE based on the ionophore 
showed remarkably high Pb 2 +/Cu 2 + selectivity 
[191. 

In this study, we have made solvent polymeric 
membrane 1SEs by using 12 kinds of N,N-dialkyl- 
amide derivatives of the dibenzopolyether dicar- 
boxylic acids 1 12 (Fig. 1) as Pb2+-selective neu- 
tral carriers. Potentiometric selectivities of the 
ISEs for Pb 2+ over other heavy metal cations, 
alkali metal cations, and alkaline earth metal 
cations have been assessed. The effect of the 
length of ethylene glycol spacer which connects 
two benzene-ring in the ionophores and that of 
the length of alkyl group in the amide end-group 
upon the potentiometric selectivities will be dis- 
cussed. 

2. Experimental 

2. I. Chemicals '  

Poly(vinyl chloride) (PVC) with an average 
polymerization degree of l l00 was purchased 

from Wako Pure Chemical Industries (Osaka, 
Japan). o-Nitrophenyl octyl ether (NPOE) and 
potassium tetrakis(p-chlorophenyl)borate (KTp- 
C1PB) were obtained from Dojindo Laboratories 
(Kumamoto, Japan). Metal nitrates including 
Pb(NO3)2 and tetrahydrofuran (THF) were 
reagent-grade chemicals. Deionized water was 
prepared by passing distilled water through an 
Organo G-10 cartridge. 

Acyclic dibenzopolyether diamides with di- 
ethylene glycol spacers 4 and 8 are known com- 
pounds [19]. Other compounds 1-3, 5-7, and 

, / C ~ ,  O~G~ MR,2 R2N O 
Dibenzopolyether diamide 

Cmpd n R R' 

1 1 H C2H5 
2 1 H C3H7 
3 1 H C4H9 
4 1 H C5Hll 
5 1 C14H29 C2H5 
6 1 C14H29 C3H7 
7 1 C14H29 C4H9 
8 1 C14H29 C5Hll 
9 0 C14H29 C2H5 

10 0 C14H29 C3H7 
11 0 C14H29 C4H9 
12 0 C14H29 C5Hll 

Fig. 1. Structures of dibenzopolyether diamides. 
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9 12 were prepared by adaptation of the reported 
compounds and their analytical data were pro- 
vided elsewhere [20]. 

2.2. Preparation o1 PVC membranes 

PVC (50 rag), NPOE (100 mg), the dibenzo- 
polyether diamide (5.0 mg), and KTpC1PB (1.0 
mg) were dissolved in 1.5 ml of  THF.  An aliquot 
of  the T H F  solution was poured onto a porous 
polytetrafluoroethylene (PTFE) membrane at- 
tached to a PVC tube and the solvent was allowed 
to evaporate for 15~-20 min. Addition of the T H F  
solution and evaporation were repeated eight or 
nine times. The resulting PVC tube with the 
coated PTFE membrane was fixed on a Denki 
Kagaku Keiki (DKK,  Tokyo,  Japan) number 
7900 electrode body. An internal filling solution 
of 1 mM PbCI2 was added to the electrode. The 
electrode was conditioned by soaking in a 1 mM 
Pb (NO3) 2 solution for 12 h before use. 

2.3. Measurements 

Potentiometric measurements with a membrane 
electrode were carried out at 24-25°C with a 
voltage meter ( D K K  PHL-40 pH meter), a double 
junction Ag-AgCI reference electrode ( D K K  num- 
ber 4083), and a magnetic stirrer to agitate the 
sample solution. The electrode cell was Ag-AgC1/ 
1 mM PbCI2/PVC membrane/sample solution/0.1 
M MgCI2/3 M KCI/Ag-AgCI. Single ion activities 
were obtained as described in our previous paper 
[21]. The selectivity coefficient t,~eb,M*~r~e°t ~ for Pb 2+ 
over other metal cations were determined by the 
Fixed interference method [22]. The constant 
background concentration was made by the addi- 
tion of 0.01-0.1 M of interfering metal nitrates. 

3. Results and discussion 

Acyclic dibenzopolyether diamides 1 -12  were 
incorporated into solvent polymeric membranes  
in which PVC was the polymer and NPOE was 
the membrane solvent. For the ISEs prepared 
from these membranes,  potentiometric selectivities 
for Pb: + relative to other heavy metal cations, 
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> 
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v 

t " -  

"6 
1 3 .  

I 40 mV 

4 

5 

9 

12 

I i I I I I i 

-7 -6 -5 -4 -3 -2 -1 
log apb 

Fig. 2. Potential responses of ISEs based on 4, 5, 9 and 12 to 
the change of Pb ~ ~ activity. Pb(NO~): solution was used. 

alkali metal cations, and alkaline earth metal 
cations were determined by the Fixed interference 
method [22]. 

3.1. Response q/" ISEs based on dihenzopolyether 
diamides 

Typical responses of ISEs based on 4, 5, 9 and 
12 to the change of Pb 2 + activity are shown in 
Fig. 2. Nernstian responses or near Nernstian 
responses (average s lope=28 .5  mV decade ~) 
were observed for all of  those ISEs in the ranges 
of  3 x l 0  ? - l × 1 0 - ~ ' M f o r 9 a n d 3 x l 0  ~ ' -  
3 ×  10 6 M for 4, 5 and 12. It is found that 
dibenzopolyether diamides which have diethylene 
glycol spacers and ethylene glycol spacers provide 
good responses for Pb 2 +. Other dibenzopolyether 
diamides 1-3,  6 8, 10 and 11, gave similar good 
responses. 
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3.2. Potentiometric selectivities of 
dibenzopolyether diamides with diethylene glycol 
spacers 

Selectivity coefficients expressed as log r,-eot 
a x P b , M  

for ISEs based on 1 -4  are presented in Fig. 3. 
Compounds 1 -4  are N,N-dialkylamide deriva- 
tives of  1,5-bis[2-(carboxymethoxy)phenoxy]-3- 
oxapentane. It was reported that the 
dibenzopolyether dicarboxylic acid exhibited a 
good selectivity for Pb 2+ relative to Cu 2+ in 
solvent extraction (ca. 100-fold selectivity in the 
extraction constant Kcx) [16]. The pot log Kpb,Cu val- 
ues of ISEs based on 1 -4  are more negative than 
- 4 ,  which means the dibenzopolyether diamides 
have remarkably high selectivities for Pb 2 + over 
Cu 2 + 

Similarly the 1SEs based on 1 -4  exhibit quite 
high selectivities for Pb 2 + relative to some diva- 
lent heavy metal cations, the log ~,'p°t values i x  P b , M  

being - 3.9-  - 4 . 7  for M = Fe 2+ and - 3.6- - 
3.9 for M = Ni 2+ . However, the selectivities for 
Pb 2 + over alkali metal cations, such as Na + and 
K + for the ISEs are not good. The log ~,-Pot 

, ~ x P b , M  

values are 0-0.1 when M = Na + and - 0 . 7 - -  
0.6 when M = K  ÷. 

Compounds 1 - 4  are homologs which have 
ethyl, propyl, butyl, and pentyl groups, respec- 
tively, as N,N-dialky groups in the amide end- 
group. The selectivities for Pb 2÷ are not much 
dependent on the length of the alkyl group for 
most of  interfering cations. However, lengthening 
the alkyl group from ethyl to pentyl provides 

1 

0 

-1 

-4 

-5 

- - K +  - -  - - K *  - - K *  - -  - - K  + 

--U+ 
- -  - - L i *  

--Ca 2+ 

- -  - - C a 2 *  

- -  -- Ni2+ 
- -  Ni2* 
__Fe2+  Fe 2+ 
- -Cu2*  - -  
__Mg2+  ~Mg  2÷ 

1 2 

- -  --i j+ - -  --D+ 

- -  __Ca  2.  _ _  __Ca  2÷ 

- -  - -  N/2+ 

__Fe2+  - -  - -Fe2+  
-~oa2 .  - -O  j2+ 
--Mg2* - -  - -Mg2*  

3 4 

P o t  Fig. 3. Potentiometric selectivities expressed as log Kpb,M of  
ISEs based on 1 - 4  for Pb 2 + over other metal cations. 

-a_ p ~ *  

- -K *  - - - - . K  ÷ - -K  + - - - - K *  

- - - - u *  --u+ - - - - u +  --u+ 

Ca2 + Ca2 + Ca 2÷ C,a2 + 
~CU2  ÷ ~CU2+ ~Fe  2÷ f i f e2  + 

- -  - -~ NP ¢0 2+ 
- -  ~Fe2+  L Fe 2+ 

- -  - - ~ +  - - - - M g 2 +  - - - - t ¢ ~ 2 +  - - ~ 2 *  

5 6 7 8 

P o t  Fig. 4. Potentiometric selectivities expressed as log Kpb,M of 
ISEs based on 5-8 for Pb 2 + over other metal cations. 

some increase in the pb2+/Ca 2+ selectivity (0.8 
unit in the 10- K p°t '" Pb,C,), whereas the same lengthen- 
ing lowers the Pb2+/Fe 2+ selectivity (0.8 unit in 
the log r,-Pot 

x P b ,  F e / "  

Compounds 5 - 8  are tetradecyl-attached deriva- 
tives of  1 -4  at the/?-position of carbonyl group. 
The log r,-Pot values of ISEs based on 5 - 8  are ~ x P b , M  

summarized in Fig. 4. Compared with 1-4,  the 
l o g  k 'p°t  values for 5 - 8  are more positive by a x  P b , C u  

1.0-1.1 unit. It appears that attachment of the 
long alkyl group reduces the Pb 2 ÷/Cu 2+ selectiv- 
ity. This tendency is also observed for the Pb 2 +/ 
Fe 2 + selectivity, The log --Vb,Fer"P°t values for 5 - 8  are 
more positive than those for 1 -4  by 0.9-1.1 unit. 
The Pb 2 + selectivities over Na + and K + for 5 - 8  
are about the same as those for 1-4.  

3.3. Potentiometric selectivities of 
dibenzopolyether diamides with ethylene glycol 
spacers 

Compounds 9 - 1 2  possess ethylene glycol spac- 
ers which connect two benzene-ring instead of 
diethylene glycol spacers in 5-8.  The log/c-Pot 

~ x P b , M  

values of  ISEs based on 9 -12  are summarized in 
Fig. 5. 

Compared with 5 which has a diethylene glycol 
spacer and a N,N-diethyl group, the 1o" r,-Po, i x  P b , M  

values for 9 are more negative by 0.5 unit when 
M = Li +, 1.3 unit when M = Na ÷, and 0.8 unit 
when M = K +. It is anticipated that the introduc- 
tion of  ethylene glycol spacer enhances the selec- 
tivities for Pb 2+ relative to the alkali metal 



A. Ohki  et al. ,, Talanta 44 (1997) 1131 1135 1135 

References 

- - - - p ~ +  --p~+ - - - -  

, . ~  KNa. * ~,J -Na+ 

2 
- -Ca2+  - -  - -Ca2+  

_ _  __Fe2+  - -  

-3 I, __Fe2 .  - -  - -N i2÷  - -  
- - -N i  2 .  _ _  __Cu2*  _ _  

- -  ~Cu2* 
4 

I __Mg2+  - -  - -Mg2*  - -  
; 

5, 9 lO  

pb2+ - - p~ *  
- -  - -Na*  ~ --a-Na + 
- -  - -K  + ~K*  

- -  - -U *  
- -  - -U *  

~ -Fo  2+ ~ Ca 2÷ 
__C~2+ ~L  Fe2+ 
- -  Ni2* - -  Ni 2+ 

- -Cu2+  - -Cu2*  

- -Mg2+  - -Mg2  + 

11 12  
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cations. Lengthening the alkyl group in the amide 
end-group from ethyl to pentyl reduces the selec- 
tivities for Pb 2 + relative to alkali metal cations by 
0.9, 1.1, and 0.9 units in the values of  log K~,'L~, 
log k-pot and log K p°t respectively. " x P b ,  Na  P b , K ~  

Also the introduction of  ethylene glycol spacer 
provides an increase in the Pb 2 + /Cu 2+ selectivi- 

l o -  ,,-pot ties by 0 .4 -0 .6  unit in the ~xPb,Cu value. It is 
proposed that ethylene glycol spacers are good for 
the Pb 2 + complexation compared with diethylene 
glycol spacers. 

Taking into account the high selectivities for 
Pb 2 * over alkali metal cations, such as Na  + and 
K +, as well as over heavy metal cations, com- 
pound 9, which has an ethylene glycol spacer and 
a N,N-diethyl group, seems excellent as a Pb 2+- 
selective neutral carrier for polymeric membrane 
ISE. The log ~pot value for 9 is 3.8 which is i x  P b , C u  

somewhat  worse than those for 1-4;  whereas the 
selectivity is still much superior to those for solid- 
state ISEs [3,5]. The ISE based on 9 show almost 
constant response (slope and selectivity) over 3 
months with measurement every 2 or 3 days. 
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I. Introduction 

The recent years have witnessed a considerable 
growth in the usage of sensors for the detection of 
clinically and industrially relevant molecules. To 
achieve specificity, sensors normally employ 
molecules of biological origin like enzymes. The 
poor stability together with the high cost are 
perhaps the major drawbacks of the sensors con- 
taining biomolecules. 

The systems based on stable chemicals, though 
look attractive, may not be specific which is in- 
deed the most crucial factor of a sensor. The 
technique of molecular imprinting has emerged as 
a powerful method to impart specificity in com- 
mon synthetic polymers [1-3]. During the last few 
years several molecularly imprinted polymers 
have been synthesised for a variety applications. 
The high degree of selectivity and specified func- 
tionality of this class of polymers have been 
demonstrated in several studies [4 7]. In spite of 

all these studies, however, the studies related to 
the use of molecularly imprinted polymers as sen- 
sor component have leastly been reported [8]. 

Normally molecularly imprinted polymers 
(MIPs) are synthesised either by thermal initiators 
or by photo polymerisation [9]. In both cases 
extra components are added as polymerisation 
aids. These additives may interfere with the rear- 
rangement of monomers around the print 
molecules subsequently affecting the density of 
recognition sites. We have recently synthesised 
MIPs using---radiation method [10,11]. The radi- 
ation process appears to be more effective and 
simpler than the other methods. 

The report discusses our preliminary results on 
the feasibility of using MIP as a sensing element. 
Radiation polymerised poly (2 hydroxy ethyl 
methacrylate) molecularly imprinted for the 
recognition of salicylic acid, is used in this study 
as a sensing component for sensing salicylic acid 
in urine. 

0039-9140'97517.00 ,t;" 1997 Elsevier Science B.V. All rights reserved, 

PII S0039-9140(96)02204-7  
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2. Experimental 

2-hydroxy ethyl methacrylate (HEMA) and 
ethylene glycol dimethacrylate (EDMA), obtained 
from Sigma Chemicals, St. Louis, USA were used 
after removing the stabiliser by vacuum distilla- 
tion. All other chemicals (chromatographic grade 
or analytical grade) were obtained from EMerck, 
Bombay, India. 

3. Synthesis of MIP 

2 g HEMA, 300 mg salicylic acid and 1 g 
EDMA were dissolved in l0 ml methanol. The 
solution was placed in a polyethylene container, 
purged with nitrogen, sealed and subjected to 
7-irradiation from a Co °° source (Panoramic 
batch irradiator, BARC, Bombay) to a total dose 
of 0.5 Mrad at a rate 0.25 Mrad/h. The polymer 
in the form of a film having a thickness of 0.1 mm 
was taken out and washed extensively used water 
followed by methanol for removing salicylic acid 
and unpolymerised monomer if any. The com- 
plete removal of salicylic acid was ensured prior 
to the use of the polymer for further studies. 
HEMA was also polymerised under the similar 
conditions without adding the print molecules 
(salicylic acid) to serve as control. Phthalic acid 
was used as a molecule of comparable shape and 
structure of salicylic acid to check the specificity 
of the MIP towards salicylic acid. 

4. Instrumental 

A Waters Assoc. High performance liquid chro- 
matographic system consisting of a model 6000A 
solvent delivery pump model U6K injector and a 
model 486 tunable absorbance detector was used 
for the chromatographic studies. A /z-Bondapak 
C~8 column in conjunction with methanol:water 
(90:10 v/v) was used as mobile phase at a flow 
rate of 1 ml rain ~ for the chromatographic 
estimation of salicylic acid and phthalic acid. The 
column effluents were monitored at 236 and 254 
nm for the estimation of salicylic acid and ph- 
thalic acid, respectively. The chromatograms were 

obtained on an omini scribe strip chart recorder 
(Houston Instruments, TX, USA). 

5. Method 

Standard solutions of salicylic acid in urine 
were prepared by dissolving appropriate amount 
of salicylic acid in freshly collected human urine. 
The solutions were filtered using 0.45 /~m filters. 
Solutions of phthalic acid were also prepared in a 
similar fashion. 

About 40 mg MIP was placed in 5 ml solution 
for 30 min at room temperature (26 +0.1°C). 
Calibration plot was constructed between the con- 
centration and peak height of salicylic acid. The 
urine solutions were subjected to chromato- 
graphic analysis before and after placing the MIP. 
The amount of salicylic acid in the solutions were 
estimated using the peak height on the calibration 
plot. The difference in concentration of salicylic 
acid before and after placing MIP is taken as the 
amount of salicylic acid adsorbed by the polymer. 
Poly (HEMA) prepared under similar experimen- 
tal conditions without print molecule was used as 
control. The extent of uptake of phthalic acid was 
also monitored by the chromatographic procedure 
as mentioned earlier. 

6. Results and discussion 

Table 1 summarises the extent of uptake of 
salicylic acid by MIP and control polymer. The 
amount of salicylic acid adsorbed by the control 
polymer is negligibly small. It may be reasonable 
to presume that salicylic acid molecules might 

Table 1 
Extent of adsorption of salicylic acid by MIP and control 
polymer 

Amount adsorbed 
by MIP (/~g) 

Amount adsorbed by control poly- 
mer (/Lg) 

7.5 1.6 
14 2.6 
18 3.5 
20 3.7 
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Table 2 
Extent of uptake of phthalic acid by MIP and control polymer 

Amount adsorbed by Amount adsorbed by control 
MIP (/~g) (ILg) 

0,92 1.06 
1.40 1.38 
1.81 1.90 

have trapped in the porous structure of the con- 
trol polymer comparatively the higher uptake of  
salicylic acid by the MIP clearly point out the 
creation of  recognition sites in the polymer. The 
sites favour the selective interaction of  salicylic 
acid leading to the increased adsorption, 

It is mandatory that a sensing element should 
have high degree of selectivity. In this study we 
used phthalic acid as a molecule of comparable 
features of salicylic acid. The uptake of phthalic 
acid by MIP and control polymer is summarised 
in Table 2. It can be seen that there is not 
considerable variation in the extent of adsorption 
of this molecule by MIP and control poly 
(HEMA). Indeed a small quantity of phthalic acid 
is adsorbed by MIP which is comparable with the 
amount of phthalic acid adsorbed by the control 
polymer forcing to conclude that the component 
is simply trapped in the polymer matrix. By com- 
paring the extent of adsorption of salicylic acid 
and phthalic acid by MIP and control poly 
(HEMA), we could conclude that MIP does not 
have any specific affinity towards phthalic acid 
and this data further suggest that imprinted poly 
(HEMA) has a specific, recognising ability. 

It is found that the equilibrium swelling of MIP 
and control poly (HEMA) in methanol are very 
less (<0 .8%)  by reflecting the extensive cross 
linking leading to the formation of rigid matrices. 
Moreover, nearly identical swelling of both MIP 
and control polymer (Equilibrium swelling of 
MIP~ 0.76'7,,) point out that both these polymers 
have a nearly identical morphology. 

Concentration dependent functionality is one of 
the prime factor of  any sensing device. The uptake 
of salicylic acid vary as a function of concentra- 

c~ 

k 3o 

LI 

~ 2o 
r3 

0 200 400 600 

Amount  m /mL so lu t i on (~g )  

Fig. 1. A graphical representation of the extent of uptake of 
salicylic acid by MIP as a function of concentration. 

tion. This aspect is highlighted in Fig. 1. The 
extent of adsorption of salicylic acid is linear up 
to 300 tag ml ~ which is indeed higher than the 
normal concentration of drugs in a biological 
matrix like urine. The linearity up to this concen- 
tration, in fact, indicates that the MIP based 
system could be used as a sensing element. 

The absorbed salicylic acid can completely be 
removed from the MIP by simply extracting with 
methanol reflecting the feasibility of  reusing lhe 
MIP in a continuous manner. 

The poor stability is the major drawback of any 
sensing element containing a biomolecule which is 
one of  the additional advantage of MIP, 

An ideal sensor should have high degree of 
selectivity together with the ability to visualise the 
event of binding of the molecule to be detected in 
the form of a visual colour change. This eventual- 
ity may be possible by incorporating additional 
reagents in the MIP which would be addressed in 
our forthcoming publications. 

The results presented here are highly prelimi- 
nary. Our aim is just to demonstrate the feasibility 
of employing MIPs in sensor construction. Fur- 
ther extensive studies are needed to optimise these 
synthetic systems to employ routinely in sensors. 
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Abstract 

A simple and very sensitive kinetic fluorimetric method is reported for the determination of trace amount of 
thiocyanate. The proposed method is based on the inhibition effect of thiocyanate on oxidation of rhodamine 6G by 
potassium bromate in sulfuric acid solution. The detection limit for thiocyanate is 1.63 x 10 6 mmol/1. The linear 
range of the determination is 4.82 x 10  - 6  4.13 x 10 5 mmol/1. This method has been used to determine trace 
thiocyanate in urine and saliva of smokers and non-smokers. The results obtained are satisfactory. © 1997 Elsevier 
Science B.V. 

Keywords: Body fluids; Inhibition; Kinetic fluorimetric method; Rhodamine 6G; Thiocyanate 

1. Introduction 

Thiocyanate is present in the human body as a 
metabolic degradation product of  sulphur-con- 
taining compounds in tobacco. It is a detoxication 
product of  cyanide and its content is higher in the 
body fluids of  smokers. For  this reason the con- 
centration of thiocyanate has been considered to 
be a good indicator for distinguishing between 
smokers and non-smokers [1-3]. 

Thiocyanate is also administered as a drug in 
the treatment of  thyroid conditions. In addition, 
the higher concentration of thiocyanate in the 
human body will lead to vertigo or unconcious- 
ness. Therefore, an accurate and reliable method 
for the determiantion of thiocyanate in biological 
sample is of  medical interest. 

* Corresponding author. 

Several methods for the determination of  thio- 
cyanate have been published. The spectrophoto- 
metric method is mainly based on the formation 
of the red iron(III)-thiocyanate complex [4,5]. It 
can meet the requirment of sensitivity for the 
determination of thiocyanate in body fluids, but 
does not possess sufficient selectivity. Flow injec- 
tion method [2] is rapid and simple, but its sensi- 
tivity is lower. It can' t  meet other applications 
which require high sensitivity. The other methods 
such as linear sweep polarography [6], ion-selec- 
tive electrodes [7,8], pulse-polarography [9] and 
gas chromatography [10,11] were also used for the 
determination of thiocyanate. Unfortunately, 
most of these methods are laborious to perform 
and involve use of  hamful reagents. Also, some of 
those need more expensive instruments so that 
they can not easily be popularized. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02080-2 
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So far there is only one report on the determi- 
nation of thiocyanate by catalytic fluorimetric 
photometry [12]. It is based on the catalytic effect 
of thiocyanate on oxidation of As(III) by Ce(IV). 
However, the compound of  As(III) is toxic and 
therefore unfavourable for environmental reasons. 
Furthermore, the sensitivity of this method has 
been unsatisfactory. 

In this work, a detailed study of the appropri- 
ate conditions for the inhibition effect of thio- 
cyanate on the oxidation of rhodamine 6G by 
potassium bromate and of the best reagent con- 
centration have been conducted. On the basis of 
this, a new way for the determination of trace 
thiocyanate with high sensitivity and selectivity 
was proposed. The method is simple, rapid and 
reliable. Its detection limit is 1.63 x 10 -6 mmol/1, 
which is lower than that of  any other method 
reported in the literature. This method has been 
applied for the determination of thiocyanate in 
urine and saliva of smokers and non-smokers. 
The result is satisfactory. 

2. Experimental 

2.1. Reagents and instruments 

2.1.1. Thiocyanate solution 
The solution was prepared from the potassium 

thiocyanate and standardized with standard silver 
nitrate solution by Volhard method [13]. The 
standardized concentration of thiocyanate is 
1.0 x 102 mmol 1- 1. Working standards were pre- 
pared by suitable dilution. 

Rhodamine 6G solution: 0.1 mmol 1-i .  
Potassium bromate solution: 1.0 x 102 mmol 
1-1. 

Sulfuric acid solution: 5.0 x 102 mmol 1 1; 
Sodium acetate: 2.00 x 103 mmol 1 1; 
RF-5000 (Japan) fluorophotometer; 
Model 930 (Shanghai ,  China) fluorophotome- 
ter; 
Model 501 super constant temperature meter. 
All of the reagents used in the experiment were 

analytical grade or guaranteed reagent. Redistilled 
water was used to prepare solutions. 

2.2. Procedure 

Add proper amount of standard thiocyanate 
solution, 3.00 ml of 5.0 x 10 2 mmol 1 ~ sulfuric 
acid and 0.30 ml of 0.1 mmol 1 i rhodamine 6G 
to a 25 ml measuring flask, then dilute the solu- 
tion with water to 20 ml. Then add 0.70 ml of 
1.0 x 102 mmol 1-~ potassium bromate into the 
flask, dilute up to the mark before shaking. After 
heating the sample in a thermostatted water bath 
(30 _+ 0.2°C) for 9 min, add 1.00 ml of 2.0 x 103 
mmol 1 i sodium acetate to stop the reaction. Its 
fluorescence value Iv and blank value Ivo (Iv0 is 
recorded when no thiocyanate is present) were 
determined at an excitation wavelength of 348.4 
nm and emission wavelength of 548.4 nm. Then 
values of AI F = I v - Ivo was calculated. 

3. Results and discussion 

Rhodamine 6G is a triphenylmenthane dye. It 
emits very strong yellow-green fluorescent light. 
When oxidized by a strong oxidizer--potassium 
bromate, its molecular structure is destroyed and 
the fluorescence disappears. When trace amounts 
of thiocyanate are present, this oxidation reaction 
is inhibited (Fig. 1, 3-3'),  as shown in Fig. 1. On 
the basis of this, a new kinetic fluorimetric 
method for the determination of trace thiocyanate 
has been proposed and the experimental condi- 
tions have been studied. 

3.1. Choice o f  the best experimental  
conditions(with thiocyanate concentration being 
2 .07×  10 - s mmol  1 I under all conditions). 

3. I .I .  Choice o f  medium and influence o f  its 
concentration level 

The following media have been tried in the 
proposed experiments: sulfuric acid, phosphoric 
acid, hydrochloric acid. It was found that the 
sensitivity of reaction is very low in the medium 
of phosphoric acid. In hydrochloric acid, the reac- 
tion is interfered seriously because of the exit of a 
large amount of CI . Only in sulfuric acid, the 
inhibition effect of thiocyanate is striking. The 
sensitivity is high and the reproducibility is good. 
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B 

Wavele,.,~th (nz) 

Fig. 1. Excitation (A) and emission (B) spectra of Rhodamine 
6G in the presence of diferent reagents: [SCN ] = 3.44 x 10 
5 mM; 60 mM H2SO4; 1.2x10 3 mM Rh6G; 2.8 mM 
KBrO3; Temperature: 30°C; Time: 9 min. 1-1': Rh6G, H2SO 4. 
2-2': Rh6G, KBrO3. 3-3': Rh6G, KBrO3, H2804, SCN- .  4-4': 
Rh6G, KBrO 3, H2SO 4. (1-1',2-2',3-3',4-4' pairs of curves were 
obtained through scanning different reaction systems, which 
were listed above). 

Therefore, sulfuric acid was selected as the reac- 
tion medium. 

The influence of the concentration level of 
5.0 × 102 mmol 1-J sulfuric acid has been investi- 
gated. The results were shown in Fig. 2. It can be 
seen from this figure that AI F value increases with 

40 
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/ 
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~ 20 f 
"4 I 

l 
1 
1 

J 

~ - i~  

4.4 5.2 6.0 6.8 
cor, centrat ior , ( r r ,  m o l / I ) ,  x 1 0-~ 

Fig. 2. Influence of sulfuric acid concentration upon Iv: 1.2 x 
10 3 mM Rh6G; 2.8 mM KBrO~; Temperature: 30°C; Time: 
9 min. 
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Fig. 3. Influence of Rh6G concentration upon Iv: 60 mM 
H2go4; 2.8 mM KBrO3: Temperature: 30°C; Time: 9 min. 

increasing concentration of sulfuric acid. When 
the concentration is in the ranges of  48-56 mmol 
1 -1 and 58-62 mmol 1-1, Air value changes 
slowly. But in the latter range, the sensitivity is 
higher. So 3.00 ml of 5.0 x 102 mmol 1- ~ sulfuric 
acid is chosen. 

3.1.2. Influence of rhodamine 6G concentration 
level 

Fig. 3 shows the influence of rhodamine 6G 
concentration upon Iv value. It is apparent that 
AIF value decreases with increasing concentration 
of rhodamine 6G. On the contrary, the lower 
rhodamine 6G concentration is, the higher the test 
sensitivity is. However, the reproducibility is not 
good when the concentration of rhodamine 6G is 
low. So 0.30 ml of rhodamine 6G was used in this 
work. 

3.1.3. Influence of concentration level of 
potassium bromate 

The influence of potassium bromate upon Iv 
has been studied. The results obtained are shown 
in Fig. 4. Obviously, AIF value increases with 
increasing concentration of  potassium bromate. 
But a large amount of potassium bromate will 
result in bad reproducibility. So 0.70 ml of potas- 
sium bromate is best choice. 
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Fig. 6. A/F-Reaction time curve of the system: 60 mM H2SO4; 
1.2 x 10 -3 mM Rh6G; 2.8 mM KBrO3; Temperature: 30°C. 

3,1.4. Influence o f  reaction temperature 
The effect o f  reaction temperature was studied 

in the range 2 0 - 3 5  °. Fig. 5 shows that the reac- 
tion rate increases with increasing temperature 
up to 30°C. When the temperature is higher 
than 30°C, Air value diminishes. Thus, 30°C 
was used in this study. 

,:,q 

2O 

10 t 
I 

O [  . . . . . .  10.(i 

I / 
I 

,/ 
/J 

/ '  

20 .0  50 .0  
T e m p e r a t u r e (  ic 

40 .0  
) 

Fig. 5. Influence of temperature upon IF: 60 mM H2SO4; 
1.2 x 10-3 mM Rh6G; 2.8 mM KBrO3; Time: 9 min. 

3.1.5. Influence o f  reaction time 
The influence o f  reaction time upon fluores- 

cence intensity was shown in Fig. 6. It can be 
seen that A l ~ - t  curve is linear in the range o f  
7 - 9  min. Thus, 9 min is taken as the reaction 
time. 

3.1.6. The end o f  reaction 
Considering the fact that  the experiment was 

conducted by a fixed-time method,  we have to 
find out  an efficient way to end the reaction. In 
this study, the effect o f  PH on the reaction rate 
is notable. So 1.0 ml sodium acetate were added 
to end the reaction efficiently. 

3.2. Relation between thio~Tanate and I F 

According to the experimental method de- 
scribed above, values o f  Iv were determined and 
the calibration curve was drawn (Fig. 7). It can 
be seen that  within the range o f  4.82 x 10 - 6 -  

4.13 x 10 -5  mmol  1 1, a linear relation was 
found between A/v- value and thiocyanate  con- 
centration. The linear equat ion obtained by a 
least-square analysis is found to be A / v =  
0.3967 + 1.065 x 1 0  6 C (mmol 1-J),  with correla- 
tion coefficient r = 0.9992. 
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Fig. 7. A l ib ra t ion  graph.  

3.3. Interference of coexistence ions 

Under the chosen experimental conditions, an 
interference experiment was conducted on more 
than 30 common ions. When the permitted rela- 
tive deviation from the I v value is _+ 5%, the 
interference is listed in Table 1. 

Parallel experiments, 11, were made on the 
following test solutions. The results are as follows: 

Iv values of the reagent blank: standard devia- 
tion S.D.=0.58;  detection limit: 1.63 x 10 -(' 
mmol 1 l 

The measured Iv values for 6.89 x 10 6 mmol 
l -~ thiocyanate solution: standard deviation 
S.D. = 0.56; coefficient of variation: 0.89%. 

The measured 1F value for 2.07 x 10 -~ mmol 
1 ~ thiocyanate solution: standard deviation 
S.D. = 1.13; coefficient of variation: 1.41%. 

3.5. Sample analysis 

The proposed method can be used successfully 
to determine thiocyanate in urine and saliva of 
smokers and non-smokers. The sensitivity of this 
system makes it possible to reduce the preparation 
procedures of samples. Samples only need cen- 
trifugate to be free from suspended matter. Then 
the samples were diluted and to be analysed di- 
rectly. The results obtained have been compared 
with those of Ali A. Ensafi et al. [14] from cata- 
lytic photometric method. 

3.5.1. Determination of trace thiocyanate in urine 
Urine samples, 10, (five for smokers and five for 

non-smokers after getting up in the morning) were 

Table  1 

The influence of  coexistence ions 

Coexis tence  ions Ra t io  [ ion] / [SCN-]  Coexis tence  ions Ra t io  [ion]/[SCN ] Coexis tence  ions Ra t io  [ion]/[SCN ] 

Na"  4.32 x 103 K + 5.15 x 103 Ca  2-  3.38 
M g  2+ 1.66 x 104 Cu 2+ 1.21 x 102 Pb 2+ 4.35 x 10 ~ 

Zn  2 + 7.52 x 102 Ni 2+ 3.60 x 103 Cd -~ + 1.72 x 103 

Mn 2+ 1.67 × 104 As ( I l l )  45.53 Sb( l l l )  65.73 
Bi 3 '  3.81 × 103 Cr  3+ 24.5 Cr 6'  13.2 

Fe 3+ 3.33 × 102 Sn 4+ 30.8 Si(IV) 67.9 

Ge(IV) 10.0 Zr(IV) 3.47 × 103 V(V} 1.67 
W(VI)  66.67 Mo(VI)  3.33 x 102 Se 4" 6.74 x 102 

Co 2+ 3.43 x 103 A13~ 3.33 x 102 F 3.33 × 10 ~ 

C I -  1.33 × 103 Br 0.67 1 0.27 

SO 4 -  9.01 × 103 N O  2 0.33 N O ~  8.18× 103 

PO] 3.33 x 103 C2O 4-  3.33 x 103 CIO~ 1.33 x 10" 
CN 1.36 x 103 

[SCN ] = 2 . 0 7 x 1 0  5 m m o l l  i. 
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collected, contrifugated for 5 min with the rate of 
2000 r min - 1. Then the sample was diluted about 
7000-fold and analysed using the procedures de- 
scribed before. At the same time, a blank test was 
conducted. Thus, obtained thiocyanate content in 
the urine sample and the result of addition recov- 
ery test are shown in Table 2. It is evident that the 
agreement between the results obtained from the 
two methods is reasonably good. 

Determination of trace thiocyanate in saliva. 
The procedure of sample collection, centrifuga- 
tion, dilution and determination is the same as 
described above. The result is also included in 
Table 2. 

Densen et al. [1] reported that the thiocyanate 
levels in urine is 0.3 mmol 1--~ for non-smokers 
and 0.6 mmol 1 ~ for smokers, and those in saliva 
were 0.9 mmol 1-1 and 3.1 mmol 1 ~, respectively. 

Therfore, our results are in excellent agreement 
with those given by Densen et al. [1] 
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Abstract 

The complex-formation equilibria of dimethyltin(IV), trimethyltin(IV) and tributyltin(IV) with pyridoxamine were 
investigated in dioxane-water mixtures and at different temperatures using a potentiometric technique. The stepwise 
formation constants of the complexes formed in solution were calculated using the non-linear least-square program 
MINIQUAD-75. The effect of dioxane as a solvent on the protonation constants of pyridoxamine and the formation 
constants of organotin(IV) complexes was discussed. The thermodynamic parameters AH ° and AS ° calculated from 
the temperature dependence of the equilibrium constants were investigated. The concentration distribution of the 
various complex species was evaluated as a function of pH. © 1997 Elsevier Science B.V. 

Keywords: Organotin(IV); Stability constants; Vitamin B 6 

I. Introduction 

Vitamin B 6 pyridoxol, pyridoxal and pyridox- 
amine and their phosphorylated derivatives form 
many complexes with metal ions [1,2]. Pyridoxam- 
ine, in particular, forms quite stable complexes in 
solution [3] and may act as a monodentate or 
bidentate ligand utilizing the m-oxy and amino- 
moiety of the p-aminomethyl group. Their com- 
plex formation equilibria may act as models 
mirroring the effects of exogenenous ligands in 
biological processes involving vitamin B 6. 

In the context of studies on the antitumour 
properties of complexes involving organotin(IV) 

* Corresponding author. 

moieties with fragments of biological systems, the 
effect of organotin(IV) compounds with pyridox- 
amine against L 1210 leukemia has been investi- 
gated [4-6]. 

We considered that a systematic study of the 
coordination chemistry of organotin(IV) com- 
plexes with the pharmacologically active pyridox- 
amine might provide further information on their 
antitumour and cytotoxic activity. In conjunction 
with our research project directed to study the 
solution chemistry [7-10] of diorganotin(IV) and 
triorganotin(IV) complexes with amino acids and 
related compounds, the present paper aims to 
characterize the reaction of pyridoxamine with 
trimethyl-, dimethyl- and tributyltin(IV) chlorides. 
The effect of temperature and solvent on the 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)0211 3-3 
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complex formation equilibria were also investi- 
gated. 

CHzNH z 

P y r i d o x a n l i n e  

2. Experimental 

2.1. Materials and reagents 

Pyridoxamine dihydrochloride [Pm(HC1)2] pro- 
vided by (Fluka AG) was used as supplied. 
Trimethyltin(IV) chloride [TMT], dimethyltin(IV) 
chloride [DMT] and tributyltin(IV)chloride [TBT] 
were from Merck Chem. Sodium hydroxide stock 
solutions were prepared by diluting the content of 
BDH concentrated volumetric solution vials. 
These solution were systematically checked by 
titration against potassium hydrogen phthalate. 
TBT solutions were prepared in dioxane. The 
other solutions were in deionized water. 

2.2. Procedure and measuring techniques 

The potentiometric titrations were performed 
using a Metrohm 686 titroprocessor equipped 
with a 665 dosimat (Switzerland-Herisaue). The 
titroprocessor and electrode were calibrated with 
standard buffer solutions, prepared according to 
NBS specifications [11]. The titrations were car- 
ried out in a purified nitrogen atmosphere using a 
titration vessel described previously [12]. The tem- 
perature was maintained constant by a Colora 
Ultrathermostat. 

The following mixtures (A-C) were prepared 
and titrated potentiometrically with standardized 
NaOH solution ( ~  0.1 M). 

(A) 40 ml of a solution containing [Pm(HC1)2] 
(2.5 x 10 -3 M) and NaNO3 (0.1 M). 

(B) 40 ml of a solution containing [Pm(HC1)2 ] 
(2.5x 10 3 M), DMT (1.25x 10 ~ M) and 
NaNO 3 (0.1 M). 

(C) 40 ml of a solution containing [Pm(HCI)2] 
(2.5x 10 ~ M), TMT or TBT (2.5x 10 3 M), 
and NaNO 3 (0.1 M). 

All mixtures were titrated in different percent- 
age (v/v) dioxane-water solutions (25.0, 37.5, 50.0, 
62.5 and 75.0) and at different temperatures (15.0, 
20.0, 25.0, 30.0 and 35.0°C). 

The equilibrium constants were evaluated from 
titration data, defined by Eq. (1) and Eq. (2). 

I(M) + p(L) + q(H) ~ (M)I(L)p(H)q (1) 

[(M),(L)p(H)q] 
flpqr = [M],[L]P[H]q (2) 

where M, L and H represent organotin(IV), pyri- 
doxamine and proton respectively. The calcula- 
tions were performed using the computer program 
[13] MINIQUAD-75 by means of an IBM-4366 

PH 

10 : - - 

4 ~ 

• / / / f  , 

;2 theolilic~ I ¢urv. 

m E× erim~ntml c~rve 

a ]'] r l r l l J l l T r r r l l l [ i  i i i i i l i i r 1 N r r r r iT iT ; ]  rHTflTVITF~r~] i ii111 i1111 [1 
0 0 5  I 1 5  2 2 5  3 3 5  

M o l e s  of base  a d d e d  per  m o l e  of l i g a n d  

Fig. 1. Potentiometric titration curve for DMT-pyridoxamine 
system. 
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Table 1 
Formation constants of pyridoxamine complexes 

System Temp. (°C) 1 p q~' log fib S ¢ 

Pm 15 2.8E-7 

DMT-Pm 7.4E-8 

TMT-Pm 

TBT-Pm 

Pm 

DMT-Pm 

TMT-Pm 

TBT-Pm 

Pm 

DMT-Pm 

TMT-Pm 

TBT-Pm 

Pm 

DMT-Pm 

TMT-Pm 

TBT-Pm 

Pm 

DMT-Pm 

TMT-Pm 

TBT-Pm 

20 

25 

30 

35 

0 l 
0 1 
0 1 
1 1 
1 2 
1 
1 
1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
1 
I 
1 
0 
0 
0 
1 
I 
1 
1 
1 
I 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 

I 11.08(0.02) 
2 19.44(0.03) 
3 22.88(0.05) 
0 12.99(0.06) 
0 18.81 (0.07) 
1 18.77(0.02) 
0 8.27(0.03) 
l 16.32(0.03) 
0 7.65(0.04) 
1 15.(t2(0.09) 
I 10.68(0.011 
2 19.01(0.0l) 
3 22.52(0.02) 
0 12.66(0.05 
0 18.25(O.06 
1 18.38(0.02 
0 7.82(0.03 
1 15.87(0.03 
0 7.45(0.02 
1 14.70(0.06 
1 10.61(0.01 
2 18.85(0.02 
3 22.20(0.03 
(1 11.93(0.03 
0 17.26(0.03 
1 17.68(0.01 
0 8.21(0.06 
I 15.78(0.06 
0 7.53(0.03 
1 14.76(0.05 
1 10.53(0.01 
2 18.66(0.02 
3 21.64(0.03 
0 11.86(0.05 
0 18.35(0.05 
1 17.31(0.03 
0 8.37(0.03 
1 15.95(0.03 
0 7.52(0.03 
I 14.81(0.06 
1 9.94(0.01 ) 
2 17.84(0.02 
3 21.00(0.05 
0 11.68(0.08 
0 17.30(0.09 
1 17.31(0.03 
0 7.66(0.02 
1 14.93(0.02 
0 7.02(0.01 
1 14.12(0.03 

1.7E-7 

2.3E-7 

7.6E-8 

5.5E-8 

1.5E-7 

8.3E-8 

9.1E-8 

1.6E-8 

6.5E-7 
2.2E-8 
6.8E-8 

1.0E-7 

6.9E-8 

2.0E-7 

1.3E-7 

3.1E-7 

1.6E-7 

1.4E-7 

3.1E-8 

~' l, p and q are the stoichiometric coefficient corresponding to organotin(IV), pyridoxamine and 
b Standard deviations are given in parentheses. 

Sum of square of residuals. 

H + , respectively. 
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computer. The stoichiometries and stability con- 
stants of the complexes formed were determined by 
trying various possible composition models. The 
model selected gave the best statistical fit and was 
chemically consistent with the titration data with- 
out giving any systematic drifts in the magnitudes 
of various residuals, as described elsewhere [13]. 
The fitted model was tested by comparing the 
experimental titration data points and the theoret- 
ical curve (simulated) calculated from the values of 
acid dissociation constant of the ligand and forma- 
tion constants of the corresponding complexes. Fig. 
1 shows a comparison between the experimental 
data points of the titration of dimethyltin(IV)-pyri- 
doxamine system, taken as a typical example, and 
the theoretical curve. Table 1 and Table 2 list the 
formation constants together with their standard 
deviations and the sum of square of residuals as was 
obtained from the program MINIQUAD-75. Con- 
centration distribution diagrams were obtained 
using the program Species [14]. 

3. Results and discussion 

3.1. Protonation equilibria 

The acid dissociation constants of pyridoxamine 
were determined under the same experimental con- 
ditions of ionic strength and temperature which are 
used for the study of organotin(IV) complex equi- 
libria. A maximum number of three protons can be 
released from pyridoxamine in the fully protonated 
form (H3 L2+) on titration with strong base in the 
pH range (3.2-11.0). The titration data indicates 
the presence solely of simple HL, H2 L ÷ and H3 L2 + 
complexes, where HL represents pyridoxamine in 
the neutral form. The overall protonation constants 
(log flol~, log flo~2 and log flo13) of pyridoxamine 
were calculated. The values obtained (Table 1) are 
in good agreement with the literature data [3], after 
considering changes in experimental conditions. 
The stepwise protonation constants in aqueous 
solution at 25°C can be represented by: log K~ = 
10.61, log K~ = 8.24 and log K3 H = 3.35. These val- 
ues correspond to the phenolic (OH), ammonium 
(NHf)  and protonated pyridine groups, respec- 
tively. 

3.2. Complex formation equilibria 

The potentiometric equilibrium titration curves 
of pyridoxamine in the presence and absence of 
trimethyltin(IV), taken as a representative example, 
are given in Fig. 2. The complex titration curve 
starts at pH ~ 3.10 and is significantly lower than 
the ligand curve. This may be conceived as a visual 
indication of complex formation through a release 
of hydrogen ions. The results of triorganotin(IV) 
complexes show the formation of the 1:1 (organ- 
otin:ligand) complex and the corresponding proto- 
nated complex species. On the other hand, the 
results in the diorganotin(IV) system show the 
formation of 1:1 and 1:2 complexes and of the 
protonated species of the 1:1 complex. The forma- 
tion constants of the butyltin(IV) complexes, Table 
1, were found to be lower than those of the methyl 
analogues. This may be due to steric crowding 
between the bulky butyl group and pyridoxamine. 
The formation constant of the 1:1 complex with 
DMT is higher than with TMT. This is explained 
on the premise that pyridoxamine binds to DMT 
and TMT as bidentate- and monodentate ligands, 
respectively. The coordination geometry around tin 
in (CH3)3Sn(IV) in aqueous solution is believed to 
be trigonal bipyramidal in which the three methyl 
groups are situated in the equatorial plane. Com- 
plex formationwould then involve pyridoxamine 
binding in the apical site. The same behaviour was 
reported for (CH3)3Sn(IV)-pyridine complex [15]. 
Dimethyltin(IV), on the other hand, is able to form 
octahedral complex with the two methyl groups are 
probably colinear and placed vertically following 
the rules of group theory. A similar structure was 
reported for (CH3)2Sn(IV)-Br2(pyridine)2 complex 
[16]. Further studies are needed to support the 
structural elucidation of the coordination geometry 
of the organotin(IV) complexes, e.g., 1H-J19 Sn 
and/or 13C-119 Sn nmr measurements. However 
such studies are not yet available and will be 
considered in the future. 

The acid dissociation constants of the protonated 
complexes are given by relation Eq. (3) 

(m = log M M 
- -  KM(L) pKM(L)(H ) KM(L)(H ) log (3) 
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Table 2 
Effect of solvent on the equilibria of pyridoxamine complexes 

1153 

System Dioxane proportion (%) I p q~ log fib S ~ 

Pm Water I 1.5E-7 
1 
1 

DMT-Pm 1 1.6E-8 
2 
1 

TMT-Pm 1 6.5E-7 
1 

Pm 25 1 1.2E-7 
1 
1 

DMT-Pm 1 2.9E-8 
2 
1 

TMT-Pm 1 1.3E-7 
1 

Pm 37.5 1 1.3E-7 
1 
1 

DMT-Pm 1 2.7E-8 
2 
1 

TMT-Pm 1 6.7E-8 
1 

Pm 50 1 1.2E-7 
1 
1 

DMT-Pm 1 2.2E-8 
2 
1 

TMT-Pm 1 2.4E-8 
1 

Pm 62.5 1 1.9E-7 
1 
1 

DMT-Pm 1 1.8E-8 
2 

TMT-Pm 

Pm 

DMT-Pm 

TMT-Pm 

75 

10.33(0.01) 
18.39(0.02) 
21.22(0.03) 
11.93(0.03) 
17.26(0.03) 
17.68(0.01 ) 
8.21(0.06) 

15.78(0.06) 
10.83(0.01) 
19.04(0.02) 
22.69(0.03) 
12.O2(O.04) 
17.76(0.05) 
18.06(0.02) 
7.40(0.02) 

15.42(0.03) 
10.93(0.01) 
19.08(0.02) 
22.73(0.03) 
11.74(0.04) 
17.46(0.05) 
17.98(0.02) 
7.19(0.01) 

15.15(0.02) 
11.12(0.01) 
19.22(0.02) 
22.86(0.03) 
12.09(0.03) 
18.47(0.03) 
18.13(0.01) 
7.38(0.01) 

15 .21  ( 0 . 0 2 )  
11.36(0.01) 
19.41(0.02) 
23.01(0.04) 
12.33(0.03) 
19.24(0.03) 
18.21(0.01) 
7.48(0.01 ) 

15.24(0.01 ) 
11.57(0.01 ) 
19.50(0.02) 
23.07(0.03) 
12.46(0.05) 
19.64(0.06) 
18.10(0.02) 
7.47(0.01) 

15.17(0.01) 

1 . 8 E - 8  

1.4E-7 

4.5E-8 

9.5E-9 

~' 1, p and q are the stoichiometric coefficient corresponding to organotin(IV), 
b Standard deviations are given in parentheses. 
" Sum of square of residuals. 

pyridoxamine and H +, respectively. 
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Moles of base added per mo~e of l igand 

Fig. 2. Potentiometric titration curves of  TMT-pyridoxamine 
sysytem. 

The pK H values are 7.57, 7.23 and 5.75 for 
trimethyltin(IV), tributyltin(IV) and dimethyl- 
tin(IV) complexes. The pK" values of triorgan- 
otin(IV) complexes are in close agreement with 
the log K2 H of the (NH +) of the free pyridoxamine 

Table 3 

pKa 

14 [ - -  

,o. t t~---~~-~-~r--~-~ 

---T ..... l I ----T---- 
12 5 25 37 5 50 

Dioxane proportions VN 

~ Hydroxyl 
ammonium 

protonRted py riidm e 
I [ 

6 2  5 7 5  8 7  5 

Fig. 3. Effect of  dioxane proportions on pK~, of  pyridoxamine. 

ligand. This indicates that the phenolic OH group 
is involved in complex formation through proton 
ionization, leaving the NH2 group noncoordi- 
nated. The pK H of the dimethyltin(IV) complex 
may be compared with that of pyridine after 
considering the increase in basicity as a result of 
proton ionization from pyridoxamine. This re- 

Thermodynamic  parameters for the equilibria involving pyridoxamine and its organotin complexes 

System AH ° kJ/mol-1 AS ° J k - i  m o l - I  - A H ° / R  ° K 

L + H  + ~-- HL -84.45(18.57) - 81 .27  10.16 
H L + H  + ~- H2 L+ -38.71(8.15) +26.76 4.66 
H 2 L + + H  + ~-~ H3 L2+ -38.02(16.53) - 6 4 . 7 4  4.58 

M?~ + L  ~ M,L  + -118.87(22.64) -165 .40  14.31 
M,L  + + L -  ~-- M~L 2 + 19.22(54.62) + 174.93 -2 .31  
M ~ + + L - + H  + ~- MaLH 2+ 139.01(23.39) --124.40 16.73 

M b ~ + L - + H  + ~ MbLH + 
M + + L  + H  + .~_ M , L H  + 

-93.15(37.01) - 10.97 11.21 
- 52.91(23.55) + 103.63 6.37 

L , M,, M b and M~ denote pyridoxamine anion, dimethyltin(IV), trimethyltin(IV) and tributyltin(IV), respectively. 
Standard deviations are given in parentheses and ( - A H ° / R )  is the vant Hoffisoohore. 
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veals that both -OH and NH 2 groups of pyridox- 
amine are involved in complex formation. 

The values obtained for the thermodynamic 
parameters AH °, AS ° associated with the protona- 
tion of pyridoxamine and complex formation with 
the organotin(IV) species were calculated in the 
usual way from the temperature dependence of 
the data shown in Table 1. The values thus, 
obtained are reported in Table 3. These data can 
be employed to extrapolate the equilibrium con- 
stants to other temperatures. The main conclu- 
sions from the thermodynamic data can be 
summarized as follows: 

(a) The protonation reaction of pyridoxamine 
associated with L , which corresponds to log K~, 
is more exothermic than those of log Kp and 
log KH3. This may be explained on the basis of 
different coulombic forces between the proton 
and the pyridoxamine species (L- ,  HL and H2L + 
). 

pKa 

14 . . . . . . . . . . . . . . . . . .  

12 j ~  

oi 

6 

4 

DMT-Pyr[ 
TM~Pyr 

o - F 1 K 1 ~ ....  q ~ - -  1 
0 12 5 25 375  50 62 5 75 87 5 

Dioxane proport ions VAt 

Fig. 4. Effect  o f  d i o x a n e  p r o p o r t i o n s  o n  the  f o r m a t i o n  con-  

s t an t s  o f  the  p y r i d o x a m i n e  complexes  wi th  d imethyl t in ( IV) .  

(b) The formation of the protonated l:l com- 
plex of pyridoxamine with TMT is more exother- 
mic than with TBT. This means than the 
methyltin complex is more favoured than its 
butyltin homologue which suffers steric crowding 
between the bulky butyl group and pyridoxamine. 

(c) The complex-formation of pyridoxamine 
with DMT is exothermic for the l:l complex and 
endothermic for the 1:2 complex. This may be 
explained statistically based on the presumption 
that more coordination sites are available for 
binding pyridoxamine in 1:1 than in 1:2 com- 
plexes. 

3.3. Effect of solvent 

It is well established that the 'effective' or 
'equivalent solution' dielectric constants in 
proteins [17,18] or active site cavities of enzymes 
[19] are smaller compared with that in bulk water. 
Estimates for the dielectric constants in such loca- 
tions range from ~ 30 to 70 [17-19]. Hence by 
using aqueous solutions containing ~ 10-50% 
dioxane [20], one may expect to simulate to some 
degree the situation in active site cavities [21], 
hence to extrapolate the data to physiological 
conditions. The variation of the pK H values of 
pyridoxamine as a function of solvent composi- 
tion is shown in Fig. 3. These values increase 
almost linearly with increasing the concentration 
of the organic solvent. However, the increase in 
the pK H value of the -OH group is more signifi- 
cant. This may be correlated with the ability of a 
solvent of relatively low dielectric constant to 
increase the electrostatic forces between the ions 
in (-O -H  +) and to facilitate the formation of 
molecular species [22]. The variation of the forma- 
tion constants of the pyridoxamine complexes 
with dimethyltin(IV) and trimethyltin(lV) as a 
function of solvent composition is exhibited in 
Fig. 4. The formation constant increases with 
increasing the dioxane content of the solvent. This 
behaviour can be explained by the variation of the 
protonation ability of the hydroxyl group of pyri- 
doxamine, one of the binding sites in the com- 
plexes, as the organic solvent content increases. 

Estimation of equilibrium concentrations of 
organotin(IV) ions and their pyridoxamine com- 
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Fig. 5. Concentration of distribution of various species as a function of pH in the DMT-pyridoxamine system, where M = DMT; 
L = pyridoxamine; [L] = 2[DMT] = 0.0025 M. 

plexes as a function o f  pH  provides a useful 
picture o f  the organot in  binding with pyr idoxam- 
ine. The speciation diagrams obtained for di- and 
trimethyltin(IV) complexes are given in Fig. 5 and 
Fig. 6. The pro tona ted  complex with trimethyl- 
tin(IV) starts to form at pH  = 4 and reaches a 
maximum concentra t ion o f  34.2% at pH  = 7.30. 
The deprotonated complex concentra t ion in- 

creases with increasing pH, predominat ing with a 
maximum concentra t ion o f  99% at pH  = 10.00. 
For  the diorganot in(IV) complexes, the concen- 
tration o f  the 1:1 complex species increases with 
increasing pH, attaining a max imum of  97.77% at 
pH  = 8.20. Fur ther  increase in p H  is accompanied 
by a decrease in the 1:1 complex concentra t ion 
and increase in the 1:2 complex concentra t ion 

10o ! ~ 

q 

~° 

6 0  

o 

E,0i 
°i tl. 

I 

0 i ~ r l l l l l l  i 
4 5 6 7 8 9 10 

p H 

Fig. 6. Concentration distribution of various species as a function of pH in the TMT-pyridoxamine system, where M = TMT; 
L = pyridoxamine; [L] = [TMT] = 0.0025 M. 
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attaining a maximum of 73.20% at pH = 12.00. 
This reveals that in the physiological pH range, 
i.e., at pH 7.4, the (1:1) DMT-pyridoxamine com- 
plex is the predominant species and may have a 
chance to interact with DNA. This may provide 
some explanation for the reactivity of DMT-pyri- 
doxamine complex against leukemia. 
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Abstract 

The procedure of hafnium determination in workplace air has been elaborated, which allows its determination at 
the level starting from 0.125 mg m -  3, which for a 400 1 sample corresponds to the requirement for maximal allowable 
concentration. The method is based on excitation of the mineralized filter containing the analyte in inductively 
coupled plasma. © 1997 Elsevier Science B.V. 

Keywords: Air analysis; Atomic emission spectrometry; Hafnium; Inductively coupled plasma 

I. Introduction 

Hafnium is used in production of  highly resis- 
tant materials, as anticorrosive layers, explosives, 
special glasses and in ceramic industry. The dust 
containing hafnium is toxic through respiratory 
and alimentary tracks. The value of  LDso = 76 mg 
kg -1 has been evaluated for mice. Hafnium 
bound to transferrin was after 4 days detected in 
blood plasma in 95% [1]. The hafnium tetrachlo- 
ride (for rats LD5o=2000 mg kg 1) results in 
renal degeneration and small intestine inflamma- 
tion. In Poland the threshold limit value (TLV) 
for total hafnium in air has been proposed as 0.5 
mg m - 3  [2]. This corresponds to the value in 

* Corresponding author. Fax: + 48 2 2225996. 

other countries (Australia, Belgium, Danemark, 
France, Germany, UK, Switzerland, USA). In 
U K  the short term exposure limit (STEL) equals 
1.5 mg m 3 

In the literature there are mainly spectrophoto- 
metric procedures for routine determination small 
amounts of  hafnium [3], however other techniques 
have also been used [4]. Various materials have 
been analyzed using X-ray fluorescence and neu- 
tron activation analysis [5]. The atomic absorp- 
tion spectrometry with flame atomization in 
nitrous oxide-acetylene flame has poor  limit of 
detection and suffers interferences [6]. Atomic ab- 
sorption spectrometry has been also proposed by 
OSHA [7] for hafnium determination at the work- 
place. In optimal conditions the limit of detection 
equals 2.0 ktg ml 1 and the characteristic concen- 
tration 15 lag ml 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02152-2 
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The inductively coupled plasma optical emis- 
sion spectrometry has been sugested for determi- 
nation of hafnium in workplace air [8,9]. The 
limit of detection has been indicated at the level 
of a few ng m l  ~ It can be also used for 
hafnium determination in complex matrices [10], 
however in the case of complex matrices either 
the matrix should be separated or its effect com- 
pensated by matrix matched calibration solu- 
tions [11,12]. For  determination of hafnium in 
geological samples also inductively coupled 
plasma mass spectrometry has been applied and 
the detection limit was found to be 20 ng g -  
[13]. 

In this paper the procedure was elaborated 
which makes possible determination of hafnium 
collected on filters from the workplace air. 

2. Experimental 

2. I. Instrumentation 

The ICP-AES spectrometer Jobin-Yvon 70 Plus 
with a peristaltic pump (Instruments S.A.) was 
used for recording the emission spectra. Air as- 
pirator with a constant air flow 20 1 min 1 ac- 
cording to Polish Standard [14] was used for 
suction of air through the nitrocellulose mem- 
brane filters, Synpor 3, diameter 50 mm and 
porosity 0.6-0.8 ~tm. 

2.2. Reagents 

Hafnium metal (99.95%) purchased from 
Merck was used for preparation of stock solutions 
by dissolution of 1 g of  metal in 40% hydrofluoric 
acid, and dilution up to 1 1 with 5% hydrofluoric 
acid in a polypropylene flask. The working solu- 
tion - 5 0  mg 1-1 was prepared by appropriate 
dilution of the stock solution with 5% hy- 
drofluoric acid. 

Hydrofluoric acid - 4 0  and 5%, nitric acid 
-65'70 and perchloric acid - 6 2 %  all of analyti- 
cal grade were also purchased from Merck. 

2.3. Procedure o f  determination 

The samples should be taken according to Pol- 
ish Standards [14] by aspiration of  400 1 of air at 
the rate 20 1 rain l through the membrane filter. 
The filters are mineralized in teflon crucibles using 
3 ml of concentrated nitric acid. After evapora- 
tion till dryness, in the next step 3 ml of concen- 
trated nitric acid and five drops of concentrated 
perchloric acid were used and again evaporated. 
In subsequent steps 3 ml of concentrated nitric 
acid + 5 ml of hydrofluoric acid and 1 ml of 
concentrated nitric acid + 5 ml hydrofluoric acid, 
respectively, were used. Finally the residue was 
dissolved in 3 5 ml of 5% hydrofluoric acid. In a 
50 ml measuring flask the same acid should be 
added till the mark. The analyte line is measured 
at the wavelength 282.022 nm, with single point 
background correction. The experimental parame- 
ters of the ICP excitation are generally based on 
the manufacturers recommendations and are 
given in Table 1. The blank is obtained by using 
the pure filter of the same type mineralized as 
filters with sample dust. 

The concentrations are read from the calibra- 
tion graph, prepared with standards containing 
1.0, 2.5 .... 10.0 ml of working hafnium solution, 
diluted with 5% hydrofluoric acid up to 50 ml. 

3. Results and discussion 

For determination of hafnium a few emission 
lines can be used. These are H f  II 282.022 nm, Hf  
II 277.336 nm, Hf  II 264.141 nm and Hf  II 
232.247 nm. The 277.336 nm line is interfered in 
the case of the presence of iron and a number of 

Table 1 
Experimental conditions of excitation 

Generator power 1.0 kW 
Outer gas flow rate 12.0 1 min -~ 
Intermediate gas flow rate 1.0 1 rain i 
Carrier gas flow rate 1.0 I rain t 
Sample uptake rate 1.3 ml rain 
Observation height above coil 12 mm 
Integration time 2 s 
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Table 2 
Limiting concentrations of interferents at the _+ 5% error level 

1161 

Interferent lnterferent concentration in solution lnterferent concentration in air '~ Multiple of MAC in condition of 
lag ml ~ mg m a sampling 

Li 6 0.75 30 
Na 120 15.0 30 
K 120 15.0 30 
Mg 150 18.8 - 1 (for oxide) 
Ti 25 3.1 
V 5 0.6 ~ 1 
Cr 10 1.3 ~13 (for Cr (V1)) 
Mn 15 1.9 ~6 
Fe 400 50 ~ 10 (for oxides) 
Ni 5 0.6 ~2.4 
Cu 20 2.5 ~2.5 
Cd 1 0.1 ~2.5 
Sn 50 6.3 ~3 
Pb 4 0.5 10 

Concentration of hafnium in solution = 5 lag/ml. 
'~ In conditions of sampling air. 

other concomitants. The measurements based on 
the line 264.141 nm, suggested by NIOSH [8], 
exhibit poor precision. The largest tolerance as 
well as best precision was found in the case of line 
282.022 nm and this line was used in the elabo- 
rated analytical procedure. This line provided a 
sufficient limit of detection and lack of interfer- 
ence. The analytical signals were investigated in 
the presence of common concomitants and the 
maximum tolerable concentration was evaluated 
based on the limiting error of _+ 5% (Table 2). 

The figures of  merit of the ICP-OES measure- 
ments were evaluated at the concentration level 4 
mg 1 ', corresponding to the threshold limit value 
for 400 1 air sample. Each of the five samples was 
measured nine times, and the relative standard 
deviation was in the range from 0.3 to 1.8%. 

The calibration function is rectilinear with the 
equation C(mg 1 ' ) = - 0 . 0 2 2 5 4 + 0 . 0 0 0 9 1 3  I 
(relative intensity readings). The calibration func- 
tion was based on six model solutions, the first 
one not containing hafnium. For any calibration 
point the relative standard deviation was larger 
than 1.5%. 

As there are no standard aerosol (dust) samples 
available containing the known content of 
hafnium, the recovery test was based on filters 

with known amount of added hafnium in the 
form of standard solution. Such procedure was 
assumed to give less uncertainty than using refer- 
ence material with recommended Hf  values but 
with a completely different matrices. The amount 
of hafnium on the filters was 0.100, 0.200 and 
0.400 mg, which corresponds to 0.25, 0.50 and 
1.00 mg m 3 of hafnium in air, which is below 
and above TLV (0.50 mg m 3). The relative 
standard deviation was for all samples below 2%, 
and the recovery was in the range from 98 to 
102%. The concentration of hafnium in the air 
(X) is calculated on the basis of the calibration 
function, relating the concentrations of hafnium 
(mg 1 1) in the sample (c), the concentration in 
the blank (Co), the volume (1) of solution of the 
sample (Vl) and the volume ( m  3) of the sampled 
air (v): 

X = ( c  - c o ) t , , / v  

4. Conclusions 

The method of hafnium determination in the 
range from 50 to 500 gg has been developed using 
the inductively coupled plasma-optical emission 
spectrometry technique. This range, for a 400 1 air 
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sample,  co r responds  to concen t ra t ion  o f  hafn ium 
in a i r  f rom 0.125 to 1.25 mg m -3.  This makes  
possible  to use this p rocedure  for  de t e rmina t ion  
o f  hafn ium below and above  the threshold  l imit  
value at  the workp lace  (TLV = 0.5 mg m - 3). The  
hafn ium conta in ing  dust  is collected at  the filter, 
dissolved and  hafn ium is excited in the ICP-OES  
technique.  A c c o m p a n y i n g  elements  which m a y  
poten t ia l ly  be present  in the sampled  air  do  not  
interfere. 
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Abstract 

A reliable and rapid speciation method for the simultaneous determination of butyl- and phenyltin species in 
sediment samples has been developed. Two extraction procedures are compared: methanolic hydrochloric acid (at 
four different concentrations) and ethanoic acid leaching. Derivatization is carried out by the one-step ethylation/ex- 
traction procedure using the sodium tetraethylborate reagent directly in aqueous phase in the presence of an isooctane 
layer. Analysis is performed by capillary gas chromatography hyphenated to flame photometric detection (GC-FPD). 
Detection limits range from 0.5 to 1.5 ng(Sn) g-l(dry weight). Analysis of environmental samples and certified 
reference materials demonstrate the accuracy of the analytical method. © 1997 Elsevier Science B.V. 

Keywords: Butyltin; GC-FPD; NaBEt 4 ethylation; Phenyltin; Sediment 

I. Introduction 

Organotin compounds have been extensively 
used as biocides. Contamination of marine and 
fresh water environments by the highly toxic 
tributyltin (TBT) is primarily due to its use in 
antifouling paints on vessels [1]. The ecotoxico- 
logical impact of TBT has been demonstrated 
[1,2]. Triphenyltin (TPhT) compounds are used 
as agricultural fungicides in crop protection [3]. 
But TPhT was found to be a non selective pes- 
ticide, detrimental to fresh water fauna [4]. 
Moreover TPhT has been shown to have a 

* Corresponding author. Fax: + 33 59029377. 

high bioaccumulation potential [3]. In the 
aquatic environment, triorganotin compounds 
have low aqueous solubility and low mobility. 
They are easily adsorbed by particulate matter 
in the water, which, upon settling to the bot- 
tom, can be incorporated into the sediment [5]. 
Considerable concentrations of these com- 
pounds and their metabolites were detected in 
sediments of Swiss Lakes [6]. 

The recognition of organotin toxicity at low 
concentration levels has stimulated the develop- 
ment of accurate and sensitive analytical meth- 
ods for organotin determinations. Many 
efficient analytical procedures combine chro- 
matographic separation and various detection 
techniques such as atomic absorption spec- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PIt S0039-9140(96)021 53-4 
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trometry (AAS) [7-10], mass spectrometry (MS) 
[4], atomic emission spectrometry (AES) [4,11] or 
flame photometric detection (FPD) [12-14]. De- 
spite recent improvements in instrumentation, 
several limitations remain present especially in the 
sample preparation steps. Prior to gas chromatog- 
raphy (GC) organotin compounds need to be 
liberated from the sediment before being deriva- 
tized into forms suitable for chromatography. Ex- 
traction of organotin compounds after acid 
leaching from the matrix followed by hydridiza- 
tion using NaBH 4 or alkylation with Grignard 
reagent are the most common approaches. Alter- 
natives to acid leaching are the use of super 
critical fluid [11,15] or soxhlet [4] extractions. 

A new organotin derivatization procedure di- 
rectly applied to aqueous extracts using sodium 
tetraethylborate (NaBEt4) has been recently pro- 
posed. Ethylation and extraction of compounds 
are performed in a single operating flask [8,16 
18]. It allows simultaneous speciation of butyl- 
and phenyltin and is much more simple and rapid 
than procedures using Grignard reaction. 

The method of speciation associating this 
derivatization with GC-FPD was proved to be 
very performant in analysis of complex matrices 
[18]. This is due to the simplicity of the whole 
process and the specificity of the detector. Never- 
theless, to our knowledge, it has never been used 
in the analysis of natural samples such as sedi- 
ment. Moreover, it allowed the determination of 
several organotin species including the phenyltin 
compounds which are critical to determine. 

In this paper, such a method has been dev- 
eloped for the simultaneous determination of 
butyl- and phenyltins. First, the optimal condi- 
tions for the extraction of these species have been 
evaluated on the BCR Certified Reference Mate- 
rial CRM 462 spiked with TPhT. Different ap- 
proaches of organotin leaching from the material 
have been tested. Second, from the row extract, 
the in-situ derivatization with NaBEt4 reagent and 
direct analysis using capillary gas chromatogra- 
phy and flame photometric detection (GC-FPD) 
were performed. The optimized method was ap- 
plied to the analysis of the Canadian Reference 
Material PACS-1 and of fresh water sediment 
samples. 

2. Experimental 

All organotin concentrations reported in this 
paper are expressed as the mass of tin per sample 
mass or solution volume unit. 

2. I. Apparatus 

A Varian 3300 Gas Chromatograph (GC) was 
used for this study. It was fitted with a split/split- 
less injector, a J&W Scientific capillary column 
coated with polydimethylsiloxane (inner diameter 
250 ~tm, length 30 m, film thickness 0.25 ~tm) and 
a Flame Photometric Detector (FPD). The detec- 
tor was operated with a 610 nm optical filter 
(from MTO Optique Instrumentale) and an air/ 
hydrogen flame. Nitrogen was used as carrier gas. 

2.2. Reagents and standards 

Tripropyltinchloride (TPT, 98%), 
monobutyltintrichloride (MBT, 95%), dibutyltin- 
dichloride (DBT, 97%), tributyltinchloride (TBT, 
96%), monophenyltintrichloride (MPhT, 98%), 
diphenyltindichloride (DPhT, 96°/,,) and 
triphenyltinchloride (TPhT, 95°/,,) were purchased 
from Aldrich. Tetrabutyltin (TeBT, 98%) was ob- 
tained from Fluka, Stock organotin solutions 
(1000 mg 1 1 as Sn) were prepared in methanol. 
Stored at + 4°C in the dark, they are stable for 
several months [19]. Working standards were ob- 
tained by dilution in methanol weekly for 10 mg 
1 ~ and daily for 100 /ag 1 ~ and stored in the 
dark at +4°C. 

Methanol and sodium ethanoate were pur- 
chased from Prolabo, nitric acid, hydrochloric 
acid, and ethanoic acid obtained from Merck, and 
isooctane from Fluka. The deionized water used 
was 18 MD (Millipore System). 

Ethanoate buffer (pH 4.8, 0.2 mol 1 J) was 
prepared by dissolving 16.4 g of sodium ethanoate 
in 1 1 of deionized water followed by pH adjust- 
ment with ethanoic acid. Sodium tetraethylborate 
(NaBEt4) was obtained from Strem Chemical, 
Working solution was made up daily by dissolv- 
ing 0.02 g NaBEt4 in 1 ml of deionized water and 
stored in the dark at + 4°C. 
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Glassware was rinsed in deionized water, de- 
contaminated overnight in 10% (v/v) nitric acid 
solution and then rinsed again. 

2.3. Samples 

2.3.1. BCR certified refi, rence material 462 
It is certified to contain [20]: 
70 _+ 14 ng(cation) g 1(dry weight) i.e., 29 + 6 

ng(Sn) g 1 for TBT 
128 _+ 16 ng(cation) g ~(dry weight) i.e., 65 _+ 8 

ng(Sn) g i for DBT 
It was found free of TPhT, so we spiked it 

before analysis with TPhT at the concentration of 
50 ng(Sn) g 1(dry weight). CRM 462 contains 
also MBT and MPhT but the concentrations of 
these species are not certified. 

were shaken at 420 rpm for 2 h to humidify the 
material. This rehumidification step was carried 
out only 1 h for wet samples. 12.5 ml of HC1 at 
the appropriate concentration in methanol was 
then added and the mixture was treated ultrasoni- 
cally for 1 h. The suspension was centrifuged at 
3000 rpm for 15 rain. The supernatant was then 
withdrawn. 

2.4.1.2. Ethanoic acid digestion. Dry sediment 
sample, 1 g, was introduced in a capped 50 ml 
polycarbonate tube with 0.5 ml of a 100 ng(Sn) 
ml ~ TPT methanolic solution as internal stan- 
dard and 20 ml of glacial ethanoic acid. Tubes 
were shaken at 420 rpm for 4 h. The suspension 
was centrifuged at 3000 rpm for 15 min. The 
supernatant was then withdrawn. 

2.3.2. PA CS- 1 reference material 
The PACS-l reference sediment is a dry sample 

prepared by the National Research Council of 
Canada. It is certified for its DBT and TBT 
contents (Table 5). 

2.3.3. Environmental sediments 
Two different samples from Leman Lake 

(Swiss) were given by Dr Becker Van Slooten 
from Polytechnic Federal School of Lausanne. 
They were collected on different sites of Port 
d'Ouchy at different dates. 

2.4. Extraction and analytical procedure 

A scheme of the different procedures tested is 
shown on Fig. 1. 

2.4.1. Extraction 
Two extraction methods were tested on the 

spiked CRM 462 sample; 

2.4.1.1. Methanolic/hydrochloric acid digestion. 
The action of HC1 as leaching agent was tested at 
four different concentrations: from 0.1 to 3 mol 
1 L in methanol using the following procedure: 

1 g of  sediment sample was introduced in a 
capped 50 ml polycarbonate tube with 0.5 ml of a 
100 ng(Sn) ml ~ TPT methanolic solution as 
internal standard and 2.5 ml of methanol. Tubes 

2.4.2. Derivatization and analysis 
Extracts, 1 3 ml, were directly introduced in 

the derivatization reactor without any further 

[ 
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Fig. 1. Schematic representation of different sample prepara- 
tion procedures used for isolation of organotin compounds 
from sediments. 
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Table 1 
Analytical conditions for determination of organotin compounds by GC-FPD 

Injector parameters 

GC parameters 

FPD parameters 

Sample amount From 2 to 5 ~tl 
Injection temperature 290°C 
Relay Initial relay + 1 (splitless) 

Relay time 1 min 
Final relay - 1 (split) 

Carrier gras 

Oven program 

Detection temperature 
Flame 

Make up 

Nitrogen 
Flow rate 0 .7  c m  3 min -~ 
Initial temperature 70°C for 1 rain 
1st heat up rate 30°C min -~ 
Intermediate temperature 190°C for 10 min 
2nd heat up rate 15°C min 
Final temperature 270°C for 5 min 

290°C 
Air/hydrogen 
Hydrogen flow rate 185 c m  3 min 1 
Air flow rate 2 5 0  c m  3 min 
Nitrogen 
Flow rate 30  c m  3 min- 

treatment. Organotin compounds were ethylated 
in 100 ml of  ethanoate buffer (pH = 4.8) with 0.1 
ml of  NaBEt4 solution in the presence of 0.4 ml of  
isooctane. The mixture was shaken at 420 rpm for 
30 min. Isooctane extracts, 2 - 5  gl, were directly 
injected into the GC-FPD.  Analytical parameters 
were optimized and precisely described elsewhere 
[18]. Chromatographic  conditions are summarized 
in Table 1. 

The determination of organotin concentrations 
in samples were made on seven sediment extracts: 
two by standard additions and five else using TPT 
as internal standard (five replicates for each ex- 
tract). This procedure allows a maximum reliabil- 
ity and accuracy without to be too 
time-consuming. 

3. Results and discussion 

3. I. Optim&ation o f  extraction and analytical 
performances 

To our knowledge, acid leaching of sediments 
directly followed by NaBEt4 derivatization for 

the determination of  phenyltin compounds,  as 
described in this paper, has not been previously 
reported in the literature. So, its influence on the 
analytical procedure has to be evaluated due to 
the possible disturbances on the derivatization 
step or on the G C - F P D  signal. 

Moreover, a such process appeared very sim- 
ple. The number  of  sample handling steps was 
reduced, the clean-up step being found not nec- 
essary. We did not note any problem of column 
contamination or background interferences as 
indicated by Kuballa et al. [21] and Martin- 
Landa et al. [22]. 

Methanolic/HC1 treatment is one of the most 
common way used to break the bonding be- 
tween species and sediments. It has been espe- 
cially employed in butyltin determination but 
does not seem to be applied to phenyltin extrac- 
tion. Extraction experiments have been previ- 
ously carried out with different HCI 
concentrations in methanol depending on their 
authors [22 24] and ranging between 0.48 and 
6.7 mol 1-1. So, it was necessary to compare 
methanolic/HC1 extractions at four different con- 
centrations. 
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In most published works, organotin compounds 
are further complexed by ligands such as tro- 
polone [10,14,22,24] to improve their extraction 
yields into an organic solvent before Grignard 
derivatization. Such procedures are more time 
and man-power consuming; losses and degrada- 
tion may occur. So, we chose not to use any 
complexing agent. 

Ethanoic acid digestion was developed by De- 
sauziers et al. to analyse butyltin compounds in 
sediments [25], but it seems to have only been 
applied to leach butyltin compounds [9,25,26]. 
Therefore the efficiency of this extraction proce- 
dure as regards phenyltin species had also to be 
studied in this work. 

3.1.1. Study of  extraction 
Recoveries of butyl- and phenyltin species pre- 

sented in Table 2 are calculated by comparison 
with the certified reference butyltin values (DBT: 
6 5 + 8  ng(Sn) g l and TBT: 29_+6 ng(Sn) g-~) 
or to the spiking TPhT concentration (50 ng(Sn) 
g 1) TPhT. 

3.1.1. I. Methanolic/hydrochloric acid digestion. 
Disturbances of the GC-FPD signal such as dis- 
continuity of the baseline were observed when 

Table 2 
Recoveries of organotins after analysis of the spiked certified 
reference material 462 using different extraction procedures 
and, in brackets, recoveries from standard solutions of TBT 
and TPhT submitted to the same conditions 

Extraction DBT% (") TBT% (a) TPhT% (~) 
method 

HC1/methanol 0.1 98 108 (100%) 92 (100%) 
tool l - i 

HC1/methanol I 109 91 (77%,) 64 (60%) 
tool 1- 

HCl/methanol 2 90 96 (71%) 64 (57%) 
tool 1 

HC1/methanol 3 71 109 (56%) 0 (29%) 
m o l l  i 

Ethanoic acid 108 105 (100%,) 103 (100%) 

a Mean recovery (n = 7) calculated by comparison with the 
reference butyltin values (DBT: 65 + 8  ng(Sn) g - l ,  TBT: 
29 _+ 6 ng(Sn) g ~) or the spiking TPhT concentration (50 
ng(Sn) g i). 

HCI concentration was used over 2 mol 1 
More generally, random peaks could then appear. 
Baseline decreased or increased in the beginning 
of the chromatogram as showed in Fig. 2, what- 
ever the HC1 concentration was. These observa- 
tions proved that a matrix effect could occurred 
according to the nature of the extraction solution. 

Quantitative recoveries of DBT and TBT were 
obtained when using 0.1-2 tool 1 1 methanolic 
HCI solutions while quantitative recovery of 
TPhT is obtained only for 0.1 mol 1- ~ HC1. 

Simultaneously MBT and MPhT peak heights 
were maximum with 1 mol 1 ~ hydrochloric solu- 
tion (Fig. 2), before disappearing when too con- 
centrated HC1 was used, probably due to 
inorganic tin occurrence. 

In order to improve the knowledge of the be- 
haviour of the organotin species during hy- 
drochloric acid digestion, stability studies were 
carried out. First, in methanolic standard solu- 
tions containing either one of the six butyl- or 
phenyltin compounds, addition of HCI at differ- 
ent concentrations was made. Significant degrada- 
tions were observed over 0.1 tool I ~ acid 
concentration. This phenomenon appeared all the 
more the organotin was substituted, the TBT and 
the TPhT being particularly subject to decomposi- 
tions. The phenylated species were always less 
stable than the butylated ones. Second, according 
to these results, the trisubstituted standard solu- 
tions were submitted to the same conditions of 
extraction (data in brackets in Table 2). These 
experiments confirmed that the use of 0.1 molar 
HCI avoided any degradation and seemed conve- 
nient for extraction. 

Moreover, it seems from Table 2 data that 
butyltin compounds are more stable in sediment 
matrix, especially TBT. This is in agreement with 
previous constatations [27]. It is well known that 
TBT half life times range from months to years in 
sediments instead of days to weeks for the water 
column [28]. 

At the difference of butyltins, phenyltin com- 
pounds had the same degradation behaviour ei- 
ther in sediment extracts or in standard solutions, 
indicating probably a difference in bonding sites. 
At HC1 concentrations higher than 0.1 mol 1 ~, 
TPhT was transformed directly into monophenyl- 
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Fig. 2. Typical chromatogramms of spiked CRM 462 analysis after HC1/methanol extraction (1: MBT, 2: TPT, 3: DBT, 4: MPhT 
5: TBT, 6: TPhT). 
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Table 3 
Relative standard deviation of seven different analysis of spiked CRM 462 extracts using each extraction method 

Extraction method MBT% DBT% TBT% MPhT% DPhT% TPhT% 

HCl/methanol 0.1 m o l l  t 4 4 4 13 7 6 
HCl/methanol l tool 1-~ 12 9 11 19 ~ 10 
HC1/methanol 2 mol I ~ 17 12 13 ~ ~ 11 
HCl/methanol 3 mo l l  i 25 19 13 . . . . . .  
Ethanoic acid 6 6 6 12 7 9 

" The compound was never detected. 

and inorganic tin: the HC1/methanol extraction 
can not be successfully applied to leach phenyltin 
compounds from sediments except at very low 
( < 0.1 molar) HCI concentration. 

3. I. 1.2. Ethanoic acid digestion. Quantitative re- 
coveries are obtained by ethanoic acid extraction. 
The possible decomposition of butyl- and 
phenyltin compounds during the extraction step 
was also checked by incubation of TBT and TPhT 
in ethanoic acid using leaching extraction condi- 
tions (Table 2). Analysis of the incubated stan- 
dard solutions leads to a quantitative recovery of 
TBT and TPhT. These results agree with those 
reported in the literature for butyltin determina- 
tion [9,25,26] but are new for TPhT. 

Moreover, no disturbance of the GC-FPD sig- 
nal was observed. Extraction and derivatization 
by NaBEt4 are all the more compatible with this 
extraction procedure as the NaBEt4 reaction 
needs an ethanoate/ethanoic acid buffer. So 
ethanoic acid leaching is preferred to analyse sed- 
iments. Butyl- and phenyltin compounds are de- 
termined simultaneously and quantitatively, 
without any noticeable degradation. 

3.1.2. Performances of the analytical procedure 

3.1.2. I. Reproducibility. Reproducibility was stud- 
ied by evaluation of the relative standard devia- 
tion for the analysis of seven different extracts. 
Results obtained with different extraction proce- 
dures and for each compound are reported in 
Table 3. The reproducibility using methanolic 
HC1 extraction is low except at very low HCI 
concentration. Ethanoic acid leaching is perfor- 
mant and results reproducible. 

3.1.2.2. Detection limits. Detection limits (DL) 
reported in Table 4 were determined according to 
IUPAC recommendations with k = 3. They are 
calculated from the slope of calibration curves of 
all compounds and base line noise. 

DL are slightly higher with the ethanoic acid 
method than with the 0.1 mol 1-1 HC1/methanol 
one. However for phenyltin species, DL are gener- 
ally lower than most of those reported in litera- 
ture when organotin determinations are 
performed by GC-FPD following Grignard 
derivatization and HC1 leaching or super critical 
fluid extraction (from 2.2 to 5.8 ng(Sn) g- l(dry 
weight) [13,15]). As regards butyltin species, de- 
tection limits are close to those given for analysis 
performed by GC-FPD after Grignard derivatiza- 
tion (from 0.2 to 1.8 ng(Sn) g-~(dry weight) 
[13-15]) and lower than those reported after 
NaBEt4 ethylation: 25, 36 and 61 ng(Sn) g ~(dry 
weight) for respectively TBT, DBT and MBT [7] 
using 2.2 molar HC1 for the extraction and 0.44 
ng(Sn) g-~(dry weight) for TBT [8] using 0.5 
molar HC1. Such differences may be due to the 
extraction procedure. From this study we retained 
the ethanoic acid extraction procedure for further 
studies. 

3.2. Applications 

The ethanoic acid leaching procedure was fur- 
ther validated by the analysis of three different 
environmental samples. 

3.2.1. PACS-1 reference material 
Mean concentrations obtained from five deter- 

minations are given in Table 5. Concentrations 
obtained are in agreement with the certified ones. 
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Table 4 
Relative detection limits expressed in ng(Sn) g ' (dry weight) 

Extraction method MBT DBT TBT MPhT DPhT PhT 

HC1/methanol 0.1 mol 1 i 0.5 0.7 0.7 1,1 0.9 1 
HC1/methanol 1 mol 1-'  0.6 0.7 1 2.7 ~ 1.4 
HCl/methanol 2 tool 1 i 0.6 0.7 0.9 ~' ~ 1 
HCl/methanol 3 tool 1 ~ 0.9 1.1 0.9 . . . . .  
Ethanoic acid 1.2 1.2 0.8 1.8 0.8 1.5 

~' The compound was never detected. 

Table 5 
Concentrations of butyl- and phenyltin in the PACS-1 refer- 
ence sediment expressed in ng(Sn) (dry weight)-/  

DBT TBT 

Certified concentrations _+ S.D. 1160 ± 180 1270 _+ 220 
Concentrations found ± S.D. 1174 ± 86 1044 ± 67 

(n = 5) 

S.D., standard deviation. 

According to the standard deviation values, the 
analytical method appears accurate. 

techniques are in very good agreement. Organotin 
concentrations in Port d'Ouchy sediments are 
quite high. This marina has a housing capacity of 
603 places for pleasure boats staying all year 
round [6]. Every fourth boat is repainted annu- 
ally. Becker Van Slooten and Tarradellas tenta- 
tively estimated the total number of boats 
protected by an organotin-containing ant±fouling 
paint to about 30% for the marinas of Leman 
Lake [6] and attributed the high sediment organ- 
otin pollution to boat paint leaching and the high 
stability of organotins in sediments. 

3.2.2. Sediments from Port D'Ouchy, Leman 
Lake, Switzerland 

Two different freshwater sediment samples were 
analysed and results obtained are reported in 
Table 6. They are compared with those deter- 
mined by Dr Becker Van Slooten using a Grig- 
nard derivatization/GC-FPD procedure [29]. 
Results obtained by the two different analytical 

Table 6 
Concentrations of butyl- and phenyltin in Leman Lake sediments 

4. Conclusion 

After study of the operating conditions and 
comparison of two extraction methods, both 
butyl- and phenyltin species were determined in 
sediments. 

Results show that ethanoic acid leaching is a 
convenient method to release simultaneously and 

Sediment 1 Sediment 2 

Eth./GC-FPD Ref. [29] Eth./GC-FPD Ref. [29] 

MBT ~ 186 _+ 7 n.c. 190 ± 13 n.c. 
DBT ~ 295 ± 7 309 311 + 13 246 
TBT ~ 627 ± 50 632 632 _+ 43 593 
MPhT ~ 319 _+ 23 n.a. 151 ± 2 n.a. 
DPhT ~ 142 ± 10 n.a. 108 _+ 9 n.a. 
TPhT ~ 158 n.a. 112 ± 7 1 I0 

n.a., not analysed. 
n.c., not communicated. 

Mean concentration _+ S.D. (n = 5) in ng(Sn) g ~(dry weight). 
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quantitatively butyl- and phenyltin compounds. 
Nevertheless, quantitative recoveries can also be 
reached with HC1/methanol solubilization if the 
HC1 concentration is about 0.1 mol 1 ~ in 
methanol. Higher HC1 concentrations lead to 
degradation of organotin compounds particularly 
of phenyltin ones. 

The ethanoic acid extraction procedure is pre- 
ferred because of its performances. Simple and 
rapid, it can be easily applied to a routine 
method. It is directly compatible with the one-step 
aqueous ethylation-extraction/capillary gas chro- 
matography-flame photometric detection method. 
It allows an accurate simultaneous determination 
of butyl- and phenyltin compounds from fresh 
water and sea water sediments with detection 
limits in the ng(Sn) g ~ range. 
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colorimetric determination of certain phenothiazine drugs 

A b d  E 1 - M a a b o u d  I s m a i l  M o h a m e d  

Department of Analytical Pharmaceutical Chemistry, Faculty of Pharmacy, Assiut University, Assiut, Egypt 

Received 20 May 1996; received in revised form 27 August 1996; accepted 29 October 1996 

Abstract 

A sensitive colorimetric method for the quantitative estimation of 11 phenothiazine drugs was developed. The 
method was based on the interaction of phenothiazine compounds with diphenylamine in presence of N-bromosuccin- 
imide and sulfuric acid. Most of studied phenothiazines yielded bluish green products with two absorption maxima, 
one in the range of 392-396 nm with higher molar absorptivity and the other in the range of 770-780 nm with lower 
molar absorptivity. Phenothiazine base, mepazine HC1 and pericyazine yielded blue products with only one maximum 
at 655, 775 and 778 nm, respectively. The color was stable for at least 1 h. The reproducibility and recovery of the 
method were excellent. The method was applied successfully to the determination of some commercially available 
phenothiazines in different dosage forms. Results were comparable to those obtained by official and reported 
methods. © 1997 Elsevier Science B.V. 

Keywords: Pharmaceuticals; Phenothiazines; Spectrophotometry 

I. Introduction 

Numerous methods used to assay phenothiazine 
drugs in bulk as well as in pharmaceutical prepara- 
tions and biological fluids. Among these methods 
are titrimetric [1-  5], chromatographic [6-14], elec- 
tro-chemical [15-20], ultraviolet and visible spec- 
trophotometric [21-34] and fluorimetric methods 
[35-38]. Many of  these procedures suffer interfer- 
ence from excipients, coloring and flavoring 
agents, degradation and/or oxidation products of  
phenothiazine drugs. Thus, increasing selectivity 

and avoiding interferences was a main objective in 
this study. 

The interaction between phenothiazine drugs 
and some selected amine compounds in presence of  
certain oxidants were investigated previously in 
our laboratory and some successful methods were 
developed [26-29]. The applicability of this reac- 
tion for developing more sensitive, selective and 
time saving procedures has been investigated. As a 
result of  this investigation, a rapid, sensitive and 
reproducible colorimetric method for determina- 
tion of 11 phenothiazine drugs has been developed. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PH S0039-9140(96)02154-6 
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Table 1 
Absorption characteristics for the reaction products 

Drugs 

A m a x l  

. . . .  ~ x 10 -4  em,×2x 10 4 Concentration (~tg ml ~)" 

1 mol ] cm ~ 2m,,~ 2 1 mol -~ cm ~ ~ : m a x l / E m a x 2  

Phenothiazine base 
Promethazine HCI 393 3.28 
Promazine HCI 394 2.86 
Alimemazine tartrate 394 8.19 
Mepazine HCI 
Perazine dimalonate 392 6.03 
Chlorpromazine HCI 395 1.66 
Thioridazine HCI 396 3.10 
Methotrimeprazine maleate 395 9.78 
Thiethylperazine maleate 396 3.06 
Pericyazine 

655 1.63 50 
773 2.14 1.533 80 
775 1.69 1,690 100 
776 5,57 1.470 50 
775 1,52 150 
770 4.12 1.464 80 
777 1.28 1.297 200 
777 2.65 1.170 100 
776 7.20 1.358 30 
780 2.01 1.522 200 
778 0.127 1500 

" In the final working standard solution. 

2. Experimental 

2.1. Apparatus and reagents 

(a) Apparatus: Uvidec-320 spectrophotometer 
(JASCO, Tokyo, Japan). 

1 2  

(b) Chemicals: pharmaceutical grade, phenothi- 
azine base, promazine HC1, promethazine HC1, 
alimemazine tartrate, mepazine HC1, perazine di- 
malonate, chlorpromazine HC1, methotrime- 
prazine maleate, thiethylperazine maleate, 
thioridazine HC1, pericyazine, trifluoperazine HC1, 

i 

0.8 

c-  

x:~0. 6 

0 . 4  i 

I 
i 

0 2  

0 
360 

i, 

'/' , / / z  

~ l - I ~ l  I I I I I I I I I I I I I I [ I I I I r I I I I 
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/ • 
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i •B  

j " L  

z 

I I I I I I 
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I 
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Wavelength ( n m )  

i 

8 4 0  

Fig. 1. Absorption spectra of  colored products of  promazine HC1 (10 gg ml ]), methotrimeprazine maleate (5 gg m l -  ~ and 
phenthiazine base (8 gg m l -  i) .  
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butaperazine maleate and oxomemazine tartrate 
were obtained as gifts from various manufacturers 
and were used as working standards without fur- 
ther treatment. Promazine sulfoxide was prepared 
by a reported procedure [39]. All solvents used 
throughout this work were analytical grade. 

(c) N-Bromosuccinimide (NBS) solution: into 
50 ml volumetric flask, add 250 mg NBS. Add 
about 40 ml of water and shake well. After com- 
plete dissolution dilute solution to volume with 
water. Mix well and use for 24 h. 

(d) Diphenylamine solution: 1% w/v dipheny- 
lamine solution in methanol or ethanol. 

(e) 2 M sulfuric acid solution. 
(f) Dosage forms: various commercial prepara- 

tions purchased from local sources and listed in 
Table 6. 

2.2. Preparation o f  standards" 

Dissolve an accurately weighed amount of each 
phenothiazine drug as free base or its salt in 
methanol and dilute quantitatively with the same 
solvent to obtain the appropriate dilution for each 
drug (Table 1). 

2.3. Preparation o f  samples 

2.3.1. Tablets  

Weigh 20 tablets and finely powder. Transfer 
accurately weighed amount of powder equivalent 
to 25 mg of studied drug to 100 ml volumetric 
flask and dilute to about 80 ml with methanol. 
Shake the mixture well for about 10 rain, dilute to 
the mark with the same solvent and filter. Discard 
first portion of filtrate. Use clear solution ob- 
tained as stock solution. Dilute stock solution 
quantitatively with methanol to obtain the suit- 
able working sample solution for studied drug 
( T a b l e  1). 

2.3.2. Liquid preparations (Syrups, Vials and 
Drops) 

Dilute an accurately measured volume of each 
preparation equivalent to 25 mg of the declared 
drug quantitatively to obtain the suitable working 
sample dilution for studied drug (Table 1). 
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Fig. 2. Effect of NBS concentration on the absorbtion intensity of reaction products of 8 I~g phenothiazine base, l0 ~tg promazine 
HC1 and 4 ~tg methotrimeprazine maleate ml - ~. 

2.3.3. Suppositories 
Weigh and molten five suppositories. Transfer 

an accurately weighed amount of suppositories 
equivalent to 25 mg of  chlorpromazine HC1 or 10 
mg of thiethylperazine to 50 ml volumetric flask. 
Add about 40 ml of  methanol and warm to about 
45°C. Shake well for about 10 min keeping the 
solution warm. Cool, dilute to the mark, shake 
and filter. Discard the first portion of  the filtrate. 
Use the obtained filtrate as final sample dilution 
in the case of thiethylperazine or dilute quantita- 
tively with methanol to obtain a working sample 
solution of chlorpromazine HC1 containing 200 
~tg ml l. 

2.3.4. Recovery study 
Add an accurately weighed amount of declared 

drug for each preparation to 100 ml volumetric 
flask, containing accurately weighed quantity of 

the powdered tablets or moltened suppositories or 
accurately measured volume of liquid prepara- 
tions. Either dissolve contents of  flask in 
methanol and treat as described for tablets and 
suppositories or dilute quantitatively with 
methanol to obtain required concentration as de- 
scribed for liquid preparations. 

2.4. Determination 

To 1 ml of either standard or sample phenothi- 
azine solution in 10 ml volumetric flask, add 1 ml 
diphenylamine solution followed by 1 ml NBS 
solution and 0.5 ml of sulfuric. Mix well and then 
dilute the solution to volume with methanol. 
Measure absorbance at either 392 396 or 770-  
780 nm through about 15 min against a blank 
treated similarly (measure phenothiazine base, 
mepazine HC1 and pericyazine at 655, 775 and 
778 nm, respectively). 
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Table 3 
Effect of dilution by different solvents on the absorption intensity of developed colors from promazine HC1 (10 ~.tg ml-~) and 
methotrimeprazine maleate (4 lag ml -~) 

Solvent Promazine HCI Methotrimeprazine maleate 

Wavelength (nm) Absorbance ~ Wavelength (nm) Absorbance" 

Methanol 394 0.886 395 0.764 
775 0.531 776 0.552 

Ethanol 394 0.655 40(1 0.552 
777 0.421 772 0.385 

1sopropanol 394 0.631 400 0.507 
778 0.399 778 0.389 

Dioxane 398 0.772 404 0.558 
780 0.502 778 0.485 

DMSO 418 0.181 420 0.154 
581 0.//95 586 0.115 
897 0.102 900 0.112 

Water ~ 

d Average of four determinations. 
b Complete color discharge and precipitation. 

Table 4 
Effect of the sequence of addition on the intensity of colored products 

Sequence of addition Promazine HCI (10 jag ml t) Methotrimeprazine maleate (4lag ml ~) 

Wavelength (nm) Absorbance ~' Wavelength (nm) Absorbance ~L 

1-drug+ amine+ NBS+ no acid 

2-drug + amine + N BS + acid 

3-drug + amine + acid + N BS 

4-drug + acid + N BS + amine 
5-drug + N BS + amine + acid 

6-drug + acid + amine + N BS 

7-drug + amine + acid + no N BS 
8-drug + NBS + acid + amine 

398 0.467 399 0.356 
610 0.235 612 0.301 
780 0.264 779 0.322 
394 0.891 395 0.771 
775 0.544 776 0.559 
352 0.797 355 0.698 
460 0.145 456 0.121 
800 0.151 789 0.132 
450 0.255 455 0.333 
395 0.305 395 0.354 
780 0.176 776 0.189 
462 0.171 455 0.201 
790 0.181 789 0.213 

b 

450 0.303 455 (I.354 

~' Average of four determinations. 
b No maxima was found in the studied range (390 80(1 nm). 

3. Results and discussion 

3.1. Absorption characteristics 

The absorption spectra for the highly colored 
products of most phenothiazine drugs from reac- 
tion with diphenylamine and NBS reagents ex- 

h i b i t  t w o  m a x i m a  w i t h  d i f f e r e n t  a b s o r p t i o n  

i n t e n s i t i e s  ( T a b l e  1 a n d  Fig .  1). O n e  a b s o r p t i o n  

m a x i m u m  is in  t he  r a n g e  o f  3 9 2 - 3 9 6  n m ,  a n d  t he  

o t h e r  in  t he  7 7 0 - 7 8 0  n m  range .  E a c h  o f  p h e n o t h -  

i az ine  base ,  m e p a z i n e  H C I  a n d  p e r i c y a z i n e  h a v e  

o n e  m a x i m u m  a t  655,  775 a n d  778 n m ,  r e spec -  

t ively.  T h e  s h o r t e r  w a v e l e n g t h  p e a k s  s h o w  h i g h e r  
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absorption intensity compared with that of longer 
ones. Measurements were conducted at both 
wavelengths throughout this work. The ratio be- 
tween absorptivities of the two maxima calculated 
at different concentration levels was found to be 
constant with small coefficients of variation. This 
ratio may be useful for identification of some 
drugs such as promazine HC1, chlorpromazine 
HC1 and thioridazine HC1 which have characteris- 
tic values (Table 1). 

Beer's law was obeyed for all phenothiazines 
studied at the corresponding maxima. Table 2, 
shows typical linear regression correlations for the 
studied drugs with relative standard deviation of 
slope less than 2% in all cases. 

3.2. Effect o f  diphenylamine concentration 

Several solutions of diphenylamine in the con- 
centration range from 0.2 to 2.0% w/v were pre- 
pared and tested with the studied drugs. Highest 
color intensities were obtained by using dipheny- 
lamine solution in concentrations ranging from 
0.6 to 1.4% w/v. Therefore, l ml of 1% w/v 
diphenylamine solution was used throughout this 
work. 

3.3. Effect oJ N B S  concentration 

Fig. 2 illustrates the effect of NBS on the 
absorption intensity of the colored products for 
phenothiazine base, promazine HC1 and 
methotrimeprazine maleate. It is quite clear from 
the results that color formation could be maxi- 
mized by using from 0.4 to 1.0% w/v NBS solu- 
tions. Therefore, 1 ml of 1% w/v NBS solution 
was used throughout this work. 

3.4. Effect o f  acid concentration 

Sulfuric acid solutions ranging from 0.2 to 5 M 
were prepared and tested with the studied phe- 
nothiazines. It was found that, maximum color 
intensity was obtained by using sulfuric acid con- 
centrations more than 1 M. In this study, 0.5 ml 
of 2 M sulfuric acid solution was used throughout 
all of the work. 
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Table 7 
Spot colors, Rf  values and wavelengths of  maximum absorp- 
tion of eluted spots for products of  phenothiazine base and 
promazine HCI under the specified reaction conditions 

Color Phenothiazine base Promazine HCI 

(nm) (nm) 

Green - -  0,93 ~ 775 
Blue 0.91" 655 
Blue 0.87 655 0,73 670 
Bluish violet 0.51 605 - -  
Violet - -  0.54 565 
Orange - -  0.66 402 

" Eluting system is ammonium acetate-water-methanol (3+ 
20+  100, w/v/v). 
b Maxima of  eluted spots. 
c Major spots. 

3.5. Effect of dilution by different solvents 

Dilution of the colored products by different 
solvents showed that, there was no effect or slight 
effect on the position of absorption maxima in case 
of alcohols, but absorption intensities were influ- 

enced. Table 3, indicates that methanol is the 
suitable diluting solvent because it gave the highest 
and most stable absorption intensity. 

3.6. Effect of time 

The reaction time was determined by following 
the color development at ambient temperature 
(25 _+ 2°C). It was found that, color intensity was 
maximum just after addition of sulfuric acid and 
remained stable for further 15 rain and then de- 
creased gradually. On the other hand, colored 
products were stable for at least 1 h when diluted 
with methanol immediately and this may reflect the 
stabilizing effect of the solvent. In this study, the 
reaction mixtures were diluted with methanol 
rapidly after addition of sulfuric acid and absorp- 
tion measured through 15 rain after dilution with 
solvent. 

3.7. Effect of the sequence of addition 

Table 4, indicates the different possibilities stud- 
ied in this work. It is clear from the results that the 
only sequence of addition to be followed is drug, 
amine, NBS and finally the acid. 

H 

+ NBS 

S 

Br" 

B( . B) B( 

s 

HN-(ph)2 

Scheme 1. Suggested sequence of  reaction of  phenothiazine with diphenylamine and N-bromosuccinimide reagents to form 
methylene blue-like dyes. 
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3.8. Specificity of  the reaction 

To assess the selectivity of the method to phe- 
nothiazines in presence of some oxidation prod- 
ucts, the concentrations of promazine HC1 and 
alimemazine tartrate were determined in several 
standard solutions containing promazine sulfox- 
ide and oxomemazine tartrate (Alimemazine-5,5- 
dioxide), respectively. Excellent recoveries 
(99.4 100.5) of the intact drugs in these mixtures 
confirms that the assay is specific for unchanged 
drugs in presence of their oxidation products 
(Table 5). 

The C-2 substituted phenothiazines with Ham- 
mett a-values larger than 0.23 for the C-2 sub- 
stituents, e.g., trifluoperazine HC1 (0.54) and 
butaperazine maleate (0.48), gave no colored 
products under the studied reaction conditions. 

3.9. Analysis of  pharmaceuticals 

The proposed method was applied for the de- 
termination of promazine HC1, promethazine 
HC1, chlorpromazine HC1, thioridazine HCI, thi- 
ethylperazine and methotrimeprazine as the drug 
entity in various pharmaceutical formulations. 
Recovery experiments were carried out for each 
drug in its respective pharmaceutical formula- 
tions. The results were compared with those ob- 
tained by applying the official or reported 
methods. As shown in Table 6, the results are in 
good agreement with those of official methods, 
and the recovery experiments indicate the absence 
of interferences from frequently encountered ex- 
cipients, additives or coloring matter. It is better 
to use a larger volume of NBS solution (1.5 ml of 
0,5% w/v solution) especially in the case of liquid 
preparations to overcome any interference due to 
the presence of antioxidants or any methanol 
soluble materials having strong reducing proper- 
ties. 

Application of Job's method of continuous 
variation [40] showed that all studied drugs re- 
acted with diphenylamine in the molar ratio of 1:2 
except promethazine HC1 (2:3) and phenothiazine 
base (1:1). All other reagents and experimental 
conditions were kept constant. 

Although the determined molar ratio for most 

phenothiazines was 1:2, the reaction was ex- 
pected to be more complex, because at least 
three different spots were obtained when the re- 
action mixture was spotted on the thin layer 
chromatographic plates (Precoated silica gel, E. 
Merck, 0.25 mm with fluorescent indicators) as 
shown in Table 7. 

Scheme I shows a suggestion for the possible 
pathway as predicted from literature reports [26 
29,41,42] and from findings obtained in this 
work. 

4. Conclusion 

The method is simple, rapid and selective for 
analysis of intact phenothiazines without interfer- 
ence from the common oxidation and degrada- 
tion products. Therefore, this method can be 
used as a measure for the rate of oxidation or 
degradation of phenothiazines (stability indicat- 
ing assay). In addition, the use of diphenylamine 
in this work provides a higher sensitivity and 
better reproducibility compared with other simi- 
lar previously used reagents. The method can be 
successfully used for the routine analysis of phe- 
nothiazine drugs in pure forms and in different 
pharmaceutical formulations. 
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Abstract 

In electrothermal atomic absorption spectroscopy (ETAAS) effective stabilization of analytes can be achieved by an 
initial in situ electrodeposition of 0.2 lag of Pd. This amount of Pd is on average a factor of 50 lower than that 
typically used for conventional chemical modification. The surface features of this modifier have been characterized 
by scanning electron microscopy (SEM) measurements on sectioned pyrolytic graphite furnaces and contrasted with 
those for modifier produced from thermally reduced Pd salts. Electrodeposition produces a uniform array of Pd 
domains stretching approximately 2 mm from the centrally positioned Pt/Ir anode (which doubles as the autosampler 
sample delivery tube). In contrast, thermally reduced Pd salts produce a modifier which concentrates in domains near 
the drying edge of the modifier solution. Anodic stripping voltammetry (ASV) established that Pb electrodeposited 
onto Pd-modified pyrolytic graphite affixes to the Pd rather than the graphite. ASV measurements using a basal plane 
pyrolytic graphite working electrode also established that (i) the stripping potentials for monolayer and multilayer Pb 
are shifted anodically by 0.16 and 0.18 V, respectively by binding to Pd rather than graphite and (ii) deposition of 
Pb from dilute acidic medium (1% HNO3) leads only to monolayer Pb, in contrast to deposition from acetate buffer 
(pH 4.0-4.4) which produces predominantly multilayer Pb. © 1997 Elsevier Science B.V. 

Keywor&': Electrodeposition; Palladium modifier: Stripping potential; Thermal stabilization 

1. Introduction 

Many analytical protocols in electrothermal 
atomic absorption spectroscopy (ETAAS) require 

* Corresponding author. Fax: + 61 2 93856141; e-mail: J. 
Matousek@unsw.edu.au 

stabilization of the analyte prior to, or within, the 
atomization phase. Often the objectives are to 
minimize the premature loss of volatile molecular 
analyte species, to improve separation of analyte 
and matrix components during the ashing phase 
and/or to increase the atomization temperature. 
The necessary stabilization can be achieved by 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll SO0 39-9140(96)021 55-8 
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encapsulation of the analyte within a much larger 
mass of less volatile thermally produced matrix, 
e.g., MgO, or by alloying the analyte with a large 
mass of thermally produced metal, such as Ni or 
Pd [1]. Palladium is also used to preconcentrate 
hydrides of As, Sb, Se, Bi and Sn as compounds 
of low volatility prior to atomization from the 
pyrolytic graphite furnace [2]. 

A common problem with the use of chemical 
modifiers is the large mass required relative to the 
mass of analyte and therefore the associated risk 
of contamination. For example, the masses of Ni 
and Pd used are typically in the range I0 50 and 
1 20 lag, respectively [1]. Recently we have re- 
ported the use of electrodeposited Pd as a 
modifier [3]. This modifier is significantly more 
effective than thermally reduced Pd at stabilizing 
the volatile analytes Pb, Cd, Cu [3] and H2Se [4] 
to higher temperatures. Typically a mass of only 
0.2 gg is required, being produced in situ in the 
pyrolytic graphite coated furnace. For example, 
our ETAAS results for stabilization of Pb by 
thermally generated (3.0 lag) and eletrodeposited 
(0.25 lag) Pd confirm more efficient stabilization 
by the latter: based on the ashing loss curves, 
stabilization of Pb by 500 K using electrode- 
posited Pd contrasts with only 150 K for ther- 
mally produced modifier [3]. The contribution of 
modifier contaminants with more negative reduc- 
tion potentials is diminished by programming the 
autosampler to remove spent electrolyte after 
modifier deposition. The modifier blank ean be 
further reduced by an acid wash. The modifier can 
be used for analysis of analytes by conventional 
methods, or by their electrodeposition onto the 
Pd. In the electrodeposition protocol the analyte 
can be quantitatively separated in 60 s deposition 
from such troublesome matrices as 0.5 M NaC1; 
the background absorption by NaCI is reduced by 
more than 99.5% [3]. 

In this paper we make a comparison of electro- 
chemically and thermally produced Pd modifiers 
on the basis of their scanning electron micro- 
graphs. Modifiers produced from different elec- 
trolytes (HNO3, HC1) are compared. Evidence is 
presented from differential pulse ASV that elec- 
trodeposited analytes affix to the Pd domains 
rather than to the much larger area of uncoated 

pyrolytic graphite. From ASV measurements on a 
basal plane pyrolytic graphite cathode it is estab- 
lished that the relative amounts of (the more 
highly stabilized) monolayer and bulk Pb de- 
posited onto Pd (or graphite) depend on sample 
pH. The additional stabilization of Pb by deposi- 
tion onto Pd rather than graphite is approxi- 
mately AG= - 3 1  kJ mol ~ 

2. Experimental 

2.1. Instrumentation 

Scanning electron micrographs were taken with 
a Jeol JXA-840 scanning microanalyzer operating 
with an accelerating voltage of 30 kV and capable 
of 12 50000 x magnification. 

A GBC GF-3000 graphite furnace system, in- 
corporated into a GBC 932 atomic absorption 
spectrometer was used to clean and condition 
miniature graphite furnace sections used for depo- 
sitions. The standard graphite furnace tube (GBC 
Part No. G 19310121) was modified for this pur- 
pose by removing the internal central partitions so 
as to accommodate the furnace sections for clean- 
ing and for thermal reduction of Pd. 

ASV measurements were effected with a PAR 
384B polarographic analyzer. Solution volumes of 
6 ml were held in a perspex cell of 10 ml capacity 
designed for use with the PAR 303A stirrer and 
were stirred with a magnetic follower at 700 rpm. 
The working electrode (3 mm x 4 ram) was fabri- 
cated from a thin section of basal plane pyrolytic 
graphite mounted at the flanged base of a perspex 
tube (6 mm o.d.) by sealing in Araldite; electrical 
contact was via a drop of Hg on the reverse side. 
The auxiliary electrode was a 2 mm dia disk of 
high density graphite; the Ag,AgC1/C1 (3 M) 
reference electrode was separated from the test 
solution by a Vycor tip. 

2.2. Reagents 

Sodium acetate, HNO 3 and HC1 were Aristar 
(BDH) quality. Acetic acid (BDH Analar) was 
further purified by isopiestic distillation. Stock 
solutions of Pd and Pb (100 mg 1 1) were pre- 
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pared by dissolving PdC12 (Aldrich 99.99%) and 
Pb(NO3) 2 (BDH) in dilute Aristar HNO3 or HC1. 
All dilutions were in Milli-Q water. 

3. Results and discussion 

3.1. Scanning electron microscopy 

2.3. Procedure 

For scanning electron microscopy (SEM) stud- 
ies, electrodeposition was onto the concave sur- 
face of sections (9 x 3 mm) prepared by grinding 
pyrolytically coated miniature GBC GF-1000 fur- 
naces (Ringsdorff Werke RWO/PyC) lengthwise 
to approximately half the original size. The sec- 
tions were cleaned by heating twice inside a 
modified GF-3000 tube at 2500°C for 5 s with the 
internal Ar flow. The electrodepositions, at 5 V 
uncontrolled potential, were effected from 10 lal 
aliquots in the half furnaces, using a purpose-built 
stand in which the position of the Pt/Ir anode was 
controlled by an attached Agla micrometer. The 
anode-cathode separation was set at 0.7 mm, sim- 
ilar to that achieved in ETAAS experiments [3]. 
Following deposition of Pd (60 s, 20 30 mA) 
from 100 mg 1-1 solution in 1% HNO 3 or 0.5'~, 
HCI, the furnace section was washed thoroughly 
in 0.1% Aristar HNO3, then Milli-Q water and 
dried at 100°C. Lead was deposited over the Pd 
layer from 100-300 mg 1 ~ Pb in 1% HNO~ or 
0.03 M acetate buffer. Conditions were identical 
to those for Pd except the deposits were washed 
initially with Milli-Q water under applied voltage 
and then immersed in Milli-Q water prior to 
drying. For thermally produced modifier, 10 lal 
aliquots of 1000 mg 1 1 Pd solution in 5% HC1 
were dried in half furnaces, followed by condi- 
tioning at 1200°C for 20 s. 

ASV measurements were performed in a class 
100 clean room. The electrode surface was ini- 
tially cleaned by abrasion on an acid-soaked 
quantitative filter paper then by anodic polariza- 
tion at 0.70 V for several minutes in stirred 1% 
HNO3. Solution concentrations were: Pb, 120 
225 gg 1 ~ in 0.03 M acetate buffer, pH 4.4, or in 
0.1% HNO3; Pd 5.0 mg 1 1 in 0.05% HNO 3. 
Instrumental parameters were: N2 flush 10 min, 
deposition time 60-1500 s, deposition potential 
- 0.70 V (Pb) or 0.20 V (Pd), final potential 0.60 
V, mode DPSV, modulation 25 mV, stripping 
speed 10 mV s '. 

Surface distribution of  thermally produced 
modifiers on pyrolytic graphite coated furnaces 
has been a subject of several SEM studies [5-7]. 
There is a general consensus that Pd or Ir 
modifier is concentrated towards the edges of the 
deposited solution. This is either ascribed to un- 
even distribution of the modifier during the drying 
step [5] or to its migration towards the edges 
during pyrolysis [6]. However, our experiments at 
250 x magnification (not shown) confirm that the 
uneven distribution of Pd modifier stems from the 
drying process and is substantially maintained 
during pyrolysis up to 12000(2. In contrast, elec- 
trodeposited modifier is more uniformly and 
densely distributed. This difference in distribution 
is consistent with the observation that trapping of 
H2Se injected through the furnace orifice follow- 
ing external generation is more efficient by Pd 
electrodeposited from 1% HNO 3 [4]. Modifier 
(Pd) electrodeposited from HC1 contrasts with 
that from H N O  3. Evolution of C] 2 at the anode 
leads to the dissolution of Pd [8] from the cathode 
area opposite the Pt/Ir probe. 

Fig. l (a)-(d)  shows the scanning electron mi- 
crographs (2500 x magnification) and correspond- 
ing X-ray dot maps for Pd electrodeposited from 
0.5% HC1 and f¥om 1% HNO 3. From HC1 
medium a more uniform, higher density of do- 
mains was achieved. At 2500 x magnification the 
Pd domains electrodeposited from HNO3 medium 
appeared to fluoresce. Fluorescence (cathodolu- 
minescence) is characteristic of non-conducting or 
semiconductor materials [9]. This suggests that 
under the conditions of vacuum and electron 
bombardment in the spectrometer the linkage be- 
tween the Pd domains and the graphite substrate 
has a low electrical conductivity. As seen in Fig. 
l(b), Pd deposits from HNO 3 indeed appear not 
to adhere as well to the pyrolytic graphite surface 
as those from HC1 medium. 

An additional feature associated with Pd de- 
posited from HC1 was a 'glazed' appearance. This 
feature is consistent with adsorption of C1 on 
the surface of the Pd domains (despite a 30 min 
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(a) (b) 

5629 2BKU X2,588 18Pm WD39 
(c) (d) 

Fig. 1. Scanning electron micrographs at 2500 x magnification of 1 lag Pd electrodeposited from (a) 0.5% HCI and (b) 1% HNO 3 
with corresponding X-ray dot maps measured at Pd L:~ 2.838 keV line (c) and (d), respectively. 

wash in 0.1% HNO3). An intense C1 fluorescence, 
its source physically coincident with Pd fluores- 
cence, was observed in the SEM. 

Although the mass of  Pd used was well in 
excess of  that required for a monolayer coverage 
(but of  the same order as the amount  required for 
the production of electrodeposited modifier), the 
Pd deposited from 0.5% HC1 (Fig. l(a) and (c)) is 
concentrated in a series of  domains representing 
less than 20% of the surface area. Fig. 2 docu- 
ments that, when viewed at the same magnifica- 
tion, thermally produced modifier provides a 
more uniform coverage (but less dense) relative to 
the same quantity of Pd electrodeposited from 
HC1. The scattered domains which arise from 
thermal evaporation and reduction of Pd salts (as 
documented previously [7]) indicate that sites with 

discrete activity are a feature of  the adsorption 
and nucleation processes. 

The formation of  highly concentrated domains 
of  Pd by electrodeposition on graphite surfaces, as 
observed for metal deposition on a glassy carbon 
electrode, indicates the presence of electroactive 
sites [10]. It may be expected that Pd electrodepo- 
sition is directed preferentially towards the most  
active sites. However, recent observations for 
thermally generated Ir modifier have confirmed 
that its distribution is non-reproducible even 
when carried out under the same conditions and 
that thermal pretreament results in modifier redis- 
tribution dictated by the surface features (rather 
than active sites) of the graphite tube [5]. 

Our observations confirm that surface morphol-  
ogy of the pyrolytic graphite coating plays a 
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significant role in determining the deposition pat- 
tern. The grade of graphite used displays a range 
of raised features and it is on these that preferen- 
tial deposition takes place. 

In ETAAS the amount of analyte determined is 
typically much smaller than the quantity of Pd 
modifier used. However, the low sensitivity of the 
XRF technique necessitates the use of unrealisti- 
cally high amounts of analyte to obtain usable 
results. Despite using three orders of magnitude 
higher amount of Pb for SEM investigations (rel- 
ative to the ASV work), detection still proved 
difficult. In order to highlight X-ray dot maps, 
these are presented in Fig. 3 and Fig. 4 as nega- 
tive images. It appears from overlaps of X-ray dot 
maps for Pd and Pb that, for both HNO3 and 

(a) 

(b) 

Fig. 2. Scanning electron micrographs at 2500 x magnification 
of 10 p.g Pd in 5% HCI after drying and conditioning at 
1200°C (a) and corresponding X-ray dot map measured at Pd 
L:q 2.838 keV line (b). 

acetate buffer, these elements favour the same 
regions of the pyrolytic graphite surface. It should 
be noted that the dot maps are not exactly coinci- 
dent, however, coincidence of the deposits is indi- 
cated by the displacement of the Pb ashing loss 
curve in the presence of electrodeposited Pd [3], 
and from the ASV results presented below. It was 
observed that the intensity of fluorescent radiation 
for Pd was noticeably weaker when Pb was de- 
posited over the Pd layer (Fig. 3(b) and Fig. 4(b) 
compared with Fig. l(c)). 

3.2. Anodic stripping voltammetJ 3, 

3.2.1. Deposition of Pb on graphite 
Fig. 5 shows the differential pulse stripping 

voltammograms as a function of deposition time 
for Pb deposited at - 0 , 8 0  V from a 120 pg 1- 
solution in 0.03 M acetate buffer, pH 4.0. Broad 
stripping peaks are observed at E v = -0 .45 ,  - 
0.06 and 0.21 V versus Ag,AgC1/CI (3 M). The 
more cathodic peak at potential E v = -0 .45  V, is 
ascribed to the stripping of Pb from multilayer 
(bulk) deposits. For reference, the E ° for Pb 2 +/Pb 
is - 0 . 3 2  V and E1/2 for Pb 2+/(Pb/Hg) is -0 .31  
V, both relative to Ag,AgC1/CI (3 M) [11]. The 
most anodic peak is ascribed to the stripping of 
monolayer Pb (designated Type I Pb). This indi- 
cates an underpotential of 0.66 V. The peak at 
- 0 . 0 6  V may arise from Pb deposits at surface 
sites different from those at which the more stable 
monolayer is formed [12]. Szabo [13] has noted 
the energetic heterogeneity of substrate surfaces 
and thus the existence of multiple energy states 
for monolayers. Alternatively, the peak at - 0 . 0 6  
V may arise from stripping of the Pb layer next to 
that in direct contact with the graphite substrate. 
The atomic environment in this layer will be 
unique and the atoms will be partially stabilized 
by interaction with the electrode material. 

Fig. 6 shows a plot of peak height versus 
deposition time for the three stripping peaks. The 
peak height for monolayer stripping increases sys- 
tematically with deposition time, but much less 
rapidly than that for multilayer Pb. The peak at 
E r = - 0.06 V is almost invariant with deposition 
time. This is consistent with it representing mono- 
layer deposition at sites for which the activation 
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Fig. 3. Scanning electron micrographs at 2500 x magnification of 3 p~g Pb electrodeposited from 1% HNO 3 over 1 ~g Pd 
electrodeposited from 0.5% HC1 (a) and corresponding X-ray dot maps measured at Pd L ~  2.838 keV line (b) and Pb M ~  2.346 
keV line (c). X-ray dot map (d) is a composite of (b) and (c). Negative images are used for (b), (c) and (d). 

energy for deposition is low and the number of 
sites is unaffected by the impact which cumula- 
tive deposition or gas evolution has on the sur- 
face properties. (This is designated Type II Pb.) 
It is not consistent with a unique second layer of 
Pb deposited over the expanding monolayer cov- 
erage. Both of the monolayer peaks are of sig- 
nificant magnitude after zero deposition time 
(70-90 s scan from - 0 . 7 0  V in unstirred solu- 
tion). 

The unique stability of the monolayer Pb de- 
posits is illustrated by the effect of a 20 s rinse of 
the electrode in 0.5% HNO3 following a 360 s 
deposition at - 0 . 8 0  V. Fig. 7, curve A indicates 
that all of the multilayer Pb (from 360 s deposi- 
tion) is dissolved by the acid treatment. From 

the relative peak heights at 0.21 V and - 0 . 0 6  V 
it is inferred that, compared with Fig. 5, a par- 
tial dissolution of the less stable Type II mono- 
layer also occurs. Fig. 7, curves B and C show 
the stripping voltammograms following 60 s and 
500 s depositions of Pb from a 0.1% HNO3 solu- 
tion, respectively. Only the more stable mono- 
layer, Type I, accumulates; the monolayer Pb is 
more resistant to oxidative dissolution in the 
presence of 02 [14], consistent with its more posi- 
tive stripping potential, The Ep value for Type I 
Pb indicates a stabilization of AG°=  - 1 2 7  kJ 
mol J ( = - z F A E )  relative to multilayer Pb. 
The resistance of the graphite-Pb monolayer to 
acid dissolution is consistent with the negative 
value of E for Pb(C) + 2H + = Pb 2 + + C + H2. 
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Fig. 4. Scanning electron micrographs at 2500 x magnification of 1 btg Pb electrodeposited from 0.03 M acetate buffer over 1 p.g Pd 
electrodeposited from 0.5% HC1 (a) and corresponding X-ray dot maps measured at Pd L:q 2.838 keV line (b) and Pb Mcq 2.346 
keV line (c). X-ray dot map (d) is a composite of (b) and (c). Negative images are used for (b), (c) and (d). 

3.2.2. Deposition o f  Pd on graphite 

Deposi t ion o f  Pd onto  pyrolytic graphite was 
effected at 0.20 V from a solution containing 5.0 
mg 1-1 Pd in 0.05% (0.08 M) H N O  3. The strip- 
ping vo l t ammogram taken f rom - 0.70 V, imme- 
diately following 100 s deposit ion showed a 
double peak with maxima at - 0 . 1 8  V and ap- 
proximately 0.00 V (Fig. 8, curve A). Because 
E~,a2 + ,.pd = 0.95 V (versus N H E )  these peaks must  
involve a species other  than (or in addit ion to) 
Pd~s). Possible assignments include the oxidation 
processes: 

Pd2 H --- 2Pd + H + + e 1) 

and 

Pd(H2) = Pd + 2H + + 2e - (2) 

In contrast,  stripping following a 60 s electrolysis 
at - 0.70 V in acetate buffer gave a single peak at 
- 0 . 1 6  V (Fig. 8, curve B). For  the reduction 
process Eq. (1), the s tandard reduction potential 
E ° = 0 . 0 4 8 - 0 . 0 5 9  pH versus N H E  [15], giving 
E = - 0 . 2 1  V versus Ag,AgC1/C1 (3 M) at [H +] 
= 0 . 0 8  M. Fo r  the reduction process Eq. (2), 
E ° = 0 . 0 0  V versus N H E ,  giving E =  - 0 . 2 6  V 
versus Ag,AgC1/C1- (3 M) at [H +] = 0 . 0 8  M. 
These values are for bulk Pd; different values 
could be expected for small Pd domains  on a 
graphite substrate [16]. As indicated below, the 
posit ion o f  the peak(s) is very sensitive to the 
deposit ion o f  analyte (Pb) on to  Pd. 
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3.2.3. Deposition of  Pb on Pd 
The electrode was precoated with Pd by 600 s 

deposition from 5.0 mg 1-1 solution at 0.20 V. 
Deposition of Pb from 0.03 M acetate buffer (pH 
4.4) onto electrodeposited Pd on pyrolytic 
graphite gave a stripping voltammogram with 
peaks at - 0 . 27 ,  - 0 . 1 7  to 0.09 and 0.37 V (Fig. 
9, curves A E) for 0 1500 s depositions. The 
former was assigned to multilayer Pb and the 
latter to monolayer Pb on Pd. The shift in strip- 
ping potential for multilayer Pb (relative to Ep on 
graphite) was unexpected; it may be a conse- 
quence of the low mass of analyte involved, hence 
the proximity of all Pb atoms to the electrode (Pd) 
surface. The difference between Ep for monolayer 
Pb deposited on graphite and for monolayer de- 
position on Pd, ZXEp = 0.16 V, corresponds to a 
stabilization (on Pd) of  AG ° =  - 3 1  kJ t o o l  
( = - zFAEp). This is the energy difference for the 
processes 

Pb(C) 2 + = Pb(aq~ + 2e (3) 

and 

Pb(Pd) 2 ÷ = Pb(~q) + 2e (4) 

2.G 

@ 
1,C 

0 

-0~.7 ' -0~.3 ' 011 ' 0'.5 
Voltage (vs Ag,AgCl/CI'(3M)) 

Fig. 5. Differential pulse stripping voltammograms for Pb 
deposited on pyrolytic graphite from acetate buffer (0.03 M, 
pH 4.0). Conditions: 120 gg 1 ~ Pb, conditioning potential 
0.70 V, deposition potential - 0.80 V. Voltammograms shown 
for (A) 60, (B) 180 and (C) 600 s deposition from stirred 
solutions. 
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Fig. 6. Plot of differential pulse stripping peak height versus 
deposition time for bulk Pb (Ep = - 0 . 4 5  V) and monolayer 
Pb bound to graphite, type I (Ep -0 .21  V) and type II 
(Ep = - 0 . 0 6  V). Deposition conditions as for Fig. 3. 

Yan and Ni [17] determined the activation ener- 
gies for release (first order kinetics) of  Pb from 
graphite and palladium surfaces (301 and 418-  
518 kJ mol 1, respectively). They inferred that 
these energy terms are a measure of the analyte- 
surface interaction energy. If this is so, then the 
difference in stability of the two surface states of 
the analyte is c. -(100-200) kJ t o o l  J. However 
these terms are kinetic parameters (activation en- 
ergies) rather than thermodynamic parameters. 
Further, there is no guarantee that the process 
leading to the observed activation energy involves 
monolayer, as distinct from polylayer atomic spe- 
cies. For  comparison, the stabilization of mono- 
layer Pb on Pd relative to bulk Pb on Pd is 
calculated as A G ° = -  124 kJ mol i from the 
shift in stripping potentials. 
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-oi, -o13 olt ols 
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Fig. 7. Differential pulse stripping voltammograms for Pb 
deposited on graphite in acid (HNO3) solution. Curve A, 200 
s conditioning at 0.70 V, 360 s deposition from acetate buffer 
(0.03 M, pH 4.0) at 0.80 V, followed by 20 s in 0.5% HNO 3 
before stripping. Curves B and C for deposition (60 and 500 s, 
respectively) and stripping in 0.1% HNO3 (curve C at 1/3 
sensitivity). 

The  pos i t ion  o f  the centra l  s t r ipping peak  was 
very sensitive to p la t ing  t ime (mass o f  Pb  de- 
posi ted) ,  Fig. 9, curves A - E .  It  shifted f rom 

- 0 . 1 7  V for 0 s depos i t ion  to 0.09 V for deposi -  

t ion t imes greater  than  1000 s, an effect which 
para l le ls  that  o f  Pb ' a d a t o m s '  on Pd catalysts;  

Ma l l a t  et al. [16] r epor t  the ox ida t ion  o f  H 2 f rom 

A 

1.O 

~ B  

_017 _013 011 O'.S 

Voltage (vs Ag,AgCI/CI ' (3M))  

Fig. 8. Differential pulse stripping voltammograms for Pd 
deposited on pyrolytic graphite. Curve A: 100 s deposition 
from 5.0 mgl L Pd (0.05% HNO3) at 0.20 V. Curve B: 60 s 
electrolysis at 0.70 V of Pd-coated pyrolytic graphite elec- 
trode (curve A) in 0.03 M acetate buffer (pH 4.4). 
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1,0 
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-0.7 -0 3 0.1 0.5 

Voltage (vs Ag,AgCI/CI-(3M)) 

Fig. 9. Differential pulse stripping voltammograms for deposi- 
tions from 225 p.g 1-i Pb in 0.03 M acetate buffer (pH 4.4) 
onto pyrolytic graphite precoated with electrodeposited Pd. 
Curve A, blank (Pd only), B 60 s. C 240 s, D 480 s, E 1500 s 
deposition at - 0.70 V. Curve F for 480 s deposition followed 
by 20 s in 1% HNO 3 before stripping. 

f l -Pd  shifts f rom 0.15 V (versus N H E )  for  clean 
Pd to 0,30 V af ter  Pb poisoning .  In contras t ,  the 
s t r ipping current  was independen t  o f  p la t ing  t ime 
but  was larger  for scans in 0.5% HNO3 than  in 
acetate  buffer.  The  s t r ipping  current  increased 
with mass  o f  depos i ted  Pd. A 15 s wash with 1% 
HNO3 fol lowing a 480 s depos i t ion  f rom p H  4.4 
acetate  buffer  shifted this peak  f rom 0.02 V back  
to - 0.19 V (curve F). This  wash  also caused the 
loss of  the - 0 . 2 7  V peak.  There  was also an 
appa ren t  three-fold increase in the mono laye r  
peak  at 0.37 V, p re sumab ly  ar is ing f rom the reac- 
tions: 

2Pb + 0 2 -}- 4H + = 2Pb 2 + + H20 (5) 

and  

Pb ~ + + Pd(H2) = P b / P d  + 2H + (6) 

Thus,  ana logous  to depos i t ion  on graphi te ,  only  
the Pb m o n o l a y e r  resists d issolut ion  in dilute acid. 

Depos i t i on  o f  Pb on to  Pd f rom 1% (or 3%) 
HNO3 gave m o n o l a y e r  Pb only (Fig. 10, curve A). 
The s t r ipping cur ren t  was p r o p o r t i o n a l  to (tdep) n, 
where n is less than  1.0. The  s t r ipping  vo l tam-  
m o g r a m  also showed the Pd(H2) ox ida t ion  peak  
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at - 0.01 V. An interesting feature of this voltam- 
mogram is a ten-fold enhancement of the mono- 
layer peak relative to that produced from acetate 
buffer for the same deposition time (Fig. 10, curve 
B). From this it may be inferred that in acetate 
buffer the rate (activation energy) for deposition 
of Pb onto Pb is greater (smaller) than that for 
deposition onto Pd. In the application of the 
electrodeposition--ETAAS technique it was 
found advantageous to effect 1% HNO3 redeposi- 
tion of Pb initially deposited from more weakly 
acidic acetate buffer solutions. This minimized 
losses during the subsequent rinsing stage (used to 
dilute matrix components such as NaC1). This can 
now be understood in terms of the dissolution of 
bulk Pb and its redeposition in more stable mono- 
layer forms which resist dissolution during rinsing 
with air-saturated Milli-Q water. 

A potential problem with quantitative deposi- 
tion of analytes from dilute solutions is the com- 
petitive reaction from dissolved 02, or other 
oxidants generated at the anode [14,18,19]. An 
advantage arising from monolayer deposition 
onto a Pd modifier is the substantial increase in 
stability of the Pb(s) phase. This will contribute to 
the success of the electrodeposition--ETAAS 
method. 

e 

A 

u 2 

4.3 o'.5 
Voltage (vs Ag,AgCI/CI'(3M)) 

Fig. 10. Differential pulse stripping voltammograms for 225 p.g 
1 ~ Pb deposited on pyrolytic graphite coated with electrode- 
posited Pd. Curve A, 480 s deposition from and stripping into 
1% HNO3. Curve B, 480 s deposition from acetate buffer (pH 
4.4). 

3.2.4. Effect of  analyte stabilization on 
appearance temperatures 

Using a simplified approach it is possible to 
estimate the effect on the ETAAS appearance 
temperature of Pb (Tapp) arising from its stabiliza- 
tion as a monolayer on Pd. From the relationship 
A(AG °) ~ -zF(AEp) applied to the redox reac- 
tions Eq. (7) and Eq. (8) the relative stability 
(Gibbs free energy) of the monolayers Pb(C) and 
Pb(Pd) can be estimated. 

Pb 2 + + 2e + C~s~ = Pb(C) (7) 

Pb e + + 2e + Pd(~) = Pb(Pd) (8) 

Using the relationship A(AG °) = - R A ( T  In Kp) 
applied to reactions Eq. (9) and Eq. (10) 

Pb(C) = Pb(g) + C(s ) (9) 

Pb(Pd) = Pb(g~ + Pd(s) (10) 

A(AG °) can be used to estimate: 
(i) the ratio of partial pressures of Pb above the 

two monolayers at a given temperature, or 
(ii) the shift in appearance temperature (Tavv) 

corresponding to a specific vapour pressure of Pb, 

A(AG °) = - RA (T, pp) in Papp 

However, some approximations are necessary. It 
is assumed that A(AG °) is not affected signifi- 
cantly by a change in temperature. If it is assumed 
that Tapp corresponds to a mass of analyte similar 
to the characteristic mass (8 pg for Pb [3]) and 
that the effective volume occupied by the gaseous 
analyte at T,p v is ca. 100 gl then at (say) 1000°C 
the ideal gas equation gives Papp = 4 x 10 8 atm. 
An ideal gas assumption is reasonable considering 
the high temperature involved. From the observed 
shift in stripping potentials (0.16 V) the calculated 
value for /~(Tapp) is approximately 220 K, a value 
in reasonable agreement with the displacement of 
ashing loss curves by 250 K reported previously 
by Matousek and Powell [3]. Such calculations do 
not take cognisance of the kinetic factors involved 
in the atom release processes, nor the fact that the 
system may not be at equilibrium around the 
appearance temperature. However, they serve to 
indicate the insight to be gained about surface 
stabilization of analytes from measurement of 
their stripping potentials. 
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Abstract 

A reversed phase ion-paired chromatographic method that can be used to determine trace amounts of iron (II,III), 
nickel (II) and copper (II) was developed and applied to the determination of iron (II) and iron (III) levels in natural 
water. The separation of these metal ions as their 4,7-diphenyl-l,10-phenanthroline (bathophenanthroline) chelates on 
an Inertsil ODS column was investigated by using acetonitrile-water (80/20, v/v) containing 0.06 M perchloric acid 
as mobile phase and diode array spectrophotometric detection at 250 650 nm. Chromatographic parameters such as 
composition of mobile phase and concentration of perchloric acid in mobile phase were optimized. The calibration 
graphs of iron (II), nickel (II) and copper (II) ions were linear (r > 0.991) in the concentration range 0-0.5, 0 2.0 and 
0--4.0 gg m l  ~, respectively. The detection limit of iron (II), nickel (II) and copper (II) were 2.67, 5.42 and 18.2 ng 
ml ~ with relative standard deviation (n = 5) of 3.11, 5.81 and 7.16% at a concentration level of 10 ng ml-  l for iron 
(II) and nickel (II) and 25 ng ml 1 for copper (II), respectively. The proposed method was applied to the 
determination of iron(II) and iron(III) in tap water and sea water samples without any interference from other 
common metal ions. © 1997 Elsevier Science B.V. 

Keywords: Determination of iron (II,III); 4,7-diphenyl-l,10-phenanthroline: Ion-paired chromatography; Nickel (II) 
and copper (If) 

I. Introduction 

The simultaneous determinat ion o f  metal ions 
as their chelates with organic reagents by high 
performance liquid ch romatography  (HPLC)  has 
received increasing attention and has been used 
for inorganic analysis in recent years [1-4]. In 

*Corresponding author. Fax.: +81 45 5630446; e-mail: 
c03027@educ.cc.keio.ac.jp 

particular, reversed-phase (RP) H P L C  seems to 
offer excellent potential  for the determination o f  
many  metals owing to its high efficiency and 
simplicity o f  operat ion [5]. Several reviews on this 
subject have appeared in the literature [6,7]. M a n y  
organic chelating agents such as di thiocarbamates  
[8], 8-hydroxy-quinoline [9], chlorophyll  [10,11] 
and other  highly sensitive azo dyes including P A R  
[12], P A N  [13] and 1,10-phenanthroline [14,15] 
have been used for complexat ion prior to separa- 

003%9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PIt S0039-91 40(96 )02 1 56-X 
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tion by HPLC. These reagents form either neu- 
tral or ionic chelates with a large number of 
metal ions, and the chelates in the eluate can be 
detected spectrophotometrically. Most recently, 
1,10-phenanthroline also has been used for the 
determination of serum iron in human blood by 
high performance capillary electrophoresis 
(HPCE) after precipitation of serum proteins 
and reducing iron (III) to iron (II) with hy- 
droxyl amine [16]. With this method, a single 
drop (10 [al) of serum would be sufficient to 
determine the serum iron concentration. 

Some derivatives of 1,10-phenanthroline also 
have been developed for chelating reagents but 
most of them were only a little superior to the 
parent reagent. However, 4,7-diphenyl-l,10- 
phenanthroline (bathophenanthroline: Bphen) is 
an exception. Bathophenanthroline reacts with 
iron(II) and other metal ions very similarly to 
1,10-phenanthroline. Both methods are of simi- 
lar selectivity, but the bathophenanthroline 
method is twice as sensitive. The molar absorp- 
tivity of iron (II) bathophenanthroline at 534 
nm varies between 2.24 2.56 ( x 104) depending 
upon the solvents used [17]. Colorimetric [18], 
spectrophotometric [19] and flow injection [20] 
methods using this reagent have been reported 
but their selectivity is still poor due to the inter- 
ference from several metal ions such as Cu H, 
Ni u, Co H and Zn H which also form chelates 
with bathophenanthroline. So far, there has 
been still few reports regarding the use of 
bathophenanthroline as a pre-column reagents 
for the determination of metal ions by HPLC. If 
its chelates can be separated and detected spec- 
trophotometrically by means of HPLC, the 
reagent could give a highly sensitive and selec- 
tive HPLC method for simultaneous determina- 
tion of some metal ions. 

The aim of the present study is to develop a 
simple, selective and sensitive method for the 
determination of iron (II,III), nickel (II) and 
copper (II) using spectrophotometric detection 
with batho-phenanthroline as a pre-column 
reagent. The separation, identification and quan- 
titation of different metals can be performed in 
one procedure by taking advantages of HPLC. 
The method was then applied to the direct de- 
termination of iron (II) and iron (III) at ppb 

level in tap water and sea water to demonstrate 
its applicability. 

2. Experimental 

2. I. Apparatus and reagents 

A home-built HPLC system was used for the 
separation and determination of iron (II), nickel 
(II) and copper (II) as their bathophenanthroline 
chelates. Samples were injected into a Reodyne 
7125 (100 [al loop) injector and passed through 
a filter and a guard column before passing to an 
lnertsil ODS AI525 column (5 [am, 4.6 × 250 
mm from GL Sciences). The guard column of 
4.0 mm was packed with 5 [am Inertsil ODS 
(GL Sciences). The pump (Jasco PU-980 intelli- 
gent pump together with LC-980-2 Ternary gra- 
dient unit and DG-980-50 3-line degasser) was 
adjusted so that the flow rate was 1.0 ml min -  
1. The diode array spectrophotometer (Jasco 
Multi-340 multichannel) used as a detector was 
interfaced with a personal computer (NEC PC- 
980 VM) for the purpose of peak analysis and 
was operated between 250 650 nm. The mobile 
phase was prepared by volume and consisted of 
acetonitrile-water (80/20 v/v) and 0.06 M HC104 
and was ultrasonically mixed for several minutes 
before use. The typical UV-Vis spectra were 
recorded by a Jasco V-550 UV/VIS spectropho- 
tometer. 

Bathophenanthroline was obtained from 
Aldrich and was used without further purifica- 
tion. Acetonitrile (special grade) and distilled 
water (HPLC grade) were purchased from 
Katayama Chemical Industries. Perchloric acid 
for counter ion and sodium acetate for buffer 
solution were obtained from Junsei and Wako, 
respectively. Stock solutions of iron(II), iron 
(III), nickel (II) and copper (II) were prepared 
from their corresponding salts which were pur- 
chased from the following sources: FeSO4 
(NH4)SO4.6H20 and CuC12.2H20 were from 
Wako Pure Chemical Industries, NiSO4.6H20 
from Showa and Fe2(SO4)3(NH4)2SO4.12H20 
from Kokusan Chemical Works. All chemicals 
were analytical grade. 
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2.2. Preparation of metal chelates 3. Results and discussion 

Solid chelates of iron (II), nickel (II) and cop- 
per (II) bathophenanthroline were prepared as 
their perchlorate salts. The chelates were obtained 
by a modification of the procedure described 
by either Schilt and Taylor [21] or K. Miyoshi 
et al. [22]. The procedure, in general, consisted 
of dissolving corresponding metal salts and 
bathophenanthroline at a mole ratio 1:3 for 
iron(II) and nickel(II) and 1:2 for copper(II) in 
hot water (about 80°C) containing 50% of 
ethanol, followed by adding sodium perchlorate. 
The resulting crystals were washed with water 
and recrystallized from hot water and dried in 
vacuo. The crystalline complexes were then iden- 
tified by elemental analysis and absorption spec- 
troscopy. 

2.2. I. Results of  elemental analysis 
Fe(C24HI6N2)3(ClO4) 2. Calculated: C=69 .06 ;  

H = 3.86; N = 6.71%. Found: C = 69.03, H = 3.66, 
N = 6.8 l%.Ni(C24H16N2)3(C104)2.1/2H20. Calcu- 
lated: C=68 .35 ;  H = 3 . 8 7 ;  N=6 .70%.  Found: 
C = 68.03, H = 3.83, N = 6.55%.Cu(C24HI6N2) 2 

(ClO4) 2. Calculated: C=62 .17 ;  H=3 .48 ;  N =  
6.04%. Found: C = 62.24, H = 3.50, N = 6.29%. 

2.3. Analytical procedure 

3.1. Absorption spectra and pre-column 
derivatization conditions 

The ultraviolet absorption spectra of free ligand 
and  its metal chelates in chloroform are shown 
in Fig. 1. Both free ligand and its metal chelates 
give strong absorption in the ultraviolet region 
between 250-350 nm due to the conjugated struc- 
ture of bathophenanthroline i.e., intra-ligand 
~--Tr* absorption. However the absorption max- 
ima of the metal chelates are shifted towards longer 
wavelength compared with that of  free ligand, 
proving the existence of coordination of  ligand 
to metal ions. In addition, the absorption maxi- 
mum of  iron (II)-bathophenanthroline chelate 
is also observed in the visible region and cor- 
responds to meta l - to - l igand  charge transfer (d- 
~*) absorption. This strong visible absorption 
at 534 nm is the basis of the application of the 
ligand to colorimetric determination of  iron [23]. 
The absorption maxima and molar absorptivity of 
ligand and metal chelates are summarized in Table 
1. It is obvious from the table that all metal 

1 /~14 

/ . . . . .  i 

The HPLC of metal bathophenanthroline 
chelates was studied by using their aqueous solu- 
tions and the chelates were made up according to 
the following procedure. The required quantity of 
stock solution (100 mg ml l) of each metal ion 
was taken volumetrically into 25 ml calibrated 
flasks. After diluting the solution to about 10 ml 
with mobile phase, 2 ml of 5% sodium acetate and 
a sufficient amount (ca. 5 ml) of 0.002 M 
bathophenanthroline were added to the diluted 
solution. The solution was then heated to boiling 
for 15 min, cooled to room temperature and finally 
diluted to the mark with the mobile phase. The 
samples of tap water and sea water were filtered 
through 0.45 btm filter before treated as described 
above. 

2 0.5 ' ',, 

250 300 350 375 
Wavelength (nm) 

Fig. 1. Absorption spectra of metal bathophenanthroline 
chelates in ultraviolet region. (1) bathophenanthroline; (2) 
Cu(Bphen)2(ClO)2; (3) Fe(Bphen)3(C10)2; and (4) 
Ni(Bphen)3(C10)2. 
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Table 1 
Absorption maxima ()~,~,~) and molar absorptivity (~) of  
metal-bathophenanthroline chelates" 

Compounds ). ...... ~-(cm -~ mol-' l) 
(nm) 

Bathophenanthroline(Bphen) 277 4.62 x 104 
Tris(Bphen)Fe(C104)2 289 1.31 x 10 ~ 

534 2.26 x 104 
Tris(Bphen)Ni(ClO4)2 290 1.35 x 105 
Bis(Bphen)Cu(CIO4) 2 289 9.28 x 104 

Dissolved in chloroform. 

0"101] 2( / 1. Cu Bphen 2!+ 
4 2. Ba Ihophenant h roline(Bphen) 

A U  / i 4" N Bphen Jl" 3 
1 ,I , 3. F¢ Bphen I+ 4 

/ t '  ', ~, ' ~  

0 4 8 12 16 

T i m e  ( inin)  

Fig. 2. Typical three dimensional chromatogram of metal 
bathophenanthroline chelates. Mobile phase, acetonitrile-wa- 
ter (80/20 v/v) containing 0.06 M HC104; column, Inertsil 
ODS; flow rate, 1.0 ml min ~; and detection, 250 650 nm. 

chelates have a maximum of detection sensitivity 
at about 290 nm. Therefore, a detection wave- 
length of 290 nm was selected for analytical pur- 
pose in the present study. 

Bathophenanthroline reacts readily either with 
metal ions such as iron (II), nickel (II) and ruthe- 
nium (II) ions to form an octahedral chelate or 
with metal ions such as copper (II) ions to give a 
tetrahedral chelate over the wide range of pH 2 - 9  
in acetate or tartrate buffer [17]. These differences 
in structure as well as their coordination numbers 
are considered to be the basis of chromatographic 
separation with a reversed phase column. We 
found by experiments that the concentration of 
bathophenanthroline in solution should be kept 
higher than 4.8 x 10 4 M for a solution contain- 
ing 0.5, 2.0 and 4.0 ~tg ml ~ of  iron (II), nickel 
(II) and copper (I1) ions, respectively. Otherwise 
two peaks of nickel chelates which are assumed to 
be Ni(Bphen) 2 + and Ni(Bphen)32 + will appear. 

3.2. Separation of metal chelates 

The separation of metal chelates Cu(Bphen) 2 +, 
Fe(Bphen)32+ and Ni(Bphen)~ + on an Inertsil 
ODS column was studied using a combination of 
mobile phases such as water, methanol and ace- 
tonitrile. A good separation was achieved when 
the mobile phase consisted of acetonitrile-water 
(80/20 v/v) and 0.06 M perchloric acid was ap- 
plied. All three peaks of metal chelates are re- 
solved and well-separated from a peak due to the 
ligand, HBphen +. The typical three dimensional 
chromatogram of metal chelates obtained by 
means of  this composition of mobile phase is 

shown in Fig. 2. The retention time of  all these 
species are 3.4, 4.7, 12.8 and 14.9 min for 
Cu(Bphen)2:+, HBphen+,  Fe(Bphen)~ + and 
Ni(Bphen) 2 +, respectively. The resolution (Rs) of 
Cu(Bphen) 2+, Fe(Bphen)~ + and Ni(Bphen) 2 + 
from the ligand HBphen + calculated from the 
observed retention time (tR) and measurements of 
peak widths (Wb) are 1.44, 12.46 and 13.60, respec- 
tively. The Rs values are quite sufficient for accu- 
rate quantification (R~ > 1) [24]. 

The retention behavior of  metal chelates with 
acetonitrile based solvents was investigated as a 
function of the concentration of organic compo- 
nent and the plots of  their capacity factor (log k') 
against the composition of mobile phase are pre- 
sented in Fig. 3. The retention time of all species 
were found to increase with the water content of  
the mobile phase. This tendency is consistent with 

-'-" 1.5 

O 

0.5 

"U 0 
e~ 

¢..) -0.5 

-1 

" % . - ~  t m Bathoohen.  
~ I • Tris(_Bphen)Fe i 

i 

I I I I 

60 70 80 90 100 

Acetonitrile (%) 

Fig. 3. Effect of  acetonitrile concentration (%v) in mobile 
phase on capacity factor (log k') of metal bathophenanthroline 
chelates 
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Fig. 4. Effect of perchloric acid concentration (M) in mobile 
phase on retention time of metal bathophenanthroline 
chelates. 

what would be expected from the solvophobic 
theory. The optimum composition of mobile 
phase was reached at approximately 20% of water 
content. The resolution continued to increase at 
the higher concentration of water in acetonitrile 
but the metal chelates, except Cu(Bphen) 2 +, grad- 
ually became insoluble and the retention time 
became too long for the purpose of practical 
analysis. 

3.3. Effect oJ'perchlorate concentration on 
retention time 

From the previous work [25] on separation of 
iron (II) complexes of 1,10-phenanthroline and its 
derivatives, it was found that perchlorate ion was 
the most suitable counter ion for the separation 
compared with other counter ions such as alkyl- 
sulfonate and phosphate ion. The reason why 
perchlorate ion becomes the most suitable counter 
ion also has been discussed. On the basis of that 
results, perchlorate ion was selected as a counter 
ion for the separation of metal-bathophenanthro- 
line chelates. 

The relationship between perchlorate concen- 
tration and retention time of the chelates was 
studied by varying perchloric acid concentration 
in the mobile phase from 0.05 to 0.12 M. Fig. 4 
shows that the retention time of  metal chelates 
increases slightly with the perchlorate concentra- 

tion up to 0.05 M and then becomes almost 
steady at the concentration greater than 0.05 M. 
This behavior indicates that a perchlorate concen- 
tration of about 0.05 M in the mobile phase was 
sufficient enough for the formation of ion-pair 
association so that further addition of perchlorate 
ion has no longer effect on retention time of the 
chelates. Even though the retention time is not 
influenced significantly, the use of perchloric acid 
concentration above 0.08 M was not suggested 
because it would decrease pH of the mobile phase. 
Probably column packing material could be dam- 
aged if the column is operated below the recom- 
mended pH of reverse-phase column operation 
(between 2-11). Moreover, protonation of the 
free ligand may occur at a lower pH of the mobile 
phase which can cause the metal chelates to disso- 
ciate due to the restoration of equilibrium condi- 
tions with the free ligands [26]. 

The effect of  pH on the separation of  metal 
chelates was not studied in the present work. 
Replacing perchloric acid in mobile phase (pH ca. 
2) by lithium perchlorate (pH ca. 7) gave no 
significant effect on retention time, but the peak 
of Cu(Bphen)~t became broader and more tail- 
ing. This is probably due to the conversion of 
colorless Cu(Bphen)~ + chelate to another species 
(yellow) as the mobile phase became neutral or 
alkaline [19]. For this reason and for its large 
solubility in the mobile phase compared with 
lithium perchlorate, perchloric acid was selected 
as a counter ion for further study. 

3.4. Calibration graphs and interJi~rences 

In order to know the performance of the 
present method, a calibration graph for each 
metal ion was constructed according to the ana- 
lytical procedure described in experimental sec- 
tion. The calibration graphs of peak area versus 
metal ion concentration were linear in the concen- 
tration ranges 0.05-0.5, 0.25 2.0 and 0.25 4.0 lag 
ml L for iron (II), nickel (II) and copper (II) ions, 
respectively. The correlation coefficients for all 
metal ions are above 0.991 (n = 3). The repeatabil- 
ity was examined with five injections at a concen- 
tration level of 10 ng ml ' for iron (II) and nickel 
(II) ions and at a concentration level of 25 ng 
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Table 2 
Analytical performance of the proposed method 

Metal ion Regression equation ~L r Detection limit (ng ml I)b RSD (%)~ 

Fe (290 nm) y= 2.94x+0.03 0.995 2.67 3.11 
Fe (534 nm) y= 2.62x+0.04 0.992 5.15 7.37 
Ni y= 1.94x+0.08 0.993 5.42 5.81 
Cu ? - 0.47x+ 0.01 0.998 18.20 7.16 

~ Where y is the peak area and x is the concentration (in pg ml ~). 
b Defined as the analyte concentration giving a signal equal to three 

Measured at l0 ng ml ~ for iron (If) and nickel (lI) and at 25 ng 
times the standard deviation. 
ml ~ for copper (I1) (n = 5). 

ml ~ for copper(II) ion. The relative standard 
deviation of  all metal ions was found to be below 
7.5%. The detail analytical performance of the 
present method including regression equation, 
correlation coefficients (r), detection limit (for 
S/N = 3) and relative standard deviation (RSD) 
are listed in Table 2. Since Fe(Bphen) 2 + also gave 
an absorption maximum in the visible region at 
534 nm, a calibration graph for iron(II) ion at this 
detection wavelength was also constructed for the 
purpose of comparison. 

Because the analytical method developed is to 
be applied to the determination of iron (II) and 
iron (III) in natural water, possible interferences 
from other metal ions such as Ni ' ,  Co", Z n ' ,  
Cu", A1TM, Sn ' ,  Mo TM and Pb" [4] which com- 
monly exist in natural water should be aware. 
Among those metal ions, nickel (II) and copper 
(II) are reported to interfere strongly with the 
determination of iron (II) as bathophenanthroline 
chelate by spectrophotometry, while cobalt (II) 
and zinc (II) interfere slightly [17]. Fortunately, 
nickel (II) and copper (II) are well-separated from 
iron (lI) under this analytical condition, and thus 
investigation was focused on cobalt (II) and zinc 
(II) ions. Aluminium (III), even though no inter- 
ference is reported, was also investigated because 
this ion is most likely to be encountered in natural 
water in relatively high concentration. 

Solutions of cobalt (II), zinc (II) and aluminium 
(III) (100 gg ml i) were prepared by dissolving 
their corresponding salts in distilled water. The 
concentration of each metal ion examined was 
adjusted 20 times higher than that of iron (lI) so 
that it was also high enough compared with usual 
concentration encountered in real samples. The 

solution of  bathophenanthroline chelate with 
cobalt (II), zinc (II) or aluminium (III) was pre- 
pared by the procedure described in experimental 
section and then injected into the HPLC system. 
No peaks other than those of  iron (II) chelate and 
excess ligand were detected for cobalt (II), zinc 
(II) or aluminium (III) solution, suggesting that 
these chelates are probably decomposed during 
the separation process in the column because 
cobalt (II), zinc (II) chelates of bathophenanthro- 
line are considered as labile chelate [15]. It was 
confirmed that the coexistence of cobalt (II), zinc 
(II) or aluminium (Ill) ions does not interfere 
with the present ion-paired chromatographic 
(IPC) determination of iron (II), nickel (II) and 
copper (II) in natural water. 

3.5. Determination o f  iron ( I I ) a n d  iron (III)  

The developed method was applied to the deter- 
mination of  iron (II) and iron (III) in tap water in 
Yokohama and sea water obtained from environ- 
mental chemistry laboratory, Keio University. 
Copper (II) and nickel (II) were not determined 
because their content in natural water is normally 
below the detection limit [2]. Iron (Ill) is also able 
to form chelate with bathophenanthroline but the 
stability of  the chelate is very low compared with 
that of iron (II) chelate [17]. Preliminary investi- 
gation by injecting iron (III) chelate into the 
HPLC system showed that the chelate was eluted 
around 8 min before iron (I1) chelate but the peak 
was very broad and tailing. Therefore, it is not 
possible to determine iron (III) and iron (II) 
simultaneously. Here, iron (II) and total iron were 
determined separately by reducing iron ( l id  to 
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Fig. 5. Typical chromatograms for the determination of 
iron(ll) in tap water sample (a) and total iron in sea water 
sample (b). Conditions as in Fig. 2 (1) solvent: (2) 
bathophenanthroline;  and (3) Fe(Bphen)3 + 

iron (II) with hydroxyl amine hydrochloride for 
the total iron determination. Iron (III) content 
was then calculated by substracting iron (II) from 
the total iron content (iron (II) plus iron (III) 
ions). 

Since bathophenanthroline is a very sensitive 
reagent toward iron (II), an extra-care should be 
taken against iron (II) contaminant from outside 
sources. Every determination should be corrected 
subsequently by blank solution especially for the 

determination of total iron because it is difficult 
to find a reducing agent free from iron (II). Total 
iron should be corrected with the blank solution 
also containing the reducing agent, and one fails 
to do so will have the result higher than it should 
be. Fig. 5 shows the typical chromatogram of iron 
(II) determination in tap water (a) and total iron 
determination in sea water (b). The results of the 
determination and their relative standard devia- 
tions are listed in Table 3, together with the 
analytical results obtained by spectrophotometry. 
It is clear that both sets of results (IPC and 
spectrophotometry) are comparable. A little 
higher results of spectrophotometry in sea water 
are attributed to the complexity of sea water 
matrix which slightly increases the measured ab- 
sorbance. As a result, calculated concentrations of 
iron (II) and iron (Ili) in sea water are higher 
than they should be. In conclusion, it has been 
demonstrated that the developed IPC method is a 
simple and practical technique for the determina- 
tion of iron (ii) and iron (III) in tap water and sea 
water. The method may also be applied to the 
simultaneous determination of iron (II), nickel 
(II) and copper (II) in other samples containing 
these metal ions in the higher levels than those of 
limit detection. 
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Table 3 
Analytical results of  iron (1I) and iron (III) in tap water and sea water samples 

Samples Elements IPC ~ (ng ml -~) RSD (%) Spectrophotometry b (ng ml ~) RSD (%) 

Tap water Iron (11) 89.5 4.06 80.9 5. l 3 
Iron (II1) 62.4 3.39 71.6 3.25 

Sea water Iron (II) 67.1 4.23 77.0 4.84 
Iron (111) 42.1 3.86 48.9 2.78 

" Detected at 290 nm for n = 4. 
Detected at 533 nm for n = 3. 
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Abstract 

A method was developed for the recovery and determination of cyanide ion in organic sample matrices. To 
facilitate the solubilization of cyanide ions, cetyltrimethylammonium bromide (CTAB) was added at concentrations 
above the critical micelle concentration. Sample cyanation reaction products consisted of solvent mixtures of a 
hydroxynitrile in DMF-toluene or DMF-isopropylacetate (IPAC). Spectrophotometric determination of cyanide ion 
at 578 nm by the pyridine-barbituric acid method was automated by flow injection analysis. Recovery of cyanide ion 
from spiked samples was 93.2% in DMF-IPAC solvent matrix and 93.9% in DMF-toluene. Low alkali concentration 
was observed to favor solubilization of cyanide ion in the micellar solution. © 1997 Elsevier Science B.V. 

Keywords: Cyanide determination; Micellar solution; Organic samples 

1. Introduction 

Cyanation is a commonly used synthetic or- 
ganic reaction in the pharmaceutical and specialty 
chemical industries [1-4]. When this reaction is 
run on a pilot plant or factory scale, a product 
mixture generally results that is high in cyanide 
ion concentration. If the nitrile produced is an 
intermediate in the synthesis of  a bulk drug candi- 
date, the concentration of  cyanide ion must be 
considerably reduced before the intermediate can 
be used in the next synthetic step. The high toxic- 
ity of cyanide ion at low doses and the environ- 

* Corresponding author. Fax: + 1 908 5945468. 

mental problem posed by cyanide waste disposal 
make accurate determination of this ion in or- 
ganic sample matrices an important task. Pub- 
lished methods for cyanide ion determination 
have addressed cyanide (free/bound or HCN) as- 
says in aqueous samples. A popular procedure in 
these methods involved distillation of  the acidified 
sample solution to transfer evolved HCN into an 
aqueous sodium hydroxide solution where it was 
converted to cyanide ion. The cyanide ion pro- 
duced has been determined by spectrophotometry 
[5 10], potentiometry [11], amperometry [12,13], 
fluorescence spectroscopy [14], and ion chro- 
matography [15]. 

When the cyanide ion is present in a liquid 
organic sample, acidification and distillation to 

0039-9140/97!$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)02160-1 



1204 J.O. Egekeze et al./ Talanta 44 (1997) 1203 1209 

evolve HCN leads to increased pressure in the 
distillation system due to production of a large 
volume of organic vapor. The distillation method 
is therefore unsafe for the analyst because of the 
likelihood for liquid boil over or explosion. 
Cyanide ion in an organic sample matrix can be 
made available for determination by the use of 
amphiphilic molecules (surfactants) each of which 
consists of a hydrophobic tail joined to a hy- 
drophilic head. Surfactants are classified as an- 
ionic, cationic, or zwitterionic, depending upon 
the nature of the polar head [16]. When dissolved 
in water at concentrations equal to or above the 
critical micelle concentration (cmc), surfactants 
tend to form spherical aggregates called micelles 
or organized molecular assemblies. Micelles ex- 
hibit several properties which facilitate analytical 
measurements. These include their ability to solu- 
bilize and concentrate analytes, alter acidity and 
polarity of solutes, and modify reaction rates and 
chemical equilibria [17-19]. The most important 
of these properties is the ability of micelles to 
solubilize within their microscopic local environ- 
ment compounds which are insoluble or sparingly 
soluble in water. Ionic micelles also provide 
charged structures where attractive or repulsive 
interactions with ionic solutes may take place. 
The use of an aqueous micellar medium to im- 
prove the spectrophotometric determination of 
cyanide ion with the organic disulfide 5,5'-dithio- 
bis(2-nitrobenzoic acid), usually referred to as 
(DTNB), was reported by Hinze [20]. The prob- 
lem with the use of DTNB is that the compound 
is sensitive to both cyanide and sulfite ions and is 
not ideal for a sample that contains both ions as 
is the case in this study. 

This paper reports the use of aqueous micellar 
solutions of the cationic surfactant cetyltrimethy- 
lammonium bromide (CTAB) to facilitate the re- 
covery of cyanide ion from a cyanation reaction 
product mixture. The samples used in the study 
were liquid hydroxynitrile concentrates from cya- 
nation reactions between sodium cyanide and an 
organic sulfite. One group of nitrile samples was 
prepared in a solvent mixture consisting of 5% 
dimethylformamide (DMF) in isopropylacetate 
(IPAC), and the other group was prepared in a 
solvent mixture consisting of 12% DMF in 

toluene. Cyanide in these organic liquids is postu- 
lated to be in the form of HCN retained by 
dipole-dipole interactions with DMF [21]. The 
assay technique is based on the fact that the 
micellar solution of CTAB solubilizes the organic 
and inorganic components of the sample thereby 
facilitating cyanide ion determination. Cyanide 
ion was detected spectrophotometrically at 578 
nm by the pyridine-barbituric acid method [18]. 
The effects of surfactant and alkali concentrations 
on cyanide ion recovery from these samples are 
discussed. 

2. Experimental 

2.1. Instrumentation 

The instrumentation consisted of two Spectra 
Physics (San Jose, CA, USA) HPLC pumps, a 
Hewlett Packard (San Fernando, CA, USA) 
model HP1050 autosampler with 10 gl sample 
loop, a knitted teflon reaction coil (AURA Indus- 
tries, Staten Island, New York, USA) 15 m x 0.5 
mm internal diameter and total internal volume of 
3 ml, and a model 759A variable wavelength 
UV/VIS absorbance detector with tungsten lamp 
(Applied Biosystems, Foster City, CA, USA). The 
data analysis was performed using a PE Nelson 
(Cupertino, CA, USA) Access*Chrom software. 

2.2. Reagents Jbr color development 

All reagents were analytical grade chemicals 
purchased from Aldrich Chemical, Milwaukee, 
WI, USA. 

Phosphate buffer (0.100 M) was prepared by 
dissolving 13.8 g of dibasic sodium phosphate 
monohydrate (MW = 138.0) in about 900 ml of 
deionized water and adjusting the pH of the re- 
sulting solution to 7.0 with sodium hydroxide. 
The final volume was brought to 1 1 with deion- 
ized water. 

Chloramine-T solution (0.044 M) was prepared 
by dissolving 10.0 g of chloramine-T (N-chloro-4- 
methylbenzene sulfonamide sodium salt, MW = 
227.67) in about 500 ml of the previously 
prepared phosphate buffer and diluting to a final 
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volume of 1 l with the buffer. The prepared 
solution was filtered with 0.45 micron filter paper 
and stored in the refrigerator. The solution was 
allowed to warm up to room temperature before 
use. 

Barbituric acid-pyridine solution (0.375 M) was 
prepared by dissolving 48.0 g of barbituric acid 
(MW = 128.09) in 240 ml of pyridine with con- 
stant stirring. Concentrated hydrochloric acid was 
added in four 12 ml portions while continuously 
stirring the solution. Each portion of hydrochloric 
acid was added in 5 min intervals. After adding all 
of the hydrochloric acid and allowing the solution 
to cool to room temperature, the final volume was 
brought to 1 I with deionized water. Stirring was 
continued until complete dissolution of solutes. 
The resulting solution was filtered with 0.45 lam 
filter paper and stored in the refrigerator when 
not in use. The solution was allowed to warm to 
room temperature before use. 

2.3. Reagents ./'or standard preparation 

Sodium hydroxide solution (0.05 M) was pre- 
pared by dissolving 4.0 g of sodium hydroxide 
pellets in deionized water and bringing the final 
volume to 2 1 with deionized water. Alkaline 
surfactant solution (0.001 M CTAB in 0.05 M 
NaOH) was prepared by dissolving 0.365 g of 
CTAB (MW = 364.46) in about 500 ml of 0.05 M 
NaOH. The final volume of the prepared solution 
was brought to 1 l with 0.05 M NaOH. The 
solution was filtered with 0.45 lain filter paper. For 
the preparation of a 0.002 M CTAB solution in 
0.05 M NaOH, dissolve 0.730 g of CTAB 1 ~ of 
solution. A 200 lag ml ~ (ppm) cyanide stock 
solution was prepared by dissolving 0.07538 g of 
sodium cyanide in 100 ml of 0.05 M NaOH and 
bringing the final volume to 200 ml with 0.05 M 
NaOH. The solution was mixed thoroughly and 
stored at room temperature. 

Cyanide standard solutions (0.25, 0.50, 1.00, 
3.00, 4.00 and 5.00 ppm) were prepared by pipet- 
ing 0.125, 0.25, 0.50, 1.50, 2.00 and 2.50 ml, 
respectively, of the 200 ppm cyanide stock solu- 
tion into a 100 ml volumetric flask. The final 
volume of each standard was brought to 100 ml 
with the appropriate alkaline micellar solution. 

2,4. Sample preparation and handling 

A 0.5 ml sample was diluted to volume in a 100 
ml volumetric flask with the appropriate alkaline 
micellar solution. Reaction samples in DMF- 
IPAC or aqueous solvent matrices were diluted 
with 0.001 M alkaline CTAB. Reaction samples in 
DMF-toluene solvent matrix were diluted with 
0.002 M alkaline CTAB. The volume of the sam- 
ple diluted or the total volume of prepared solu- 
tion could be adjusted to accommodate samples 
that are low or high in cyanide content. For 
accuracy, organic liquid samples were dispensed 
using volumetric pipets. The resulting solution 
was mixed thoroughly by vigorous stirring only 
after diluting to the final volume because foaming 
occurs when surfactant solutions are mixed. 

2.5. Determination of cyanide 

A schematic diagram of the flow-injection sys- 
tem is shown in Fig. 1. The sample was injected 
into a buffered chloramine-T stream R2 which 
then merged with a pyridine solution of barbituric 
acid R1 in a reaction coil C to provide mixing and 
reaction. Cyanide ion in the sample was oxidized 
by chloramine-T (Fig. 2) to form cyanogen chlo- 
ride (CNC1), a compound which contains the 
CN + cation. Reaction between this cation and 
pyridine led to the formation of the N-cyanopyri- 
dinium ion which hydrolyzed to a conjugated 
dialdehyde, glutaconic aldehyde. Further reaction 
between the conjugated dialdehyde and the reac- 
tive tautomer of barbituric acid led to the forma- 
tion of a reddish blue (purple) dye which was 
detected at 578 nm [22 24]. The flow injection 
response was processed by a PE Nelson data 
acquisition system. 

R2 

R1 

Sample 
/ 

ml/min / V= IOpL 

w 

Fig. 1. FIA mani fo ld  for the de te rmina t ion  of  cyanide  ion. 

R1 = pyr id ine-barb i tu r ic  acid solut ion;  R2 = ch lo ramine-T  so- 
lut ion in phospha te  buffer. 
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CN + Oxi0ant ~ CN + 

CN++ N ~ - - N C - N ~  

~ N CN + 2H20 ~ O=CHCH=CHCH2CH=O + H2NCN + H ÷ 

OH O 

N ~ N  Taulomedza0on H N ~ N H  

H O ~ ' O H  ~ 0 ~ 0  
H H H 
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H H 
H O~:~N ~O O~ N ~.,~O O N O 

O:GHCH=CHCH2CH=O÷2 H~,...,I~NH • HN C=C~C= NH+2H20 

O O O 

NaOH diluent decreased (Table 1). This observa- 
tion was attributed to increased partitioning of 
cyanide ion from the organic layer into water as 
NaOH concentration decreased. The existence of 
two cyanide-containing layers makes aqueous 
sodium hydroxide an inappropriate diluent for 
organic liquid samples. There is therefore the need 
for a procedure that will incorporate an alkaline 
medium and also provide adequate solubilization 
of the organic and inorganic components of the 
sample. 

Fig. 2. Reaction sequence for color formation in the pyridine- 
barbituric acid method for cyanide analysis. 3.2. Alkaline surfactant as sample diluent 

The average response factor (Rs) for a number 
(n) of cyanide standards, and the concentration 
(Cs) of cyanide ion in the sample are calculated 
according to Eq. (1) and Eq. (2), respectively. 

Rs = Z(peak height of standard 

/concentration of standard)/n (1) 

Cs = (Sample Peak Height x Dilution Factor) 

/(Response factor) (2) 

Samples were diluted such that responses were 
within the linear range of the calibration graph. 
The FIA system was rinsed daily before shut 
down by pumping pyridine through the barbituric 
acid delivery tube and water through the chlo- 
ramine-T delivery tube for a period of at least 30 
min to prevent blockage by salts. 

Accurate cyanide ion determination in an or- 
ganic liquid sample will only be possible if there is 
complete solubilization of the sample. A solution 
to the problem of solubilizing organic liquid sam- 
ples was found by taking advantage of the role of 
surfactants as emulsifying agents. An alkaline so- 
lution of the cationic surfactant CTAB (0.001 M 
CTAB in 0.05 M NaOH) was observed to provide 
optimum solubilization of the reaction samples in 
the DMF-IPAC solvent mixture. A more concen- 
trated surfactant solution (0.002 M CTAB in 0.05 
M NaOH) was required to solubilize the reaction 
samples in the DMF-toluene solvent mixture. 
Higher CTAB concentration was required to solu- 
bilize the DMF-toluene solvent mixture (Table 2) 
as compared with the more polar DMF-IPAC 
solvent mixture. The degree of solubilization of 
the organic liquid sample by the surfactant was 

3. Results and discussion 

3.1. NaOH as sample diluent 

A basic solution with pH above 11.2 is required 
to completely ionize inorganic cyanide (pKa of 
HCN = 9.2). Since samples analyzed in this study 
were cyanide-containing organic liquids, the mix- 
ture that resulted when samples were diluted with 
aqueous sodium hydroxide consisted of an or- 
ganic layer and an aqueous layer. Cyanide ion is 
present in both layers even after prolonged mixing 
but higher levels of cyanide ion were detected in 
the aqueous layer as the concentration of the 

Table 1 
Effects of  NaOH concentration on the amount  of  cyanide ion 
detected in samples 

Nitrile sample Concentration Cyanide ion detected 
matrix of  NaOH (M) (lag ml 1) (Mean + 

%RSD, n = 3) 

DM F-toluene 0.05 182.0 + 1.7 
0.1 125.0 + 1.1 
0.5 49.0 ++ 2.1 

DMF- IPAC 0.05 122.0 + 1.6 
0.1 104.0 + 2.0 
0.5 81.9 + 1.0 
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Table 2 
Effects of  surfactant concentration on cyanide ion detected 

reaction samples 

in 
Sample matrix Sample diluent Cyanide concentration 

(~tg ml ~) (Mean + 
RSD, n = 3) 

DM F-toluene 

D M F - I P A C  

0.05 M NaOH 14.3+2.6 
0.0005 M CTAB 48.0+2.5 
in 0.05 M 
NaOH 
0.001 M CTAB 50.7+2.8 
in 0.05 M 
NaOH 
0.002 M CTAB 57.0+3.6 
in 0.05 M 
NaOH 
0.003 M CTAB 54.1+3.0 
in 0.05 M 
NaOH 

0.05 M NaOH 132.1 _+2.8 
0.0005 M CTAB 137.0+2.0 
in (/.05 M 
NaOH 
0.001 M CTAB 155.0+3.2 
in (/.05 M 
NaOH 
0.002 M CTAB 149.4+3.1 
in 0.05 M 
NaOH 

determined by the concentration of cyanide ion 
detected in the surfactant-sample mixture. 

The reported cmc of CTAB is 9.2 x 10 4 M in 
water [25] and 3.4 x 10 -4 M in 0.05 M NaOH 
[26]. Micelle formation and solubilization of so- 
lutes were therefore expected at the alkaline 
CTAB concentrations of the two diluents used in 
this study. The organic constituents of the sample 
are preferentially solubilized by the hydrophobic 
chain of the cationic CTAB micelles resulting in a 
homogeneous mixture. Cyanide ion is electrostati- 
cally attracted to the micelles, thereby increasing 
the chance of reaction with solubilized chlo- 
ramine-T and barbituric acid. The effects of the 
alkaline surfactant concentration on recovery of 
cyanide ion from organic samples are illustrated 
in Table 2. A general observation from this table 
is that the alkaline micellar diluents facilitated the 
detection of cyanide ion in organic liquid samples 

because of their ability to solubilize the sample as 
compared with aqueous NaOH. 
3.3. Characteristics of the method 

The dilution ratio of sample to alkaline micellar 
solution during sample preparation made the re- 
sulting solution aqueous in nature. The reagent 
volume ratio of 1:3 barbituric acid to chloramine- 
T provided excess barbituric acid required to as- 
sure complete reaction with cyanide ion and 
maximum absorbance for the reaction product. 
The pH of the mixed solution in the reaction coil 
was 5.8, a value within the pH range (5.4-6.0) 
reported in the literature for this reaction [27]. 
The use of flow injection analysis to automate the 
detection reaction provided a fast, precise and 
sensitive method for cyanide ion determination. 
On-line mixing of samples with reagents reduced 
analysis time and operator contact with the nox- 
ious pyridine reagent. 

A typical flow injection response obtained for a 
series of cyanide standards in 0.002 M alkaline 
CTAB ranging in concentration from 0.25 to 5.00 
ppm is shown in Fig. 3. Similar response was 
obtained for cyanide ion in 0.001 M alkaline 
CTAB but the linear range was from 0.25 to 10.0 
ppm. Peak height (Y, mv) versus cyanide concen- 
tration (X, ~tg ml J) for cyanide ion in alkaline 
0.002 M CTAB were related by the regression 
equation Y= 18.8 [CN ] - 0.5 with a correlation 
coefficient of 0.99878. In the 0.001 M alkaline 
CTAB solution, the regression equation was 

g 

125 

100 

75 

50 

25 

5.00 ppm 

4.00 ppm 

3.00 ppm 1 
1,00 ppm tl 

5 10 15 20 25 30 35 
Time (min) 

40 ~ 5  

Fig. 3. FIA response for cyanide ion standards in alkaline 
0.002 M CTAB. 



1208 J.O. Egekeze et al . /  Talanta 44 (1997) 1203-1209 

Table 3 
Recovery of added cyanide ion from reaction samples 

4. Conclusions 

Sample matrix Cyanide concentration (gg ml i) 

Initial Added Found Recovery (%) 

DMF-IPAC 
1 105.0 198 184.5 93.3 
2 79.5 74.8 68.8 92.0 
3 119.1 100 91.5 91.5 
4 489.0 76.6 73.7 96.2 
Mean recovery _+ %RSD 93.2 _+ 2.3 

DMF-toluene 
1 31.2 69.3 64.6 93.3 
2 31.2 68.9 67.0 97.2 
3 31.2 68.9 64.4 93.5 
4 31.2 68.9 62.8 91.2 
Mean recovery _+ %RSD 93.8 +2.6 

Y= 67.8 [CN-]  - 8 . 6  with a correlation coeffi- 
cient of 0.99901. The detection limit for cyanide 
ion in both micellar solutions calculated as three 
times S/N was 0.I0 ppm. The precision of injec- 
tion for a 1.0 ppm cyanide standard solution was 
2.1% (n = 6) in 0.002 M alkaline CTAB and 1.8% 
(n = 6) in 0.001 M alkaline CTAB. The FIA sys- 
tem performed 40 injections h -  

3.4. Recovery of cyanide ion from reaction 
samples 

Reaction samples in DMF-IPAC or DMF- 
toluene solvent mixture were analyzed to deter- 
mine the initial cyanide content, and then spiked 
with known amounts of cyanide ion. A 10 ml 
volume of spiked sample in DMF-toluene was 
diluted to 500 ml with the 0.002 M alkaline 
micellar CTAB solution and mixed by stirring 
before cyanide assay. For the spiked reaction 
sample in DMF-1PAC, 10 ml of the solution was 
diluted to 500 ml with alkaline 0.001 M CTAB 
and mixed by stirring before assay. Average re- 
covery of added cyanide ion was 93.8-I-2.6% 
RSD for nitrile in DMF-toluene and 93.2 _+ 2.3% 
RSD in DMF/IPAC (Table 3). These results show 
that quantitative recovery of cyanide ion impurity 
from organic samples can be achieved by the use 
of alkaline micellar solutions as sample diluents. 

A simple method based on the use of an alka- 
line micellar CTAB solution to improve solubi- 
lization and detection of cyanide ion in organic 
samples was developed. Automation of the 
method by flow injection analysis provided high 
sample throughput and reduced contact with nox- 
ious pyridine reagent used in the detection reac- 
tion. Recovery of cyanide ion spiked into pilot 
plant reaction samples was greater than 90%. 
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Abstract 

Four simple and sensitive methods for the assay of omeprazole (OMZ) were developed. These methods are based 
on the formation of colored species by treating OMZ with 3-methyl-2-benzothiazolinone hydrazone (MBTH) 
following oxidation with ferric chloride (method A) or m-aminophenol following oxidation with chloramine-T (CAT) 
(method B) or Folin-Ciocalteau reagent (F C) (method D), or by oxidizing OMZ with excess N-bromosuccinimide 
(NBS) and determining the consumed NBS with a decrease in color intensity of Celestine blue (CB) (method C), All 
variables have been optimized. Regression analysis of Beer's plots showed good correlation in the concentration range 
of 1.0-10, 2.0 32, 0.4 2.4 and 0.8-10 lag ml ~ for methods A, B, C and D, respectively. No interference was 
observed for formulation additives and the validity of each method was tested by analysing capsules containing OMZ. 
Recoveries were 98.7 100.1%. © 1997 Elsevier Science B.V. 

Keywords: Spectrophotometric; Omeprazole; Bulk form 

1. Introduction 

Omeprazole [5-methoxy-2-(4-methoxy-3, 5- 
dimethyl pyridin-2-yl-methyl sulphinyl)-lH-benz- 
imidazole), a substituted benzimidazole com- 
pound and prototype anti-secretary agent, is the 
first of  the 'proton pump inhibitors' widely used 
for the treatment of  symptomatic gastro- 
oesophagal reflux. It is officially listed in the 
British Pharmacopoeia  (B.P.) [1]. Two UV [2,3], 
one differential pulse polarographic [4], and three 
HPLC [5-7] procedures have been reported for its 
determination. In view of the fact that there is no 

* Corresponding author. 

visible spectrophotometric method for the deter- 
mination of  OMZ, sensitive and accurate visible 
spectrophotometric methods were viewed as es- 
sential to avoid interference due to UV absorbing 
compounds in the determination of O M Z  in bulk 
samples or pharmaceutical dosage forms. This 
paper describes four visible spectrophotometric 
methods for the determination of O M Z  utilizing 
its unique structural features. 

Sawicki et al. developed a visible spectrophoto- 
metric procedure for determining phenols and 
amines by condensation with 3-methyl 2-benzothi- 
azolinone hydrazone (MBTH) in the presence of 
an oxidant to form an intensely colored oxidized 
product [8,9]. Sastry et al. reported a visible spec- 

0039-9140/97;$17.00 ~:~ 1997 Elsevier Science B.V. All rights reserved. 
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trophotometric method for the determination of 
indomethacin with m-aminophenol and chlo- 
ramine-T [10]. Sastry et al. also developed a visi- 
ble spectrophotometric procedure for the 
determination of a few drugs with N-bromosuc- 
cinimide and celestine blue (CB) [1-amino-car- 
bonyl-7-diethyl amino-3, 4-dihydroxyphenoxa- 
zine-5-ium chloride; C.I. No. 51050] [11]. The 
Folin-Ciocalteau reagent was preferred by a 
number of workers for visible spectrophotometric 
determination of drugs exhibiting reducing reac- 
tivity [12]. 

We have applied these sensitive visible spec- 
trophotometric procedures in the determination 
of OMZ in bulk samples and pharmaceutical 
formulations. Method A describes the determina- 
tion of OMZ with MBTH following oxidation 
with ferric chloride (Fe II1). Method B describes 
the determination of OMZ with m-amino phenol 
(m-AP) following oxidation with chloramine-T 
(CAT). Method C involves the addition of excess 
NBS of known concentration in the presence of 
0.25 M HC1 and unreacted NBS is determined by 
measurement of the decrease in absorbance of 
celestine blue. Method D describes the determina- 
tion of OMZ with Folin-Ciocalteau reagent in 
the presence of sodium carbonate (Na2CO3). 

2. Experimental 

2.1. Apparatus 

A systronics model 106 spectrophotometer with 
1 cm matched glass cells and a Milton Roy spec- 
tronic 1201 spectrophotometer with 1 cm matched 
quartz cells were used for absorbance measure- 
ments in the visible and ultraviolet regions, re- 
spectively. An Elico-digital model LI-120 pH 
meter was used for pH measurements. 

2.2. Materials and reagents 

All reagents were analytical grade and all solu- 
tions were prepared with double-distilled water. 
Freshly prepared solutions were always used. 

Aqueous solutions of 8.56 x 10 -3 M MBTH 
(Aldrich) and 2.96 x 10 -2 M iron (III) chloride 

hexahydrate (Wilson Laboratories) were prepared 
for method A. Aqueous solutions of 9.17 x 10-3 
M m-aminophenol (BDH) in 0.025 M HC1, 0.03 
M CAT (Loba-Chemic) and 0.05 M potassium 
acid phthalate (E. merck) were prepared for 
method B. Aqueous solutions of 100 ~tg ml-  
NBS (Loba), 100 ~tg ml -~ Celestine blue (E. 
Gurr) and 5 M hydrochloric acid (BDH) were 
prepared for method C. Aqueous solutions of 
10% sodium carbonate (BDH), and commercially 
available 2N Folin-Ciocalteau (Loba-Chemic), 
reagent were used for method D. 

2.3. Preparation o f  standard drug solutions 

For method A: I0 mg of B.P. grade OMZ was 
dissolved and diluted to 200 ml with glacial acetic 
acid (50 ~tg ml-~). 

For methods B, C and D: 100 mg of B.P. grade 
OMZ was dissolved in 10 ml of 0.1 M NaOH 
solution and diluted with distilled water, to pre- 
pare working solutions of 200, 10, 50 ~tg ml ~ for 
methods B, C and D, respectively. 

2.4. Procedures 

2.4.1. Method A 
To 20 ml graduated test tubes containing list 

volumes (0.4 4.0 ml) of 50 gg ml ~ OMZ solu- 
tion was added 2.0 ml of MBTH solution and 
allowed to react for 2 rain at room temperature. 
After that, 1.5 ml of iron (III) chloride solution 
was added, allowed to react for 5 min, and diluted 
to 20 ml with distilled water. Absorbances were 
measured during the next 20 rain at 660 nm 
against a reagent blank prepared in a similar 
manner omitting the drug. The drug concentra- 
tion was determined with a standard plot pre- 
pared under identical conditions. 

2.4.2. Method B 
To 25 ml graduated test tubes containing list 

volumes (0.25-4.0 ml) of 200 gg ml-~ OMZ 
solution was added 15 ml of 0.05 M potassium 
hydrogen phthalate solution, 3 ml each of CAT 
and m-AP solution and diluted to 25 ml with 
distilled water. The pH of the resulting solution 
was between 4.0 and 5.0. Absorbance was mea- 
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sured at 420 nm within l0 min against a reagent 
blank prepared in a similar manner. The omepra- 
zole concentration was determined with a stan- 
dard plot prepared with known solutions 
prepared under identical conditions. 

2.4.3. Method C 
To 25 ml graduated test tubes containing list 

volumes (1.0-6.0 ml) of 10 ~tg ml-~ OMZ solu- 
tion was added 1.25 ml of 5 M HC1 and 2.5 ml of 
100 ~g ml - ~ NBS and the volume increased to 15 
ml with distilled water. After 10 min, 10 ml of 100 
~tg ml CB was added and mixed thoroughly. After 
5 rain the absorbance was measured at 540 nm 
against distilled water. Blank was prepared simi- 
larly omitting the drug and its absorbanee was 
measured against distilled water. The decrease in 
absorbance corresponding to consumed NBS and, 
in turn, to drug concentration, was obtained by 
subtracting the absorbance of the blank solution 
from that of the test solution. The calibration 
graph was drawn by plotting the decrease in the 
absorbance of the dye (CB) against the amount of 
drug. The drug concentration was determined 
with the above standard plot. 

2.4.4. Method D 
To 25 ml graduated test tubes containing list 

volumes (0.4-5.0 ml) of 50 ~tg ml 1 0 M Z  solu- 
tion was added 2.0 ml of F - C  reagent and 9.0 ml 
of NazCO3 solution and allowed to react for 10 
min at laboratory temperature. The solution was 
diluted to 25 ml with distilled water and the 
absorbance of each solution measured at 770 nm 
against reagent blank prepared simultaneously 
within the stability period (5 min-4 h). The drug 
content was determined with a standard plot. 

2.5. Analysis of pharmaceutical Jormulations 

Capsules, 20, were emptied and blended. Sam- 
ples, l0 mg, for method A or 100 mg samples for 
methods B, C and D were massed and solutions 
prepared as described for the standard solutions 
and filtered if insoluble materials was present 
prior to analysis as described for pure samples. 

2.6. Results and discussion 

The optimum conditions for the development 
of methods A, B, C and D were established by 
varying parameters one at a time [13] and observ- 
ing the effect produced on the absorbance of the 
colored species. 

In order to establish experimental conditions 
for the determination of OMZ using method A, 
the applicability of MBTH in conjunction with 
various oxidizing agents such as Fe(III), Ce (IV), 
Cr (VI), IO4, CAT, and $202 were examined 
and Fe(III) was found to be the best. The effect of 
reagent concentrations [MBTH and Fe(III)], tem- 
perature, time, and order of addition of reagents 
with respect to maximum absorbance and stability 
were studied in preliminary experiments. For 
color development solutions of list volumes (1.5- 
2.5 ml) of MBTH, list volumes (1.0 2.0 ml) of 
Fe(III) and an ambient temperature of (28 _+ 5°C) 
were found to be optimal. Reversing the order of 
addition, i.e., drug, plus iron (III) plus MBTH, 
resulted in considerable loss of sensitivity. Maxi- 
mum color intensity was attained within 5 rain 
after the addition of iron (III). The colored 
product was found to be stable up to 20 min after 
the attainment of maximum intensity at 660 nm. 

Optimum conditions for method B were estab- 
lished after a thorough systematic study of 
parameters such as coupler-oxidant combination, 
acid strength (pH), reagent concentration, and 
order of addition of reagents. Of the various 
combinations of o-, m-, p- or P-N-methyl amino 
phenols, phenols (phenol, catechol, resorcinol, py- 
rogallol and phloroglucinol), and oxidizing agents 
[CAT, OC1 , I O 4 ,  10 3,  Cr (VI), Fe(III), $20~-, 
and H202], examined for the development of 
color under acidic or alkaline conditions at labo- 
ratory temperature (28 _+ 5°C), m-amino phenol- 
CAT was found to be superior. A volume of 15.0 
ml of potassium hydrogen phthalate solution was 
found to be necessary to maintain the pH of the 
solution between 4.0 and 5.0. For color develop- 
ment, solutions of 2.5 3.5 ml of CAT and 2.5 
3.5 ml of m-amino phenol were found optimal. 
Maximum color intensity was attained within 3 
min after the addition of m-amino phenol solu- 
tion. The colored product was found to be stable 
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Table 1 
Optical and regression characteristics, precision and accuracy of  the proposed methods 

Parameters Methods 

A B C D 

"~m,x (rim) 
Beer's Law limit (gg ml ~) 
Detection limit (lag ml ~) 
Molar absorptivity (1 tool ~ cm ~) 
Sandell's sensitivity (lag cm -2  per 0.001 absorbance unit) 
Regression equation (y)a 

Slope (b) 
Standard deviation on slope (sb) 
Intercept (a) 
Standard deviation on intercept (Sa) 
Standard error of  estimation (Se) 
Correlation coefficient 

Relative standard deviation (%)b 
% Range of  error b (95°/,, confidence limit) 

660 420 540 770 
10.0 32.0 2.4 10.0 
0.074 0.104 0.023 0.039 

2.10x 104 1.19x104 7.58x 104 2.85 x 104 
0.045 0.028 0.005 0.012 

6 . 1 0 x l 0  -2  3 .46x10  2 2 .20x10  i 8 .26x10  2 
2 .25x10  4 7 .39x10  5 1 .45x10 3 8 .79x10  4 
1 .14x10 3 2 .50x10  -3 - 2 . 6 0 x 1 0  -3  3 .0x10  3 
1 .26x10 -3  1.62×10 3 2 .27x10  3 5 .83x10  3 
1 .49x10 3 1 .32x10 -3  2 .44x10  3 5 .56x10  3 

0.9999 0.9999 0.9999 0.9998 
0.69 0.53 0.73 0.48 
0.72 0.56 0.77 0.50 

aWith respect to Y= bC+a, where C is concentration [lag ml ~] and Y is absorbance. 
bSix replicate samples, (concentration of 7.5, 16.0, 1.2 or 6.0 lag m l - t  of  pure drug for methods A, B, C and D, respectively). 

for 10 min after the attainment of  maximum 
intensity at 420 nm. 

In method C, the effect of  reagent concentra- 
tion (acidity, NBS and CB), reaction period in 
each step were studied by means of controlled 
experiments varying one parameter  at a time. 
Studies of  the variation of acid concentration 
indicated that a constant absorbance was ob- 
tained with 0.15-0.35 M HC1, 0.1-0.25 M H 2 S O  4 

or 0.3-0.5 M CH3COOH with an NBS concen- 
tration of 8 gg ml-~ .  Since the difference in 
absorbance between the sample and the blank was 
found to be highest for the addition of HCI, 
subsequent studies were performed in 0.25 M 
HCI. In order to obtain a linear relationship 
between the concentration of added NBS and the 
corresponding decrease in the absorbance of CB 
(40 gg ml-~) ,  experiments were performed on 
0.25 M HC1 with varying amounts of  NBS. As the 
decrease in absorbances was found to be linear up 
to 10 Ixg ml -~  of NBS, subsequent studies were 
performed with 40 gg ml-~  of CB and 10 gg 
ml - ~ of  NBS in 25 ml of  0.25 M HC1. Time spans 
of  5 -20  min for the reaction between the drug 
and NBS in the first step and 2 -30  min between 
NBS and CB in the second step resulted in a 
constant and maximum difference in absorbance 

of the test and blank solutions. Hence, reaction 
periods of  10 and 5 min were maintained in 
subsequent studies of  the first and second steps, 
respectively. The colored product was found to be 
stable for 5 h after the attainment of  maximum 
intensity at 540 nm. 

In order to establish the opt imum volume of 
Na2CO3 solution in method D, the drug was 
allowed to react with F - C  reagent in the presence 
of 1.0-13.0 ml of  10% NazCO3. Constant ab- 
sorbances were obtained with 8.0 10.0 ml, hence 
9.0 ml was chosen as the routine addition. A 
volume of  2.0 ml of  F - C  reagent was found to be 
optimal. An increase in the volume of F - C  
reagent ( > 2.0 ml) led to precipitation. Reversing 
the order of  addition of reagents i.e., Na2CO3 plus 
F - C ,  had no influence on color formation. Maxi- 
mum color intensity was attained within 5 min 
after the addition of  NazCO 3 solution. The color 
product was found to be stable for 4 h after the 
attainment of maximum intensity at 770 nm. 

The above opt imum experimental conditions 
were incorporated in recommended procedures 
for color development. Beer's law was found to be 
valid over the concentration ranges given in Table 
1 at appropriate 2 . . . .  • 
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~N-~N--NH 2 
I 
CH 3 
I 

Fe(lll) = I~C~H~33 - 2e,-H ÷ N=NH N-N 

H 
F '?FN  R 

C H3OA~.,.>'-- N 
+ II - - -__ . .p ,  

R 

ell31 ~ 0  

Scheme 1. 

2. 7. Analytical data 

Beer's law limits, molar absorptivity, Sandell's 
sensitivity, detection limits [14], regression equa- 
tion, and correlation coefficients obtained by least 
squares treatment of these results are given in Table 
1. Precision of each method was tested by analysing 
six replicate samples containing (7.5, 16.0, 1.2 or 6.0 
tag ml - 1) of pure drug for methods A, B, C and D, 
respectively. The percent standard deviation and 
the percent range of error at 95%, confidence level 
of each method are given in Table 1. 

Commercial formulations (Capsules) containing 
OMZ were successfully analysed by the proposed 
methods. The value obtained by the proposed and 
reference methods for the pharmaceutical prepara- 
tions were compared statistically by the t- and 

H 

I 

o 
II N R=-S-CH2 ~ I'~ 

Me~A" Me 
OMe 

Oxidant 
im 

n l  

II 

; "2N- o" 

Scheme 2. 

F-tests and found not to differ significantly. As an 
additional demonstration of accuracy, recovery 
experiments were performed by adding a fixed 
amount of the drug to the preanalysed formula- 
tions. These results are summarised in Table 2. The 
ingredients usually present in pharmaceutical 
preparations of OMZ did not interfere with the 
proposed analytical methods. 

2.8. Chemistry of  colored species 

Several substituted Benzimidazoles [omeprazole 
(OMZ), albendazole (ABZ), mebendazole (MBZ), 
fenbendazole (FBZ) and astemizole (AZ)] were 
tested with reagents MBTH-Fe(III) (method A) or 
m-AP-CAT (method B). It was noticed that color 
development only occurred with OMZ. The failure 
ofABZ, MBZ, FBZ and AZ to develop colors with 
the proposed reagents indicate the necessity to have 
a 5-OMe group in the benzimidazole moiety. 

Method A: under these reaction conditions 
MBTH (I) on oxidation with Fe(III) loses two 
electrons, and one proton forming an electrophilic 
intermediate (II), which is the active coupling 
species. Of this species, 1 mol, undergoes elec- 
trophilic substitution with OMZ to form a colored 
product (III), shown in Scheme 1. 

Method B: omeprazole reacts initially with the 
CAT to produce the highly reactive and less stable 
intermediate as with P-Phenetidine (P-ethoxy ani- 
line) [15]. The intermediate may react further with 
m-aminophenol to give 7-substituted product, as 
shown in Scheme 2. 
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Method C: NBS provides molecular bromine at 
low concentration in polar media [16]. This reacts 
with the drug resulting in either oxidation, substi- 
tution, or addition depending upon the functional 
group present in the drug. Probably a mixture of 
reproducible products are produced under the 
specified experimental conditions. The remaining 
molecular bromine is involved in bromination 
reaction with the dye (CB) to form a brominated 
dye which is colorless. The mole-ratio of the 
reaction between NBS and OMZ under the exper- 
imental conditions has been found to be 1:3, 

Method D: color formation following the reac- 
tion of F - C  reagent with OMZ in method D may 
be explained in the following manner based on the 
anology with reports of the earlier workers 
[12,17]. The mixed acids in the F - C  preparation 
involve the following chemical species. 

3H20, P205" 13 Wo3" 5 MOO3' 10 H20 and 

3H20, P20~' 14 Wo3"4 MOO3" 10 H20 

OMZ probably affects a reduction of 1, 2 or 3 
oxygen atoms from tungstate and/or molydate in 
F - C  reagent (Phosphomolybdotungstate), 
thereby producing one or more of the possible 
reduced species which have a characteristic in- 
tense blue color. 

3. Conclusion 

The order of  sensitivity among the proposed 
methods and UV reference method (R) in the 
determination of  OMZ is C > D > A > R > B .  
The 2ma x order of D > A > C > B > R. Although 
the molar absorptivity of one of our methods (B) 
was somewhat less than that of the reference 
method, the Zmax of  all the four proposed methods 
were considerably higher than that of the refer- 

ence method. The higher /Lrnax of the proposed 
methods is a decisive advantage since the interfer- 
ence from the associated ingredients shall be far 
less at higher wavelengths. Moreover, no visible 
spectrophotometric method has been reported to 
date. Thus, all the proposed methods are simple, 
sensitive and useful for the determination of OMZ 
in pure samples and pharmaceutical formulations. 
They provide a wide choice, depending upon the 
need of the specific situation. 
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Abstract 

A precise and accurate graphite furnace atomic absorption spectrometric method for the determination of mercury 
in urine was developed. Samples were subjected to hydrolysis with nitric acid. Then, mercury in the sample was 
complexed by dithizone and extracted by cyclohexane. Mercury concentrations were determined against a urine- 
matched calibration curve. Coated graphite notched partition tubes (Varian) and forked pyrolytic platforms (Varian) 
were used. The detection limit of the method (Xblan k -~- 3 SDbtank) was 1 gg 1- ~. The between run precision CV's were 
4.7 and 3.4% for urine with a mercury concentration of 48.2 and 156.2 lamol 1-1, respectively; the within run precision 
CV's were 8.9 and 2.9% for urine with a mercury concentration of 17.0 and 172 lag 1- ~, respectively. © 1997 Elsevier 
Science B.V. 

Keywords: Graphite furnace; Mercury; Pyrolytic platform 

I. Introduction 

In the past, mercury was an important con- 
stituent of  drugs, but nowadays its use is gradu- 
ally decreasing. Concentration of mercury in air, 
soil and water have been increasing because of 
greater utilisation of  fossil fuels and for the ex- 
panded use in industry and agriculture. Apart  
from industrial exposure, the major  source of 
elemental mercury for humans is dental fillings 
(Hg/Ag amalgam) [1]. A recent study [2] showed 
that amalgam fillings contribute considerably to 
plasma and urine mercury concentration. 

* Corresponding author. 

The potential hazard of human exposure to 
mercury is well known. The novel 'Alice's adven- 
tures in wonderland'  refers to 'Mad  Hatters '  who 
were hat makers gone mad due to exposure to 
mercury used in cleaning felt hats. With regard to 
toxicity, three major  chemical forms of the metal 
must be distinguished: mercury vapours (elemen- 
tal mercury); salts of  mercury; and organic mercu- 
rials. Elemental mercury, salts of  mercury and 
aryl mercurial compounds,  containing a labile 
H g - C  bond, possess the same toxicity with for- 
mation of divalent mercuric cations. In contrast 
alkilmercurial (e.g., methylmercury) are 
metabolised slowly. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(96)02162-5 
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There is a linear relationship between plasma 
concentration and urinary excretion of mercury 
after exposure to vapour [3]. The concentration of 
mercury in urine has been used as measure of the 
body burden of the metal. In contrast, the excre- 
tion of mercury in urine is a poor indicator of the 
amount of methylmercury in the blood, since it is 
eliminated mainly in faeces. 

Mercury in urine can be measured using a 
potentiometric method [4], gas-chromatographic 
methods [5-7], cold vapour atomic fluorescence 
spectrometry method [8], and by atomic absorp- 
tion spectrometry with the cold vapour technique 
[9-12]. The latter has several advantages such as 
lower detection limits, less time consuming sample 
preparation, higher sample throughput due to a 
shorter measurement cycle times and the proce- 
dure is full automated. But for this technique, 
additional accessories, specifically designed for 
measurement of mercury, are required. With our 
method we tried to determine Hg without this 
apparatus, but using the capacity of mercury to 
bind sulphidric groups. Dithizone was used suc- 
cessfully as stabilising agent in the furnace [13], 
and it is one of the complexing agents most 
commonly used for mercury [14-16]. The com- 
plex is generally extracted with chloroform or 
carbon tetrachloride. In this work we combined 
both the complexing capacity of dithizone with 
cyclohexane extraction. The latter was used be- 
cause of its easier recovery due to its lower density 
with respect to water. 

2. Materials and methods 

2.2. Reagents and materials 

Suprapur nitric acid, water pro analysis and 
cyclohexane were obtained from Merck (Milano, 
Italy). Diphenylthiocarbazone (dithizone) was ob- 
tained from Sigma, mercury (II) chloride 99.5%, 
mercury (II) nitrate monohydrate 98% and stan- 
dard solution of mercury 995 ~tg ml 1 in 1% 
nitric acid were obtained from Aldrich (Sigma- 
Aldrich, Milano, Italy). Two stock standard solu- 
tions of 4 and 20 pg l-1 in 1% nitric acid using 
polypropylene tubes from PBI International (Mi- 
lano, Italy) were prepared daily [17] from the 
latter. 

Methylmercury (II) chloride (1 g 1-~ standard 
solution in water) was purchased from Alfa Prod- 
ucts (Karlsruhe, Germany). All glass tubes (PBI 
International) were acid-washed with 1 M nitric 
acid solution and rinsed three times with water. 

2.3, Samples 

Urine was collected at random time from a 
volunteer group of men and women (ages 20-40) 
with no professional exposure in polypropylene 
containers, 10 ml were put in polypropylene 
tubes, capped and stored at 4°C for a maximum 
of 48 h. The amount of creatinine ranged from 0.8 
to 1.5 g 1 ~. To monitor the accuracy and preci- 
sion of analytical procedure a Lyphocheck Urine 
Metal Controls (Biorad, Milano, Italy) was used. 
The control is prepared from human urine with 
added trace elements and heavy metals. The 
lyophilised urine samples were reconstituted with 
distilled water and stored at 2-8°C for 5 days 
according the reported instructions. 

2,1. Instrumentation and apparatus 2.4. Samples and standards preparation 

For all measurements a Varian SperctrAA-300 
atomic absorption spectrometer with graphite 
tube atomizer and programmable sample dis- 
penser was used. The spectrometer was equipped 
with a Zeeman background corrector for the cor- 
rection of non specific signal. Mercury hollow 
cathode lamp, graphite notched partition tubes 
and graphite forked pyrolytic platform were ob- 
tained from Varian (Torino, Italy). 

Sample, 4 ml, were pipetted into glass tubes. 
Standard additions calibration curves were pre- 
pared adding different volumes of the stock stan- 
dard solutions to 4 ml of urine from two donors 
without neither professional exposure nor dental 
fillings. Blank solutions were prepared using 4 ml 
of water. Nitric acid 65%, 500 ~tl were added to 
each tube, and, after mixing, were capped and 
incubated at 95°C for 90 min. 
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Table 1 
Time/temperature program 

Step no. Temperature °C Time s Gas flow I min- ; Read command 

1 90 5.0 3.0 No 
2 180 5.0 3.0 No 
3 180 5.0 3.0 No 
4 180 2.5 0.0 No 
5 1400 1.0 0.0 Yes 
6 1400 3.0 0.0 Yes 
7 2700 1.1 3.0 No 
8 2700 2.0 3.0 No 
9 80 15.0 3.0 No 

After cooling, 2 ml of a dithizone saturated 
solution in cyclohexane were added. The mixture 
was vigorously shaken for 30 s and then, after 
separation, the upper phase was transferred to a 
clean glass. 

2.5. Ins t rument  conditions 

The monochromator  was set at 253.7 with a slit 
width of  0.2 nm. Lamp current was 5 mA and 
measurements were recorded both in peak height 
and peak area mode. The samples were injected 
into the furnace at the temperature of 90°C (hot 
injection) with a rate of  0.7 gl s -  1. The volume of 
the injection was 25 lal. 

3. Resul t s  and discuss ion 

Usually the traditional furnace methods are not 
recommended for mercury because it is a very 
volatile metal. In order to decrease its volatility 
many matrix modificators have been proposed as 
palladium [18,19], strong oxidising agents [20] and 
complexing agent with sulphidric groups [13-16]. 
In our procedure, dithizone is responsible both of 
the extraction of the metal from a complex matrix 
(i.e., urine) and of a decreasing of volatility during 
the pre-atomisation step. In fact the determina- 
tion of mercury in aqueous solution with the same 
time/temperature program do not give apprecia- 
ble absorbance values. Every modification of 
t ime/temperature program do not increase the 
absorbance values. In Table 1 is presented the 

time/temperature program, As indicated on the 
char/atomisation curves in Fig. 1, the maximal 
char temperature that could be used without loss 
of sensitivity was 200°C, while the best atomisa- 
tion temperature was 1300-1400°C. 

We used coated graphite notched partition 
tubes and forked pyrolytic platforms. With the 
same time/temperature program a decreasing of  
the absorbance value was observed using coated 
graphite partition tubes. With such tubes the opti- 
mum of atomisation temperature was observed at 
800°C. The resulting values were the same with 
respect to the values obtained with pyrolytic plat- 
form but they were characterised by a greater 
peak broadening (Fig. 2). 

Dithizone forms hydrophobic complexes with 
most of  the divalent or trivalent metal ions. Cop- 
per (10-70 lag 24 h 1) and zinc (150-1300 lag 24 
h ]) are the most common metal ions in urine: 
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Fig. 1. Char and atomization temperature curves of the deter- 
mination of mercury in urine. 
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Fig. 2. (A) Atomic signal from pyrolytic platform (char tem- 
perature: 180°C, atomization temperature 1400°C); (B) Atomic 
signal from coated partition tube (char temperature: 180°C, 
atomization temperature 800°C). Height, A; Area, A.s. 

but it was found that even high concentrations of  
both ions (300 pg 1 ' for copper and 2000 pg 1- 
for zinc) did not interfere with mercury determi- 
nation with this method. 

Nitric acid did not show an oxidising action to 
give dithizone a change in complexing capacity. 
But it was important to separate the organic 
phase from the urine after the extraction. In fact 
after 30 rain the separated dithizone solution did 
not show significant absorbance variation, while 
the part in contact with urine showed a reduction 
of 10%. 

The detection limit of the method, calculated as 
X b l a n  k "t-3SDblan k, was  1 pg 1 - j .  Solutions for 20 
different calibration curves were prepared adding 
different volumes of the daily prepared stock stan- 
dard solutions to urine from donors without nei- 
ther professional exposure nor dental fillings. The 
recorded absorbances for no-spiked samples were 
below the threshold value. The results obtained in 
peak area and peak height mode were compared. 
The response was linear up to 200 pg 1 ~. Both 
the systems give a good correlation factor (r) and 
reproducible slopes between the different calibra- 
tion (peak area: average correlation factor r = 

0.9993, CV%=0.08  and average slope 1.27, 
CV% = 0.07; peak height: average correlation fac- 
tor r =  0.9995, CV%=0.07  and average slope 
1.74, CV% = 5.84). In order to test the proposed 
method in routine work, different furnaces with 
different degree of use were utilised. These fur- 
naces were previously used both for mercury in 
urine determination and for determination of  
other analytes in different matrices (blood, urine, 
serum, plasma). The increase in life time of  use 
led to wider peaks with lower peak heights, result- 
ing in higher coefficient of variation. In Fig. 3 
typical calibration curves are shown. 

After 48 h of storage at 4°C no significant 
variation of concentration were measured. Urine 
added with Hg z+ in the linearity range and stored 
for the same time gave 98 101% recoveries. The 
within-run precision (measure of repeatability) 
and the between run precision (measure of repro- 
ducibility) were measured considering two con- 
centrations of mercury with quality controls. For  
the between-run precision Bio Rad Lyphocheck 
Urine metal control Level 1 (Lot. No. 60901) and 
Level 2 (Lot No. 60902) were used. For  the 
within-run precision Bio Rad Lyphocheck Level 1 
(Lot No. 58501) and Level 2 (Lot No. 58502) 
were used. Results are reported in Table 2. 

Accuracy was evaluated comparing data ob- 
tained with the Bio Rad quality controls (Table 2) 
and evaluating the recovery from urine of differ- 
ent subjects added with mercury. In the urine 

4o0 i 
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Fig. 3. Linearity of the calibration curve in urine in peak-area 
([B) and peak-height (0 )  modes using graphite tubes and 
platforms. Each point represents the mean _+ S.D. of 20 cali- 
brations. Char temperature, 180°C; atomization temperature, 
1400°C. Instrumental settings as reported in the text. 
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Table 2 
Precision 

Acceptable range (lag I ~) Mean (lag 1 L) S.D. (lag 1 ~) CV (%) 

Between run (n = 20) 
Level I 35.0--52.0 48.2 2.3 4.7 
Level 2 116.0--174.0 156.8 5.3 3.4 

Within run (n = 4) 
Level 1 13.0--20.0 14.9 1.3 8.9 
Level 2 137.0--206.0 151.9 4.4 2.9 

added with inorganic salts (mercury (II) nitrate 
and mercury (II) chloride) 98-101% of recoveries 
were obtained for all the concentrations in the 
linearity range. For metal organic compounds 
(methylmercury chloride), using the same proce- 
dure as for inorganic salts, the obtained recoveries 
were between 85-90°/, for 25 ~tg 1 ~, 84-88% for 
50 gg 1 ~ and 75-85% for 100 tag 1 1 of 
methylmercury addition. During our work, 25 
urine samples were tested. Results, ranging from 1 
to 8 lag 1- ' for 23 samples, collected from people 
with dental filling, were obtained while for two 
people without dental fillings results were below 
the detection limit. Though not statistically rele- 
vant, these results are in accordance with expected 
values and with other published papers [3,8,21]. 

All these data allow to consider this technique 
precise and accurate so that it makes possible a 
simple and fast quantification of mercury in urine 
even if the equipment necessary to the cold va- 
pour technique is lacking. 
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Abstract 

A method for the determination of sulfide based on the addition reaction of sulfide with magenta at pH 7 and 25°C 
is described. The decrease in absorbance of magenta at 540 nm, its ,~ ...... over a fixed time is proportional to the 
concentration of sulfide over the range of 25-2500 ng ml ~. The limit of detection was found to be 15 ng m l  i. Ten 
replicate analysis of a sample solution containing 1.5 gg ml- ~ sulfide gave a relative standard deviation of 0.8%. The 
effects of various cations and anions on sulfide determination have been reported and procedures for removal of 
interferences have been described. © 1997 Elsevier Science B.V. 

Keywords: Kinetic spectrophotometry; Magenta; Sulfide determination 

1. Introduction 

Determinat ion o f  sulfide is impor tant  particu- 
larly f rom biological and industrial point of  view. 
Its extreme toxicity as hydrogen sulfide is well 
known.  Convers ion of  amino acids to sulfide oc- 
curs in most  microorganisms [1]. Sulfur can be 
converted to sulfide fairly readily by non enzy- 
matic reactions [2]. Sulfides are also present in 
industrial effluents. Sulfur metabolizing organisms 
are responsible, at least in part, for several types 
o f  corrosion [3-5]. Evidence was obtained that 
the sulfide was generated by the action o f  sulfate 
reducing organisms. So sulfide determination is a 
measure o f  corrosion. In agriculture, sulfur com- 
pounds  influence to a considerable extent on soil 
fertility. 

* Corresponding author. 

Different classical and instrumental  methods 
were used for sulfide determination including ar- 
gentiometric t i tration o f  alkaline solution [6], 
complexometry  [7], spec t rophotometry  [8], flow 
injection analysis [9,10], molecular  emission cavity 
analysis [11] and so forth, but  few are convenient  
for modern  routine analysis, or  have sufficient 
sensitivity. 

Kinetic methods o f  determination o f  micro 
amounts  o f  sulfide have been described [12-15]. 
In some of  these methods  the catalytic action o f  
sulfide is used for the determination while in 
others an addit ion reaction o f  sulfide with a spe- 
cific reagent is described. However,  most  o f  these 
methods suffer f rom interfering effects o f  other  
sulfur anions, or  poor  sensitivity and low linear 
dynamic range. Thus, more  selective as well as 
sensitive methods  are still required. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02163-7 
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In this study a kinetic spectrophotometric 
method based on the addition reaction of sulfide 
to magenta at pH 7 is described. 

data collection by computer and applying the 
slope method. 

2.4. Fixed time method 

2. Experimental 

2. I. Reagents 

All reagents were of analytical grade. Triply 
distilled water was used throughout. A stock solu- 
tion of 1000 lag ml - l  sulfide was prepared daily 
by dissolving 0.3746 g of Na2S.9H20 (Merck) in 
water and diluting to 50 ml. This solution was 
standardized using sulfide selective electrode. The 
results were consistent with those of iodometric 
titrations. Magenta solution (1.77 x 10 4 M) was 
prepared by dissolving 5.73 mg magenta in water 
and diluting to 100 ml. Phosphate buffer (pH 7) 
was used for pH adjustments. 

2.2. Apparatus 

Absorption spectra were recorded on a Philips 
PU 8750 UV-Vis spectrophotometer. Spectropho- 
tometric measurements at a fixed wavelength were 
made on a PU 8625 spectrophotometer. The PU 
8625 spectrophotometer was connected to a 386 
personal computer through its RS-232C port. The 
change in absorbance by time was displayed on 
the screen. A mechanical stirrer (Janke and 
Kunkel GMBH KG, IKA-Werk) was used for 
mixing when using the procedure of data collec- 
tion by computer, pH was adjusted by a 691 
Metrohm pH meter. The temperature was kept 
constant at 25 + 0.1°C by a thermostat (Colora, 
NB, Germany). All the solutions were previously 
brought to this temperature. The temperature was 
maintained constant in the reaction cell by circu- 
lating water at appropriate temperature around 
the cell compartment of the spectrophotometer 
during the experiment. 

2. 3. Recommended procedure 

Two separate procedures were adopted. The 
first was based on the conventional fixed time 
method and the other was performed by direct 

Buffer, 1 ml, (pH 7) was added to the sample 
solution containing 0.125-12.5 lag sulfide in a 5 
ml volumetric flask. The solution was diluted to 
about 4.5 ml and kept in the water bath at 25°C 
for 10 min. Then, 0.25 ml of 1.77 x 10 -4 M 
magenta, previously brought to the same tempera- 
ture was added to initiate the reaction and the 
solution was diluted to the mark with distilled 
water. The chronometer was turned on when the 
last drop of magenta was added to the solution. A 
portion of this solution was transferred to a glass 
cell within 30 s and the absorbance change at 540 
nm was recorded for 2 rain after initiation of the 
reaction. 

2.5. Slope method using direct data collection by 
computer 

Since the absorbance data was directly trans- 
ferred to the computer, the solutions were pre- 
pared in 1 cm, 4 ml glass cell. In this case, 0.7 ml 
of phosphate buffer was added to a sample solu- 
tion containing 0.09-8.75 ~tg sulfide in the cell. 
The solution was diluted to 3.3 ml by the addition 
of appropriate amounts of water. The cell was 
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Fig. 1. Effect o f  pH  on the react ion rate o f  1 gg m l -  t sulfide 
( [] ) and  b lank  ( L~ ). 
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Fig. 2. Effect of magenta concentration on the reaction rate of 
1 gg ml -~ sulfide ( ~ )  and blank (A). 

inserted in the cell compartment of the spec- 
trophotometer,  where its temperature was kept 
constant at 25°C. A mechanical stirrer was used 
to mix the solution within the cell. After 10 min, 
0.2 ml of 1.54 x 10 -4 M magenta was added to 
the cell, and the absorbance versus time data were 
collected by the computer. The slope of the plot 
of absorbance versus time was found during the 
first 2 min after starting the reaction. 

3. Results and discussion 

Magenta is an acid base indicator and exists in 
two forms, R + and ROH, depending on the pH 
of the solution [16]. 

NH~ NH~ 

' ~ N H z  OH 

R + ROH 

At pH 6 8 addition of sulfide to magenta 
occurs at room temperature [17]. This causes a 
relatively rapid change of the color from purple to 
colorless even in the presence of small amounts of 

sulfide (ng ml l). The following optimizations 
were undertaken to achieve maximum sensitivity 
and large linear dynamic range. 

3.1. Effect of variables 

The decrease in the absorbance of magenta 
with and without sulfide was measured in the pH 
range 4-10,  using either titrisol buffer, hydrochlo- 
ric acid or sodium hydroxide solutions for pH 
adjustments, The effect of variation of pH on the 
rate of the reaction of 7.08 x 10- 6 M magenta in 
the presence of 1.0 gg ml-~ sulfide is shown in 
Fig. 1. As it is obvious from the figure, the 
difference between blank and sample reaction rate 
was increased with increasing pH from 4 through 
7, whereas this difference was decreased for pH 
values greater than 7. So pH 7 was used as 
optimum pH because of maximum difference be- 
tween the rate of blank and sample reactions. 
Above pH 7 the rate of blank reaction is increased 
owing to the formation of ROH and thus, pH 
values greater than 10 were not tested. 

Effect of magenta concentration on the reaction 
rate at pH 7 was studied. As it is shown in Fig. 2, 
there was an increase in the reaction rate when the 
concentration of magenta was varied from 1.77 × 
10 6 to 1.70 x 10 5 M while at higher concentra- 
tions of magenta no considerable change in the 
reaction rate was observed. However, the rate of 
the blank reaction was also increased above 
8.84 x 10 6 M of magenta. Thus, the optimum 
final concentration of magenta was chosen as 
8 .84x 10 6 M. 

0.15 

_~" 0.1 

¢J .Q 
~" 0.05 <~ 

0 
10 20 30 40 50 

Temperature (oC) 

Fig. 3. Effect of temperature on the reaction rate of 1 gg ml - 
sulfide (D)  and blank (A). 
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Fig. 4. Effect of measuring time on the reaction rate of 1 jag 
ml ~ sulfide (D) and blank (±) .  

The effect of  ionic strength on the reaction rate 
was investigated. The ionic strength was varied 
from 0.02 to 0.7 M, using KC1 solution. The 
results showed that this parameter had no effect 
on the reaction rate up to 0.2 M. 

The effect of temperature was studied in the 
temperature range 20-50°C. Fig. 3 shows that the 
reaction rate of sulfide decreased with increasing 
temperature while the blank reaction rate in- 
creased. This deviation from Arrhenius equation 
could be due to instability of sulfide solution at 
higher temperatures or complexity of  the reaction 
mixture [18]. Temperature of 25°C was used as 
the best working temperature, since at this tem- 
perature the difference between blank and sample 
reactions is large and 25°C is the ambient temper- 
ature at which it is very easy to work. 

Table 1 
Precision and accuracy of the method evaluated by fixed time 
analysis 

S-" (ng ml - t )  S2-found (ng ml i) RSD% (n=  10) 

150 134 2.10 
400 ~ 360 1.03 
500 489 1.30 

1000 95O 1.00 
1500 1460 0.80 

" This amount of sulfide was added to a sample of tap water. 

Table 2 
Precision and accuracy evaluated by slope method 

Sulfide concentration (ng Sulfide found (ng RSD (%) 
ml - I )  ml - I  ) 

50 50.8 1.80 
500 536 1.12 

1000 960 0.83 
1500 1480 0.60 

The effect of measuring time on the reaction 
rate was investigated (Fig. 4). The results showed 
that the first 2 min was the best working time at 
which maximum rate of reaction was achieved. 

Optimum conditions chosen were as follows: 
pH 7; magenta concentration, 8.84 x 10 - 6  M ;  

temperature, 25°C; measuring time, 2 rain and 
/~ . . . .  540 nm. 

4. Calibration 

Calibration graphs were obtained by slope and 
fixed time methods. In fixed time method, the 
calibration curve was linear in the range 25-2500 
ng m l - I  with equation of  A A = 0 . 0 2 9 2 5 +  
0.097 x 10 -3 C and correlation coefficient (r) of 
0.9986, where C is the concentration of  sulfide in 
ng ml - 1. In the case of  slope method, calibration 
curve is linear in the range of 25-2500 ng m l -  
with equation o f d A / d t  = 1.128 x 10 3+ 1.104 x 
10 -5 C and correlation coefficient of 0.9991, 
where C is concentration of sulfide in ng m l - l  
and dA/dt is the change in absorbance per second. 

4.1. Precision and limit of detection 

Both fixed time and slope methods were used to 
evaluate the precision, accuracy and detection 
limit. In each case a series of independent syn- 
thetic samples with fixed magenta concentration 
was used. In fixed time method the relative stan- 
dard deviation, RSD, was in the range of  2 .1-  
0.8% for sulfide concentration of 150-1500 ng 
m l -  1 (Table 1). In the case of  slope method, the 
RSD was in the range of  1.8-0.6% for sulfide 
concentration of 50-1500 ng ml ~ (Table 2). The 
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Table 3 
The maximum tolerance value of various cations and anions 
on the measurement of 700 ng ml -~ S 2- by the suggested 

method 

reaction rate of 700 ng ml t of sulfide at pH 7 
was tested. The results are summarized in Table 3 
with maximum tolerance limit for each ion. 

Interfering ions Tolerance limit (lag 
ml ~) 

CI , SO 2 , $20~ , $2072-, B407 1000 '~ 
CH~COO , SCN , HCO~, 

MoO 4 , I~, 
F . Br , B r 0 3 , C O ~  , N O ~ ,  

POl , 
H2PO4,HPO42 , CN . Oxalate, 

$20~ 
CIO 4 
K ~, Na +, Ca 2~ , V 3 ~, NH +, 1000 a 

Co 2 +, As 3 + 
Mg 2+, Cd 2+, La ~+, W 6+ 

Mn 2+ 800 
Cr ~+, Fe ~+, Fe ~'+, VO 2+ 200 
Ni 2+, AP + 100 
Cu 2~, Pd 2+ 10 
Hg 2+, Hg ~, Ag +, Pb 2+, IO3 1 

SO~ Interfered 

Maximum concentration studied. 

theoretical limit of detection, YDL = YB + 3 SB 
[19] where YDL, YB, and S~ are signal of detection 
limit, blank signal and standard deviation of the 
blank, respectively, was 5 ng ml 1. The experi- 
mental limit of detection was 15 ng ml-  i by both 
methods. 

4.2. Interference study 

To study the selectivity of the proposed method 
the effect of various cations and anions on the 

4.3. Removal of  interfering ions 

Among the anions, sulfite and iodate interfere. 
Sulfite interference was eliminated by the addition 
of 1 ml of 0.1% formaldehyde to 5 ml of test 
solution prior to each measurement. The interfer- 
ing effect of iodate was removed by the addition 
of 1 ml of 500 mg ml 1 I -  to 5 ml of test 
solution prior to each measurement. 

Most of the cations that interfere in sulfide 
determination form insoluble metal sulfides. Inter- 
ference effects of these cations were removed by 
the addition of iodide or hydroxide ions and 
filtering the solution prior to each measurement. 
Since cyanide did not interfere, the interfering 
effect of silver was removed by the addition of 
cyanide to form stable silver cyanide complex and 
thus preventing silver sulfide formation. The re- 
sults are summarized in Table 4. 

The proposed method offers good sensitivity 
for sulfide determination. As the results imply the 
fixed time and slope methods are comparable with 
each other. Higher precision of the latter may 
arise from the difference in data collection 
method. In the slope method large number of 
data was collected by the computer just after 
initiation of the reaction with two second time 
intervals. So the slope could be estimated with 
higher precision. 

Table 4 
The accuracy obtained after removal of interfering ions ~ 

Interfering ion Masking agent S2-found (lag ml ~) RSD% n = 3 

SO 3 (5) b Formaldehyde(0.02%) 0.981 0.80 
Ag+(10) CN (100) 0.970 0.72 
Pb 2 +(10) OH -(100) 1.03 1.63 
Hg2+(10) I (100) 0.95 1.10 
Hg+(10) I-(100) 0.92 1.30 
Cu2+(20) OH (200) 0.99 1.00 

IO3(10 ) I (100) 0.974 0.98 

a Sulfide concentration was 1 lag ml ~ in each case. 
b The term in parenthesis are concentration of interfering ions or masking agent in lag ml -  ~ except for formaldehyde. 
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Table 5 
Analysis of real samples by proposed method 

Spring water Proposed method (gg ml - I )  Standard method [20] (~tg ml ]) RSD % 

Type 1 30.93 31.20 0.86 
Type 2 29.07 29.41 1.00 
Type 3 23.25 23.51 0.95 

These are the results of ten replicate analysis. 

5. Application 

To evaluate the analytical applicability of the 
method, the recommended procedure was applied 
to the determination of sulfide in three different 
samples of spring water. The spring water sample 
was first treated with sodium hydroxide and 
filtered. The pH of the filtrate was then adjusted 
to about 7 with HC1. The recommended proce- 
dure was then applied using the standard addition 
method. The results (Table 5) show that the 
method is suitable for the analysis of real samples. 
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Abstract 

It is well known that alterations of the times and potentials of each step within a PAD waveform can alter the 
sensitivity of the amperometric response, peak shape has also been found to vary with waveform adjustments. This 
work studied the variation in both peak heights and peak tailing as a function of waveform alterations for penicillin 
G oxidation in flow injection analysis. Large variations were found when the detection step and adsorption time were 
altered and smaller changes were observed during alterations of the other parameters. The major contribution to the 
tailing profile was inefficient removal of adsorbed analyte, which was subsequently retained until further PAD cycles. 
Alterations that improved the desorption efficiency led to reduced peak tailing, whereas alterations that hindered 
desorption caused an increase in tailing. The ability to minimize peak tailing will be advantageous for PAD usage 
with separation methods featuring ever-increasing resolution capability. © 1997 Elsevier Science B.V. 

Keywords': Alterations; PAD waveform; Penicillin G 

I. Introduction 

Pulsed amperometric  detection (PAD) has de- 
veloped into a mature technique for determina- 
tion of various organic compounds following 
liquid chromatographic separation. PAD utilizes 
a regular waveform that incorporates potential 
steps to perform anodic and cathodic cleaning 
following current measurement at a constant po- 
tential, insuring a reproducible detection environ- 
ment for each detection period, even when in the 
presence of potentially passivating adsorbates [1]. 

* Corresponding author. Fax: +1 309 3417718; e-mail: 
Iwelch@knox.knox.edu 

This detection technique was originally applied 
for carbohydrate detection following a cation-ex- 
change separation and post-column addition of 
N a O H  by Hughes and Johnson [2,3] and carbo- 
hydrates remain the major  application area for 
PAD today [4-6]. Significant development work 
has also been done utilizing PAD for detection of 
amines and amino acids [7,8] and organosulfur 
compounds [9,10]. Many very specific and nar- 
rowly focused PAD applications are appearing in 
the current literature [1 1,12], illustrating the matu- 
rity of  the technique. A series of  related detection 
waveforms are often grouped together with PAD 
under the designation of pulsed electrochemical 
detection (PED) [13]. These methods are similar 

003%9140/97/$17.00 ~) 1997 Elsevier Science B.V. All rights reserved. 
Pll SO0 39 -9 141)(96)021 66-2 
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to PAD except that their current measurements 
are taken during a period where the potential is 
changing rather than being held constant as in 
PAD. Another recent development has been the 
application of PAD following separation by capil- 
lary electrophoresis (CE). As with PAD use fol- 
lowing HPLC, the original applications with CE 
have been for detection of carbohydrates [14,15]. 

The penicillins are the most popular class of 
antimicrobial agents, having proven to have a 
tremendous positive impact on human health [16]. 
Studies in this laboratory have determined that 
the penicillins could be electrochemically oxidized 
on noble metal electrodes [17]. It was found that 
PAD could be successfully applied for penicillin 
detection, in either a direct or an indirect manner. 
Further work determined that this detection 
mechanism would operate properly following a 
reversed-phase separation on a C-18 column [18]. 
The PAD system was found to be compatible with 
a gradient solvent program that could separate a 
mixture of nine different penicillins. Methodology 
of a similar type was applied for determination of 
penicillins within bovine milk samples, and an 
on-column concentration scheme was shown to 
allow improved detection limits for these com- 
pounds [19]. Alternative PAD waveforms with 
four potential steps rather than the standard three 
were demonstrated using the penicillins as a 
model electrochemical system [20]. Summarizing 
from previous studies [17,20] and using the de- 
scription of a PAD waveform given in Table 1, 
the electrochemical oxidation mechanism of the 
penicillins is proposed to occur as described 
henceforth. E1 is the detection potential where 
catalytic oxide (AuOH) is grown on the electrode 
surface, allowing oxidation of the penicillins pre- 
viously adsorbed. The oxidation is thought to 
occur via an oxygen transfer from the oxide to the 
sulfur group within the penicillin. The second 
stage is a step to a more positive potential to 

T a b l e  1 

T h e  s t a n d a r d  w a v e f o r m  

E l  = 1500 m V  T1 = 0 . 3 3 3  s 

E2 = 1600 m V  T 2 = 0 . 3 3 3  s 

E3 = - 2 0 0  m V  T 3  = 0 .167 s 

initiate oxidative cleaning. The electrode is 
stepped to a potential whereby the higher, non- 
catalytic oxide (AuO) is formed on the electrode 
surface, accompanied by the desorption of ad- 
sorbed material ranging from analyte to carbona- 
ceous free radicals. E3 steps the potential to a 
much smaller value, where the surface oxide is 
reductively stripped. Adsorption of the penicillin 
G occurs at this stage, through the sulfide group. 
Only adsorbed analyte is subsequently oxidized 
upon the return to the detection step. A similar 
mechanism has been proposed for the PAD oxi- 
dation of other organosulfur compounds [21-23]. 

It is not unusual for PAD response to be very 
non-Gaussian in nature, typically displaying a 
tailing profile. Some of this can be attributed to 
chromatographic conditions and extra-column 
broadening, but even flow injection analysis ex- 
periments can produce tailing well beyond what 
can be attributed to flow-cell dead volume, etc. 
Tailing has been shown to occur for fixed poten- 
tial (dc) amperometry in addition to pulsed am- 
perometric trials [24] for sodium thiophosphate, 
and detector waveform alterations were noted to 
change the peak shape. Examination of a non-ad- 
sorbing analyte under similar conditions gave a 
response much closer to Gaussian, suggesting that 
adsorption was critical. Peak tailing has also been 
observed for amino acids using pulsed electro- 
chemical detection and the observation was made 
that waveform alterations could alter the observed 
peak shapes [25]. 

Vandeberg et al. [26] showed that PAD deter- 
mination of thiourea could produce peaks varying 
greatly in breadth depending on the detection 
potential chosen. The original PAD investigation 
of penicillins [17] noted that peak tailing was 
clearly in evidence for flow injection trials. It was 
postulated that this was related to the rates of the 
adsorption/desorption processes for the penicillin 
adsorbates at the gold electrode. Further work 
[20] has shown that the addition of a fourth 
potential step for pre-growth of catalytic oxide 
prior to the PAD detection step allows a wave- 
form to be constructed that had less tailing char- 
acter than that seen with standard 3-step PAD. It 
was noted that tailing was a greater problem with 
indirect PAD compared with direct PAD and that 
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the peak asymmetry factor (PAF) was useful as a 
quantitative measure of the degree of peak tailing. 
Despite clear evidence that the PAD waveform 
altered peak shapes, no in-depth study elucidating 
the relationship between the various PAD wave- 
form parameters and peak shape has been per- 
formed. Our intention with this work was to 
examine how each parameter of the standard 
PAD waveform affected the peak shape and to 
determine the relationship between peak shape 
and peak size for injections of penicillin G. 

Current integration was always during the final 
16.7 ms of the detection step, as required by the 
detector. Detector signal polarity was inverted so 
that increased anodic response would produce 
peaks rather than troughs on the output plots. 
Output data was collected by a PC using LabCalc 
software (Galactic Industries, Salem, NH). The 
collection interval was synchronized with the po- 
tentiostat, such that a single data point was col- 
lected per PAD cycle. 

2. Experimental 

Penicillin G was purchased from Sigma (St. 
Louis, MO). All other solutions were made from 
reagent-grade chemicals from Aldrich (Milwau- 
kee, WI), Baker (Phillipsburg, N J) or Fisher 
(Pittsburgh, PA). Water was distilled and deion- 
ized before use as a solvent. 

Flow injection analysis was done with a Waters 
625 LC system (Milford, MA) and a Waters 464 
Pulsed Electrochemical Detector. A 75 lal sample 
injection loop was employed with this system, and 
a flow rate of 0.7 ml min-~ was standard. The 
solvent for all flow injection work was 0.200 M 
acetate buffer (pH 4.7). Injected penicillin solu- 
tions during flow injection analysis trials were all 
solvent matched with the mobile phase to avoid 
having a system peak overlapping with the analyt- 
ical peak. All mobile phases were vacuum filtered 
through an Alltech (Deerfield, IL) 0.20 ~tm nylon 
filter. The mobile phase mixtures were degassed 
further using a 15 ml min- 1 helium sparge during 
the flow injection trials. 

A thin-layer cell was utilized with a single gold 
working electrode having a diameter of 0.25 cm. 
The counter electrode was a stainless steel block 
mounted opposing the thin-layer cell, with the 
flow channel created by a teflon spacer between 
the two. The reference electrode was a Ag/AgC1. 
A BAS MF-2060 Polishing Kit was used to polish 
the working electrode, in addition potential cy- 
cling to the voltage limits of the system, as defined 
by the onset of solvent breakdown, was helpful to 
restore electrode activity following temporary 
losses of sensitivity. 

3. Results and discussion 

Peak size was determined by measuring peak 
height and measurements of peak asymmetry fac- 
tors (PAF) were utilized to quantitatively describe 
the degree of peak tailing [27,28]. To find the 
PAF, a vertical trace is drawn through the Y 
maximum, then bisected by a second segment 
drawn perpendicularly at 10% of the maximum 
peak height. The segment length of the bisecting 
line from the intersection point to the right edge is 
divided by the segment length from the intersec- 
tion point to the left, with the resulting ratio 
giving the PAF value. Originally developed for 
theoretical plate measurements in chromatogra- 
phy, the PAF was ideal for quantitating detector- 
related tailing in flow injection analysis [20]. Not 
all of the tailing was solely related to electrochem- 
ical events, tandem detector experiments with 
downstream ultraviolet detection found that dis- 
persion of the sample during passage through the 
electrochemical flow cell and its associated fittings 
was enough to induce a small degree of tailing. By 
using a single solvent mixture, maintaining a con- 
stant flow rate and identical injection volumes~ 
and using a single flow cell without any modifica- 
tion, tailing from this source was assumed to be 
constant throughout all experiments, allowing 
peak height and PAF variations to be attributed 
solely to PAD waveform changes and any corre- 
sponding alterations in the electrochemistry. 

Initial studies found that although peak heights 
for a series of repetitive trials were fairly precise, 
the PAF measurements were a great deal more 
variable. To be able to interpret trends in peak 
shape based on PAF measurements, maximum 



1234 M.W. Lehmann et al . /  Talanta 44 (1997) 1231-1240 

precision within sets of experimental data was a 
necessity. Data was collected in sets of 12 repli- 
cate trials, with all sets varying a given waveform 
parameter done during the same session. There 
was a considerable degree of day-to-day variabil- 
ity, underlining the importance of collecting an 
entire data set during a single session. The overall 
PAF trends remained consistent on a daily basis 
even if the value for a given set of conditions 
varied from 1 day to the next. Foley and Dorsey 
[29] have noted that the precision of peak asym- 
metry measurements increases as the peak be- 
comes more asymmetric, this was confirmed 
experimentally for penicillin G. Thus, a relatively 
high penicillin G concentration, 1.00 x 10 2 M, 
was chosen to improve precision. The relationship 
between concentration and peak shape will be 
discussed at length below. Detector noise varied 
significantly as a function of solvent flow rate due 
to the lack of pump back pressure. Optimal re- 
sponse was found at a value of 0.7 ml min-~, 
which was incorporated for all subsequent trials. 

Initial measurements were made by displaying 
each peak on the computer screen and manually 
using the cursors to determine the peak heights 
and segment lengths necessary to calculate the 
PAF. Adaptation of an algorithm to instruct the 
data collection computer to automatically calcu- 
late both peak height and PAF was successful at 
providing improved precision. Further study of 
the PAF algorithm found that measuring a bisect- 
ing line at a height greater than the standard 10% 
limited the effect of baseline perturbations, pro- 
ducing a more precise set of PAF measurements 
for a given series of peaks. Measuring chromato- 
graphic figures of merit at the standard 10% 
height has been defended as advantageous for a 
number of reasons [29], including precision and 
simplicity. With the computer program doing the 
measurements, the simplicity angle does not come 
in to play. It is possible that measurements at 10% 
might be better given more ideal conditions (i.e., 
less baseline noise), however, the precision clearly 
increased until a maximum was achieved at 20% 
for the system being tested. This 20% value was 
utilized thereafter for all PAF measurements. 

Although previous chromatographic trials had 
required the addition of organic modifier to an 

aqueous mobile phase [18-20], for simplicity, un- 
modified acetate buffer was chosen for the flow 
injection studies. A standard waveform, shown in 
Table 1, was chosen as a starting point for this 
work and a systematic variation of each wave- 
form parameter was initiated while all of the other 
parameters were held constant. Observations of 
each parameter are discussed in turn below. 

Based on observation of PAD peaks for peni- 
cillin G with a wide variety of waveforms, it is 
theorized that the tailing profiles are an artifact of 
inefficient electrode cleaning during the E2 (oxida- 
tive cleaning) and E3 (reductive cleaning) poten- 
tial steps. Some analyte material and likely other 
adsorbates depending on solution composition, 
are not removed during the cleaning steps, carry- 
ing them over to the following PAD cycle. Other 
workers [21] have noted the very strong adsorp- 
tion of organosulfur compounds to gold via their 
sulfur group. A strong adsorption would be more 
likely to give rise to this carry-over effect than for 
more weakly adsorbed species. This carry-over 
would result in the oxidized analyte for each step 
being composed of two types, analyte freshly ad- 
sorbed, and analyte carried over from the previ- 
ous PAD cycle. If the cleaning were I00% 
efficient, then the amount of analyte adsorbed 
and oxidized would be solely a function of solu- 
tion concentration, giving a Gaussian peak shape. 
The delay caused by adsorbate carry-over causes 
the analyte material to spend a greater amount of 
time on the working electrode on average, shifting 
the peak's center of mass to a later time and 
creating the tailing profile much like that seen for 
slow mass transfer from a stationary phase. Typi- 
cally, an increase in the amount of analyte carry- 
over would be expected to increase peak height, 
assuming that carry-over adsorbate augments 
rather than replaces fresh adsorbate, the greater 
amount of adsorbed material will lead to a larger 
anodic signal. The proportion of fresh versus 
carry-over adsorbate, and therefore the peak 
shape, ultimately depends on the waveform 
parameters selected. It has been noted in the 
literature [23] that adsorption sites of varying 
types and strengths are present on Au. Due to 
surface roughness, there are likely a few sites 
where catalytic oxidation is hindered due to ge- 
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Fig. 1. Peak height and peak asymmetry factor (PAF) values 
for 1.00 x 10-2 M penicillin G injections as a function of El. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.00521. Relative standard deviation of PAF val- 
ues = 0.0577. 

ometry-desorpt ion from here is presumably quite 
inefficient, creating severe tailing at the very end 
of each peak. This can be illustrated by observing 
peak shapes following mechanical polishing of the 
working electrode. Immediately following polish- 
ing, both the peak height and PAF values drop 
significantly. This is due to the polishing minimiz- 
ing surface roughness, which cuts down on elec- 
trode surface area. The smaller surface area limits 
the degree of analyte adsorption and therefore 
reduces peak size. The peak shape improves be- 
cause a more-level electrode surface allows the 
adsorbed penicillins greater access to active sur- 
face oxide groups. At greater times following the 
polish, both the peak height and PAF grow larger 
as the electrode surface regains its roughness. 

3.1. E l  

E1 was varied from 1150 to 1550 mV in 50 mV 
intervals. Average peak heights and PAF values 
for each voltage are displayed in Fig. 1. As ex- 
pected, the peak heights became larger as E1 was 
increased. The rate of penicillin G oxidation is not 
particularly rapid [17], so by increasing El,  

greater overpotential is applied, accelerating the 
reaction and producing a greater anodic signal. 
The PAF displays an inverse relationship with El.  
The proposed oxidation mechanism for penicillin 
G predicts that analyte desorption accompanies 
oxidation. As E1 is increased and greater oxida- 
tion efficiency enabled, this should also result in 
more efficient analyte desorption. Less analyte is 
carried over to following PAD cycles, so the 
degree of tailing is reduced. Normally when the 
amount of carry-over adsorbate is reduced, the 
peak height would be expected to decrease as well, 
but in this circumstance the overpotential increase 
causes a large enhancement in oxidative efficiency, 
which more than offsets loss of carry-over mate- 
rial. At first glance, the trends seen in Fig. 1 
suggest that the optimum value of E1 would be at 
an even greater value than the 1550 mV, as this 
gave the largest peaks and the smallest PAF val- 
ues. This overlooks the fact that noise is not being 
considered along with the signal, and noise in- 
creases significantly as E1 is elevated. Reproduci- 
bility also suffers at large E1 values, as evidenced 
by a decrease in precision for the data sets. The 
reduced detector selectivity seen at larger E1 val- 
ues might also be a concern for PAD usage in a 
chromatographic setting. 

3.2. T I  

T1 was varied from 0.166 to 0.516 s in intervals 
of 0.050 s. Average peak heights and PAF values 
for each time are displayed in Fig. 2. By holding 
at the detection potential for a longer time, it 
would be expected that a greater total amount of 
analyte would get oxidized during the detection 
step. Assuming desorption follows oxidation, this 
would result in less analyte carry-over to subse- 
quent cycles, and therefore less tailing and a 
decrease in PAF as observed. The greater degree 
of oxidation would be expected to increase peak 
heights, but the experimental data shows a de- 
crease, this can be attributed to the current sam- 
pling taking place only during the last 16.7 ms of 
the detection step. The oxidative current is well 
known to decay with time for PAD experiments 
[7], so a sampling at the very end of the detection 
step will yield smaller peaks as step length in 
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increased, even though a greater degree of oxida- 
tion takes place when the entire detection step is 
considered. One can interpret Fig. 2 to see a 
trade-off, where peak size and peak shape are 
antagonistic. LaCourse et al. [30] have observed 
the same trend in peak size while working with 
sugars in basic solution. 

3.3. E 2  

E2 was varied from 1600 to 1800 mV in 50 mV 
intervals. Average peak heights and PAF values 
for each voltage are displayed in Fig. 3. As E2 is 
increased, the peak heights and the PAF values 
both were seen to increase. This would suggest 
that higher E2 values create a greater degree of 
analyte carry-over. Tailing would increase, and 
the peak height would also increase if this were 
indeed the case. This was a surprise, as the natural 
assumption was that increasing the E2 value 
would make the oxidative cleaning step more 
efficient, resulting in decreased carry-over of  ana- 
lyte to subsequent cycles. Although the trends are 
clear, it should be noted that the relative change 
of both peak height and PAF values as T2 is 
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Fig. 2. Peak height and peak asymmetry factor (PAF) values 
for 1.00 x 10 2 M penicillin G injections as a function of Tl. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.00872. Relative standard deviation of PAF val- 
ues = 0.0871. 
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Fig. 3. Peak height and peak asymmetry factor (PAF) values 
for 1.00 × I0- -~ M penicillin G injections as a function of E2. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.00642. Relative standard deviation of PAF val- 
ues = 0.0614. 

altered is much smaller than that seen for either 
E1 or T1. Extension of the E2 range downward to 
1350 mV demonstrates that very little change for 
either parameter  occurs below 1600 mV. A clear 
upward trend follows this region of  little change, 
as can be seen in Fig. 3. 

It would appear that at high E2 values, where a 
large overpotential for the formation of  the higher 
surface oxide (AuO) exists, that cleaning is less 
efficient and more carry-over results. The best 
cleaning potentials would be in the lower-poten- 
tial region, which corresponds to a much greater 
surface coverage of the lower surface oxide 
(AuOH). This would suggest that in this range 
that the continued presence of  catalytic surface 
oxide allows penicillin oxidation to overlap into 
the E2 step, producing less carry-over following 
desorption of the oxidized material. This would 
produce the observed smaller peak heights and 
PAF values. At larger E2 potentials, the high 
degree of inactive higher oxide insures that no 
further oxidation takes place during this step. The 
large E2 value, however, does not appear  to re- 
move much of the adsorbed analyte, so much is 
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carried over for possible oxidation during the next 
cycle. The strong adsorption of the penicillins to 
the gold surface appears to allow them to remain 
on the surface during E2 potentials that would 
cause the release of most other organic adsor- 
bates. 

The loss of oxidative activity resulting from 
higher oxide production was not observed during 
the E1 variation due to the lower potential range 
employed and the fact that the oxide was much 
'younger' ,  having been grown during the step 
rather than carried over from a prior step as with 
the E2 variation. Coupling a very large E1 and T1 
would allow production of significant quantities 
of the higher oxide much like seen with the E2 
trials, but these values are outside the range tested 
and impractical for proper detector performance. 

3.4. T2  

T2 was varied from 0.166 to 0.516 s in intervals 
of 0.050 s. Average peak heights and PAF values 
for each time are displayed in Fig. 4. For the T2 
variation, as the length of  the oxidative cleaning 
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Fig. 4. Peak height and peak asymmetry factor (PAF) values 
for 1.00 × 10 2 M penicillin G injections as a function of T2. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.00587. Relative standard deviation of PAF val- 
ues = 0.0621. 
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Fig. 5. Peak height and peak asymmetry factor (PAF) values 
for 1.00 × 10 -2 M penicillin G injections as a function of E3. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.0139. Relative standard deviation of PAF values = 
0.0956. 

period was increased, greater cleaning efficiency 
was expected. This would mean less carry-over of 
adsorbate, causing a decrease in peak height and 
less tailing at higher T2 values. The experimental 
data showed this behavior clearly. Short oxidative 
cleaning periods have been shown to produce 
greater tailing for amino acid samples in a prior 
study [25]. 

3.5. E3  

E3 was varied from - 300 to 50 mV in 50 mV 
intervals. Average peak heights and PAF values 
for each voltage are displayed in Fig. 5. As E3 
was increased, the peak heights and the PAF 
values both showed a decrease. It was felt that all 
of the E3 values utilized were sufficiently small 
enough to not really alter the efficiency of reduc- 
tive oxide removal. However, the amount of ana- 
lyte adsorbed at this step was considered to be 
variable throughout this voltage domain. From 
the experimental data, both of the trends point 
out that the carry-over of adsorbed analyte is 
reduced as E3 is increased. The higher E3 voltages 
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lead to less efficient adsorption of analyte. I f  the 
cleaning efficiency is not changed, then making 
adsorption less efficient will create a smaller de- 
gree of  carry-over, explaining the observed peak 
height and PAF trends. A more efficient adsorp- 
tion will lead to greater electrode surface coverage 
of analyte, resulting in a change in response simi- 
lar to what one would expect upon increasing 
analyte concentration, as discussed below. 

3.6. T3  

T3 was varied from 0.016 to 0.466 s in intervals 
of  approximately 0.060 s. Average peak heights 
and PAF values for each time are displayed in 
Fig. 6. Prior studies have shown that peak size 
increases as the PAD adsorption step is extended 
to longer times, deviating only at very large time 
values as adsorbate saturation is approached [31]. 
The same trend is evident in Fig. 6, as both the 
peak height and the PAF are seen to increase. As 
with the E3 response, the trends are dictated by 
T3 alteration changing the efficiency of the ad- 
sorption without alteration of the cleaning effec- 
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Fig. 6. Peak height and peak asymmetry factor (PAF) values 
for 1.00 × 10 2 M penicillin G injections as a function of T3. 
The other waveform parameters are held at their standard 
values (see Table 1). Relative standard deviation of peak 
heights = 0.00970. Relative standard deviation of PAF val- 
ues - 0.0737. 
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Fig. 7. Peak height and peak asymmetry factor (PAF) values 
for penicillin G injections as a function of concentration. The 
waveform parameters are held at their standard values (see 
Table 1). Relative standard deviation of peak heights= 
0.00546. Relative standard deviation of PAF values = 0.0956. 

tiveness. Longer T3 values allow greater 
adsorption of analyte, so without a change in the 
cleaning, the analyte carry-over increases, result- 
ing in larger peaks with a greater degree of  tailing. 

3.7. Concentrat ion 

It is well known that the current versus concen- 
tration response for PAD is non-linear, except for 
examination of relatively small concentration 
ranges [32]. When viewed over a wide range, the 
response is linear at low concentrations, but then 
curvature occurs at higher concentrations as the 
current is less than the linear extrapolation. This 
is due to the crucial adsorption requirement for 
oxidation, creating an isotherm-like response re- 
sulting from the limited area available for adsorp- 
tion. Our data confirmed that this type of 
response was present. The degree of peak tailing 
was also clearly a function of  concentration, as 
can be seen in Fig. 7. Peak tailing was minimal at 
low concentrations, yet very significant at in- 
creased values. Variations in both peak height and 
PAF were present for low penicillin G concentra- 
tions as the various waveform parameters were 
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varied, but they were very slight and the data sets 
of low precision. Employing 1.00 x 10 -2 M, as 
done above, allowed greater precision and easier 
visualization of the trends. The concentration de- 
pendence of the PAF is further evidence that the 
carry-over of adsorbed material is the root cause 
of peak tailing. At low penicillin G concentra- 
tions, the electrode surface coverage of adsorbed 
analyte will be quite small. The balance of the 
surface sites would be expected to grow surface 
oxide, which would be available for electrocata- 
lytic oxidation via an oxygen transfer. At this low 
coverage value, there is a great likelihood that 
most of the adsorbed analyte has a nearby oxide 
site available to donate an oxygen, so the oxida- 
tion proceeds with great efficiency. Since the oxi- 
dative mechanism ends with desorption of the 
analyte, the efficient oxidation seen at these low 
concentration values would leave very little ad- 
sorbed analyte material behind, making carry- 
over minimal. Very little peak tailing results. 
However, as the concentration of analyte is in- 
creased, the penicillin G surface coverage becomes 
much larger. This leaves fewer sites available for 
oxide growth on the electrode surface. Under 
these conditions, the efficiency of oxidation is 
much lower, as many adsorbed analytes do not 
have an adjacent oxide available for oxidation. 
This contributes not only to the isotherm-like 
current versus concentration response, but it also 
results in fewer analyte molecules desorbed via the 
oxidative mechanism. The unoxidized analyte re- 
mains behind to be subjected to the E2 and E3 
cleaning steps of the PAD waveform. Whereas the 
oxidative desorption process is very efficient, the 
cleaning from E2 and E3 is notably inefficient, 
and a clear function of waveform design. In any 
case, this inefficiency means that a good deal of 
the remaining adsorbate will not be removed 
and the carry-over to the following cycle is 
significant. As noted before, this carry-over is 
what leads to peak tailing. One can conclude 
that if all potential adsorbates are present at very 
low concentration, then there is little reason to 
be concerned with detector-generated tailing, 
but this will become an issue at higher concentra- 
tions. 

4. Conclusion 

As can be noted from the discussion above, 
waveform optimization in most cases makes size 
and shape antagonistic parameters, optimizing to 
maximize one will cause a degradation in the 
other. Optimizing for peak S/N instead of size 
tends to blur this relationship slightly, but it still 
exists most of the time. HPLC detector enthusi- 
asts often try to maximize S/N, as detection limits 
are a common yardstick for detector performance. 
The antagonistic relationship between size and 
shape suggests that one might want to develop 
several waveforms, one featuring high sensitivity, 
one featuring minimized peak tailing and perhaps 
others of intermediate character. 

While the trends determined within this study 
relate solely for direct PAD of a single analyte, it 
is expected that similar behavior would be ob- 
served for other PAD analytes that are detected 
via oxidation at the catalytic lower oxide of gold. 
The importance of the peak shape produced by a 
PAD waveform is likely to become a more signifi- 
cant issue. As HPLC efficiency increases and 
PAD is applied to capillary separation methods, 
detector response to narrow bands of analyte 
material, thus, greater detector resolution, will be 
required to keep pace. Avoiding detector-related 
peak tailing might be a crucial factor for such 
separations, and it should be noted that the high 
frequency waveforms necessary to accurately por- 
tray such narrow bands should suffer from worse 
peak shapes than the standard PAD waveforms 
for use with HPLC, especially given the PAF 
dependence on T1 and T2. 
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Abstract 

Analysis of the total antimony in plant material was unsuccessful using the electrothermal atomic absorption 
spectrometry (ETAAS) conditions recommended by the instrument manufacturer. For this reason, an optimisation 
procedure utilising the Plackett-Burman method, simplex optimisation and visualisation of the generated response 
surface via principal components analysis, was carried out. The Plackett-Burman method was used to eliminate four 
of the initial variables chosen. Four variables (atomisation temperature, atomisation time, ash temperature and 
modifier concentration) were subsequently optimised using the composite modified simplex method and the results 
were visualised as a contour diagram, after reduction to two principal components. The optimised conditions were 
used for the analysis of both an acid digested pine needle standard reference material (NIST 1575) and a pond weed 
sample, collected from a contaminated site at Yellowknife Bay, Yellowknife, NWT, Canada. The total concentration 
of antimony present in the pine needles was statistically indistinguishable from the non-certified value, as was the 
value for the pond weed sample, compared with a value determined by neutron activation analysis (NAA). The results 
for the analysis of the pond weed sample by ETAAS agreed with those obtained from a subsequent analysis by 
inductively coupled plasma-mass spectrometry. :0 1997 Elsevier Science B.V. 

Keywords: Antimony; Electrothermal atomic absorption spectroscopy; Environmental samples: Simplex optimisation 
and Plackett-Burman design 

1. Introduction 

Ant imony  has been found in biological, geolog- 
ical and water samples [1 4], and its toxicity has 
led the United States Environmental  Protection 

* Corresponding author. Tel.: +1 604 8222938; fax: +1 
604 8222847. 

Agency (US-EPA) to consider it and its com- 
pounds  priority pollutants [5]. C o m m o n  tech- 
niques for determining the total amoun t  o f  
an t imony include: inductively coupled plasma 
mass spectrometry ( ICP-MS) or  atomic emission 

spectroscopy ( ICP-AES) and hydride generation, 
followed by different a tomisat ion methods such as 
electrothermal or flame heated quartz  tube atomic 

0039-9140/97/$17.00 © 1997 Elsevier Science BN. All rights reserved. 
PII S0039-91 40( 96)021 68-6 
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absorption spectroscopy (HG-QT-AAS) [1-3]. 
The preconcentration of antimony hydride in a 
graphite furnace, followed by atomisation has 
recently been developed as another method of 
analysis [6,7]. 

All these methods give low detection limits, but 
ICP based methods are expensive for routine 
analysis. Hydride generation may not give 100% 
recovery when non-hydride forming species are 
present in the sample and is labour intensive. 
Electrothermal atomic absorption spectroscopy 
(ETAAS) is a widely used analytical tool for the 
determination of many trace metals, including 
antimony, in a wide variety of sample matrices 
[8-11]. The use of ETAAS for the determination 
of total antimony is cost effective and simple, but 
no formal optimisation of conditions has been 
reported for plant samples. 

The very first studies [12] on the graphite fur- 
nace technique showed that the sample matrix has 
a pronounced effect on the absorbance signal 
observed for a particular element. These effects 
often lead to systematic errors when determining 
metals in complex organic matrices and result 
from substances not being fully volatilised prior 
to atomisation of the metal. Optimisation of in- 
strumental conditions is therefore a prerequisite 
for development of an environmental analytical 
protocol using electrothermal AAS. 

Until recently it was usual to optimise a system 
using a one-factor-at-a-time-approach, in which 
each variable but one is held at a low level and 
the response is evaluated at the lower and the 
upper level of the factor being tested. Each vari- 
able is treated in turn, until the response is max- 
imised or minimised, depending on the system. 
This approach is far from adequate because there 
is no guarantee that an optimum response will be 
found, it requires a large number of experiments 
to be carried out and the presence of inter-rela- 
tionships between the variables (e.g., modifier 
concentration and ash temperature) means that 
the optimum obtained will depend on the initial 
conditions chosen. Factorial experiments, in 
which all the factors are varied simultaneously 
according to a pre-set design, have also been used 
to optimise analytical systems. However, this ap- 
proach is highly dependent on the levels of each 

factor and thus, it works best when some prior 
knowledge of the system is available. It also re- 
quires a large amount of experimentation when 
more than three variables are investigated. 

Simplex optimisation is a highly efficient, multi- 
factor, empirical feedback, optimisation proce- 
dure, that does not require the large number of 
experiments nor the initial variable information 
that is necessary with the two methods outlined 
above. This procedure 'homes in' on the optimum 
response region by driving the experiments in the 
direction of steepest ascent of the response sur- 
face. The optimum thus obtained is generally a 
local optimum, but some assurance that it is the 
overall optimum can be obtained by repeating the 
search from different starting conditions to see if 
the same conditions are reached. 

Simplex optimisation is now routinely used as a 
method of maximising a response [13,14] or re- 
ducing interferences [15,16] in the analysis of trace 
elements. In the present work the use of the 
instrument manufacturer's recommended operat- 
ing conditions [17] for the determination of anti- 
mony by ETAAS were completely unsuccessful, 
yielding no absorbance maximum. These condi- 
tions were: dry at 75°C for 5 s, then at 90°C for 
60 s, then at 120°C for 10 s, hold at 120°C for 2 
s, ramp to 2000°C in 1 s (maximum ramp rate), 
atomise at 2000°C for 3 s, clean at 2000°C for 1 s. 

A two stage approach was used to optimise the 
experimental conditions used for the determina- 
tion of antimony in plant material. The first part 
of the investigation involved the use of the Plack- 
ett-Burman method to screen a number of poten- 
tial variables to select the most appropriate to 
optimise using the composite modified simplex 
method [18,19]. The principle advantages of this 
approach are that information concerning the sig- 
nificance of each variable is obtained (Plackett- 
Burman method) and the optimum conditions are 
efficiently reached, with less experimentation than 
would be necessary if none of the variables had 
been eliminated. Additionally, visualising the re- 
sponse surface eliminates the need for univariate 
searches around the optimum, which are often 
carried out to check that the optimum is correct. 
These goals are not possible using a one-step-at-a- 
time-approach, or a factorial experiment. 
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To check the accuracy of the developed 
methodology the concentration of antimony in a 
pine needle standard reference material (SRM), 
NIST 1575, was determined. The pond weed sam- 
ple was acid digested and methanol extracted and 
these samples were statistically compared with 
results obtained by ICP-MS, as well as by neutron 
activation analysis (NAA). 

2. Experimental 

2.1. Reagents 

Concentrated nitric and hydrochloric acids 
(both double sub-boiling distilled, Seastar Chemi- 
cals, Sidney, BC), concentrated sulphuric acid 
(Analytical grade, BDH Chemicals, Toronto, 
ON), and glacial acetic acid (Reagent grade, 
Fisher Scientific, Nepean, ON). Hydrogen perox- 
ide (30%) (Assurance grade, BDH Chemicals, 
Toronto, ON), D-tartaric acid (Reagent grade, 
Allied Chemical Canada, Canada), palladium ni- 
trate (Pd(NO3)2"2H20, Reagent grade, Sigma, St. 
Louis, MO), citric acid (Certified, Fisher Scien- 
tific, Fairlawn, N J). 

Water was purified to a final resistivity of better 
than 1 M ohm (Barnstead Mega-Pure system, 
Barnstead/Thermolyne, Dubuque, IA). Methanol 
(HPLC grade, Fisher Scientific, Nepean, ON). A 
methanol/water (1/1 v/v) solvent mixture was 
used to extract the aqueous antimony species. 
Antimony metal (Certified, Fisher Scientific, Fair 
Lawn, NJ) and 1000 mg 1 ~ indium (Spec- 
troscopy standard, High-Purity Standards, 
Charleston, SC). 

The freeze dried pine needle standard reference 
material 1575, was obtained from the National 
Institute of Standards and Technology (NIST, 
Washington, DC). The pond weed sample (Poto- 
mogetan pectinatus) was collected from a site con- 
taminated with mine tailings (Yellowknife Bay, 
NWT, Canada) as described previously [20] and 
freeze dried. The pine needle SRM (NIST 1575) 
was chosen as a representative standard reference 
material because it contains an uncertified anti- 
mony concentration of 0.2 mg kg ~. 

2.2. Preparation of samples and standards 

The pine needles (1575), and pond weed were 
dried to constant weight and then acid digested. 
Acid digestions were carried out in duplicate by 
adding 3 ml of concentrated nitric acid, 3 ml of 
30% hydrogen peroxide, and 1 ml of concentrated 
sulphuric acid to a 250 ml round bottom flask 
containing pine needles (0.5 g) or pond weed 
(0.25-0.40 g) and refluxed for 3 h as described 
elsewhere [21]. An additional pine needle digestion 
was carried out by heating 1 g of material with 
the above acid/hydrogen peroxide mixture, in a 
vial on a hot plate, at 90°C for 3 h. After the 
digestions were complete, the partially evaporated 
samples were diluted to 5 ml (pine needles) and l0 
ml (pond weed) using deionised water. 

Extraction of the pondweed was carried out by 
sonicating 0.5 g dry material with 10 ml 
methanol/water (1/1 v/v) for two samples, and 10 
ml 0.2 M acetic acid for one sample. The sample 
and solvent were sonicated for 20 min, the mix- 
ture was centrifuged at 3000 rpm for 10 min and 
the supernatant was decanted. This was repeated 
five times and the combined extracts were evapo- 
rated under reduced pressure to dryness and made 
up to 5 ml with water. 

A stock solution of 1000 mg 1 1 antimony 
solution was prepared by dissolving 0.1000 g anti- 
mony metal in aqua regia and diluting to 100 ml 
with 1% D-tartaric acid. The 50 and 25 lag 1- 
solutions for use in the standard additions deter- 
minations were prepared fresh daily from the 
stock. 

The palladium modifier solution was prepared 
by dissolving 0.1083 g palladium(II) nitrate dihy- 
drate in 0.5 ml of concentrated nitric acid and 
diluting to 100 ml with 2% citric acid solution to 
give a 1000 mg 1-~ Pd solution. This stock solu- 
tion was then diluted further with 2°/,, citric acid 
solution to give the various concentrations needed 
for the experiments. 

Indium solution was used as an internal stan- 
dard in the ICP-MS determinations and was pre- 
pared by diluting an appropriate volume of a 200 
~tg 1 ~ standard solution so that the final concen- 
tration was 10 gg 1-~ in each sample. 
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2.3. Instrumentation 

An atomic absorption spectrometer (Varian 
Techtron Model 1275, Australia) fitted with an 
auto-sampler, graphite furnace and programmer 
(GTA-95) was used throughout this work. The 
antimony hollow cathode lamp (SpectrAA, 
Varian, Australia) was operated at 10 mA with a 
slit corresponding to a spectral bandwidth of 0.2 
nm and the 217.9 nm line was monitored. Contin- 
uous background correction was by a deuterium 
lamp (Varian, Australia). Pyrolytically coated 
graphite tubes (Varian, Germany) were used. 

The ICP-MS measurements were carried out 
using a VG PlasmaQuad 2 turbo plus instrument 
(VG Elemental, Fisons Scientific Equipment, 
Winsford, Cheshire, UK), operated at 1350 W RF 
power. Cooling, auxiliary and nebulizer gases (Ar) 
were at flow rates of 13.82, 0.69 and 1.00 1 rain ~, 
respectively. Masses were monitored in the peak 
jumping mode by using m/z 115 (In) and 12l (Sb). 

A real sample (pond weed digest diluted four 
times with deionised water) was used for the 
optimisation procedure outlined below. This sam- 
ple was chosen, rather than an antimony stan- 
dard, so that matrix and species dependent effects 
could be minimised and the antimony signal max- 
imised. 

The OPTIMA3 computer program [18,19] was 
used for the simplex calculations and the genera- 
tion of experimental conditions. The principal 
components analysis was carried out by using 
Systat ~ 5.03 for windows (SYSTAT). Both of 
these programs were run under Windows ~ 3.1, on 
a DELL 466/M personal computer. 

NAA was carried out as described elsewhere 
[20,22]. 

2.4. Plackett-Burman experiments 

The initial variables chosen to be screened using 
the Plackett and Burman method were: dry time 
(Dt), dry temperature (DT), ash time (At), ash 
temperature (AT), atomisation ramp (AtR), 
atomisation time (Art), atomisation temperature 
(AtT) and modifier concentration (MC). This al- 
lowed for the use of three dummy variables and 
so had 3 df (see Table 1). Initial experiments 

carried out using longer ash and atomisation 
times (up to 15 and 7 s, respectively) resulted in a 
short graphite tube lifetime (60 firings), thus limits 
for these variables were chosen to minimise tube 
deterioration. The limits for all the variables were 
chosen so as to show a change in measured ab- 
sorbance, which was the response measured, 
rather than to reflect conditions usually used for 
ETAAS. 

After the first design was carried out, three 
variables (atomisation ramp, atomisation time 
and modifier concentration) were kept constant, 
whilst the effect of the other five variables were 
investigated using a N =  8 design (two dummy 
variables, 2 df) (see Table 2). The matrix designs, 
adapted from the method of Jones et al. [23], 
accompany the designations of variables in Table 
1 and Table 2. 

2.5. Simplex optimisation 

The composite modified simplex (CMS) optimi- 
sation method described previously [18,19] was 
employed during this work. Having screened out 
the variables that did not have a significant effect 
on the response, the remaining four factors (atom- 
isation temperature, atomisation time, ash tem- 
perature and modifier concentration) were 
optimised to provide the maximum antimony ab- 
sorbance signal from a pond weed digestate. The 
upper and lower limits used in the CMS proce- 
dure as well as the stepsize for each variable are 
given in Table 3. 

Five initial experiments were conducted and the 
conditions tbr each factor, as well as the resulting 
absorbance, were entered into the OPTIMA3 
computer program. The next set of experimental 
conditions were generated and carried out, and 
the response was entered, The simplex progressed 
via a series of reflections, expansions, contractions 
or fit points, towards the optimum absorbance 
(see Table 4). The process was continued until the 
standard deviation of the five highest responses 
was less than the value of the stepsize of the 
absorbance (0.010), three times sequentially. To 
prove that the optimum values determined were 
not due to a local region of maximum response, 
the procedure was repeated with different starting 
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Table 2 
Plackett-Burman design (N = 8) for the determination of additional significant variables to optimise by using simplex optimisation 

Code Variable Lower level ( - )  Upper level ( + )  

Designation 
Dt Dry time (s) 30 70 
DT Dry temperature (°C) 60 90 
At Ash time (s) 1 3 
D Dummy No change No change 
AT Ash temperature (°C) 800 1400 
AtT Atomisation temperature (°C) 1800 2300 
D Dummy No change No change 

Expt. Dt DT At D AT AtT D 

Matrix 
1 + a  + + _ + _ _ 

2 - + + + - + - 
3 - - + + + - + 
4 + - - + + + - 
5 - + - - + + + 
6 + - + - - + + 
7 + + - + - - + 

8 . . . . . . .  

" ' + '  and ' - '  symbols correspond to the upper and lower levels of variable values, as defined by the preceding table. 

conditions; the same optimum conditions were 
found. 

2.6. Visualisation of the response surface 

The experimental results were analysed by using 
principal components analysis, as described in 
detail and with examples by Molinero [24]. 
Briefly, principle components analysis was used to 
reduce the four variables from the simplex 
optimisation to two new variables (principle 
components 1 and 2). The scores of these 
principle components give coordinates for all the 

experimental vertices. Thus, the vertices of the 
simplex previously represented by n variables, are 
now represented by two variables, and the 
responses are plotted against these variables, to 
generate the response surface. The relative 
significance of the effects of the original variables 
on the responses can be evaluated by considering 
the loading of each variable on each principle 
component, which indicates to what degree each 
principle component is influenced by each of the 
original variables. This approach provides visual 
information on the optimum and the response 
surface, which is not possible with the simplex 

Table 3 
Range and stepsize of the variables being optimised by the composite modified simplex method 

Variable Lower limit Upper limit Stepsize" 

Atomisation temperature (°C) 1400 2700 100 
Atomisation time (s) 0 4 1 
Ash temperature (°C) 800 1600 50 
Modifier concentration (rag 1-~)b 100 900 100 

Same units as variables. 
Experiments carried out with a constant injected volume of 10 lal. 
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Table 4 
Simplex experiments and responses 

Expt. No. Atomisation temp. Atomisation Ash temp. (°C) Modifier conc. (mg Point type b Response c (ab- 
(°C) time (s) 1 ~)~ sorbance) 

l 18110 0 1400 500 1 0,1(13 
2 1800 3 800 500 1 0,056 
3 2200 0 1000 900 1 0,085 
4 2400 0 1400 200 I 0.179 
5 2400 3 1400 200 I 0.026 
6 2100 0 1100 500 R 0.145 
7 2700 0 1050 200 R 0.139 
8 2500 0 1600 100 R 0.000 
9 2300 0 800 600 C 0.116 

l0 2700 0 1050 100 R 0.138 
11 2600 0 1600 100 R 0.000 
12 24(10 0 1050 400 C 0.155 
13 2100 0 1450 500 R 0.264 
14 1800 0 1600 600 E 0.055 
15 1700 0 1600 700 R 0.048 
16 2400 0 1200 300 C 0.217 
17 2300 0 1600 300 R 0.009 
18 2200 0 1250 500 C I).204 
19 2000 0 1600 500 R 0.043 
20 2300 0 1200 400 C 0.167 
21 2000 0 1300 700 R 0.105 
22 2300 0 1400 300 C 0.266 
23 a 22110 0 1350 400 F 0.280 
24 2000 0 1250 600 R 0.129 
25 2300 0 1350 300 C 0.258 
26 2300 0 1350 400 F 0.262 
27 2300 0 1450 300 R 0.214 
28 2200 0 1400 400 C 0.270 
29 2000 0 1550 500 R 0.128 

" Constant volume of 10 gl. 
b Initial (I), reflection (R), contraction (C), extension (E) and fit (F). 
c Response is mean of three determinations, 
a Optimum conditions. 

search alone. The response surface can be studied 
to determine more information such as the pres- 
ence or absence of  ridge features or local maxima. 
It also helps to show other factor levels that could 

provide better experimental conditions in terms of  
lower temperature operating conditions, or less 
modifier, thus resulting in a more cost effective 
procedure. 

Table 5 
t Values for 12 and 8 variable designs used in the Plackett-Burman experiments 

Variables Dt DT At AT An AtT AtR MC 

12 - 1.58 2.55 -0 .97  1.74 -4.46* -0 .83  -2 .46  3.49* 
8 - 0.54 - 0.79 - 2.34 14.90" - 18.20* - - 

* Indicates that the variable is significant at the 95% confidence level. 
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Fig. 1. Birnbaun plot for the second Plackett-Burman, show- 
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Fig. 2. Contour diagram showing the response surface for the 
first optimisation. 

3. Results and discussion 

3. I ,  P l a c k e t t - B u r m a n  e x p e r i m e n t s  

The results for the first Plackett-Burm experi- 
ment were used to obtain a minimum t value of 
3.18 for a 95% confidence interval. Only the 
atomisation time and modifier concentration give 
t values above this and so are the only significant 
variables at this confidence level (Table 5). Birn- 
baun plots can be used to confirm or help clarify 
results obtained from such experiments, as ex- 
plained in more detail elsewhere [23]. Briefly, devi- 
ance of points from a straight line indicate large 
variable effects [14]. In this instance, the Birnbaun 

Table 6 

plot (not shown) gives essentially a straight line 
and therefore does not help with the further inter- 
pretation of this experiment. 

The second Plackett-Burman experiment was 
carried out by holding three factors constant and 
hence utilised five of the original variables and 
two dummies (2 df). The atomisation time and 
modifier concentration shown to be important by 
the first experiment were held constant at 0 s and 
500 mg 1 1, respectively, in the hopes that any 
other significant variables might be revealed. The 
ramp rate was observed in these and preliminary 
experiments to give maximum results at higher 
speeds, as noted by Pergantis et al. [l 1] in their 
optimisation for arsenic. Instrumental constraints 

The optimised furnace program, used for quantitation of antimony in plant samples (400 mg L -  1 or 4 pg Pd as modifier was used) 

Step No. Temperature (°C) Duration (s) Gas flow (L min- t  Ar) Function 

1 90 30 3 Dry/ramp 
2 120 10 3 Dry/ramp 
3 1350 1.9 3 Ash/ramp 
4 1350 2 3 Ash/hold 
5 1350 1 0 Ash/gas off 
6 2200 0.5 0 Atom/ramp" 
7 2200 3 3 Clean 

" 2000°C s-~ ramp from 1350°C to 2200°C, integration during this step. 
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Table 7 
Concentration of antimony (mg kg t dry weight) in pine 
needles (NIST 1575) after analysis by ETAAS 

Sample ETAAS analysis _+ Comparison to 
S.D. ~ S R M  b 

Total digest 1 ~ 0.220 +_ 0.012 nsd d at 98% 
Total digest 2 0.208 + 0.019 ~ nsd at 95% 
Total digest 3 0.231 + 0.044 nsd at 95% 

Precision expressed as standard deviation (S.D.) based on 
five analytical replicates, except where indicated. 
h Antimony concentration (0.2 mg kg ~). 
" Hot plate digestion. 
a nsd: not significantly different at confidence level indicated. 

Four analytical replicates. 

l imited the r a m p  to 2000°C s - ~  and  this value 
was used for  all subsequent  exper iments .  

The  results for  the second exper iment  p roduced  
a m i n i m u m  t value at  the 95% confidence interval  
o f  4.3 and  the t values for the two variables ,  ash 
and a tomisa t ion  t empera tu re  were greater ,  indi-  
ca t ing tha t  these var iables  have a significant effect 
on the a n t i m o n y  response.  The  Bi rnbaun  p lo t  in 
Fig. 1 shows that  the ash and  a tomisa t ion  temper-  
a tures  deviate  f rom a s t ra ight  line because of  large 
var iable  effects, which conf i rms the significance o f  
these variables.  

F o u r  variables:  a tomisa t ion  time, a tomisa t ion  
tempera ture ,  ash t empera tu re  and  modif ier  con- 
cent ra t ion ,  were subsequent ly  opt imised  by  using 
the compos i t e  modi f ied  simplex p rocedure  (CMS).  

3.2. S implex  optimisation 

A tota l  o f  29 exper iments  were carr ied  out  and  
the m a x i m u m  response was reached after  23 ex- 
per iments  (see Table  4). The  o p t i m u m  pa rame te r s  
were found  to be: a tomisa t ion  tempera ture ,  
2200°C; a tomisa t ion  time, 0 s; ash tempera ture ,  
1350°C; and modif ier  concent ra t ion ,  400 mg 1-  
The  simplex analysis  was repeated  f rom different  
initial condi t ions  and the m a x i m u m  response was: 
a tomisa t ion  tempera ture ,  2200°C; a tomisa t ion  
time, 0 s; ash tempera ture ,  1450°C; and  modif ier  
concent ra t ion ,  400 mg 1 ~. These condi t ions  were 
reached after  22 exper iments  f rom a to ta l  o f  27. 
The condi t ions  f rom the first op t imisa t ion  are 
considered to be bet ter  for  rout ine  use, because 
the lower ash t empera tu re  is less destruct ive to the 
graphi te  cuvette. 

The response surfaces genera ted  f rom both  
searches are not  identical ,  but  the character is t ic  
r idge feature o f  high abso rbance  is present  in bo th  
(see Fig. 2 for the response  surface genera ted  f rom 
the first simplex).  The  results  for  the principle 
componen t s  analysis  (PCA)  indicate  tha t  the first 
and  second pr inciple  componen t s  (PC) reta in  43.8 
and 31.5%, respectively o f  the or iginal  var iance  o f  
the data .  This  is s imilar  to values repor ted  in 
previous  work  [24]. The  results  also demons t r a t e  
that  the a tomisa t ion  t empera tu re  and modif ier  
concen t ra t ion  have the greatest  influence on the 
first PC, whereas  ash t empera tu re  has the greatest  

Table 8 
Comparison of the concentrations of antimony (mg kg I dry weight) in pond weed samples from Yellowknife, NWT, Canada 

Sample Determined by ETAAS _+ S.D. " Determined by ICP-MS +_ S.D. b Comparison ~ 

E x t r a c t  I d 0.28 + 0.04 0.222 + 0.003 nsd at 95% 
Extract 2 0.26 + 0.02 ~ 0.221 + 0.002 nsd at 95% 
Extract 3 0.28 + 0.02 0.179 + 0.003 nsd at 98% 
Total digest I 39 + 5 32.6" nsd at 98% 
Total digest 2 40 _+ 5 41.8 ~ nsd at 95% 

Determination by optimised ETAAS and ICP-MS. 
Precision expressed as standard deviation (S.D.) based on five analytical replicates, except where indicated. 

b Two analytical replicates except where indicated. 
nsd, not significantly different at confidence level indicated. 

J Acetic acid/water extraction. 
Four analytical replicates. 

t" No replication. 
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influence on the second PC. Generation of the 
response surface also eliminates the need to carry 
out univariate searches around the optimum to 
establish that it is correct. 

Therefore, after carrying out the simplex opti- 
misation twice, from two different starting condi- 
tions and then analysing each response surface 
using principle components analysis, it was felt 
that further univariate investigates of the opti- 
mum were unnecessary. 

3.3. Analysis" of samples by using the optimised 
temperature program 

ETAAS analyses were carried out by using the 
method of standard additions, whereas the ICP- 
MS analyses were carried out using external cali- 
bration with aqueous standards. 

By the analysis of the SRM and the methanol/ 
water extract the optimised ETAAS procedure for 
the determination of antimony has been shown to 
overcome any interferences due to the sample 
matrix and any differences due to the different 
antimony species present. In addition, the method 
can be used for any total antimony determina- 
tions in samples of plant origin. 

The optimised procedure (Table 6) was used to 
determine the antimony concentration in pine 
needle SRM and pond weed, by using ETAAS 
and the method of standard additions. The results 
obtained for analysis of the pine needles are 
shown in Table 7, along with a comparison to the 
reference value. The concentrations for pine 
needles, with an average observed concentration 
of 0.220 mg kg ~, do not differ significantly from 
the non-certified concentration of 0.2 mg kg 1 

The pond weed sample is from a contaminated 
site near a gold mine in the Northwest Territories, 
Canada. The concentration of antimony in this 
sample was determined by ICP-MS to verify the 
values obtained by ETAAS and the results are 
given in Table 8. The results for the two methods 
do not differ significantly, as shown by the statis- 
tical comparison. The concentration of antimony 
for each digestion does not differ significantly 
(95'70 level) from the value determined by neutron 
activation analysis of 41.2 mg kg k- ~. 

The aqueous phase soluble antimony species 
were extracted from the pond weed sample with 
1/1 methanol/water (V/V), so that further analysis 
by speciation techniques such as HPLC-ICP-MS 
or HG-GC-MS [24] can be carried out. However, 
prior to this it is important to establish the total 
antimony concentration, both hydride and non- 
hydride forming, present in the extract. Although 
the values obtained for the methanol/water ex- 
tracts after analysis by ETAAS and ICP-MS do 
not differ statistically, consistently lower values 
for the ICP-MS results were observed. This is 
probably due to matrix or solvent effects, as the 

Acknowledgements 

The authors would like to thank Dr M. Dodd 
for provision of the pond weed samples and NAA 
results, Mr B. Mueller for help with ICP-MS 
analysis, Ms M. Winters for assistance with sam- 
ple preparation and Dr A. Wade for comments on 
the manuscript. We would like to acknowledge Dr 
K.J. Reimer, Environmental Sciences Group, 
Kingston, Ontario and the Natural Sciences and 
Engineering Research Council of Canada for 
financial assistance. 

References 

[1] M.O. Andreae, J.-F. Asmode, P. Foster and L. Van't 
Dack, Anal. Chem., 53 (1981) 1766. 

[2] X. Lu, J. Li, S. Chen and D. Guosheng, Acta Ocean. 
Sinica, 9 (1990) 255. 

[3] R. Kantin, Limnol. Oceanogr., 28 (1983) 165. 
[4] H. Onishi, and E.B. Sanddl, Geochim. Cosmochim. Acta, 

8 (1955) 213. 
[5] L.H. Keith, and W.A. Telliard, Environ. Sci. Technol., 13 

(1979) 416. 
[6] M. Walcerz, S. Garbos, E. Balska and A. Hulanicks, 

Fresenius J. Anal. Chem., 350 (1994) 662. 
[7] R.E. Sturgeon, S.N. Willie and S.S. Berman, Anal. 

Chem., 57 (1985) 2311. 
[8] R.E. Sturgeon, Can. J. Spectrosc., 32 (1987) 79. 
[9] J.G.S. Gupta and J.L. Bouvier, Talanta, 42 (1995) 269. 

[10] M.T. Perez-Corona, M.B. De La Calle-Guntinas, Y. 
Madrid and C. Carmara, J. Anal. At. Spectrom., 10 
(1995) 321. 

[11] S.A. Pergantis, W.R. Cullen and A.P. Wade, Talanta, 41 
(1994) 205. 



1. Koch et al. ,. Talanta 44 (1997) 1241 1251 1251 

[12] B. Welz, Atomic Absorption Spectrometry, 2nd edn., 
VCH, Wenheim, 1985, p. 64 159. 

[13] M.J. Ford, L. Ebdon, R.C. Hutton and S.J. Hill, Anal. 
Chim. Acta, 23 (1994) 23. 

[14] D.J. Roberts and K.V. Kahokola, J. Anal. At. Spectrom., 
4 (1989) 185. 

[15] T. Van der Velde-Koerts and J.L.M. de Boer, J. Anal. At. 
Spectrom., 9 (1994) 1093. 

[16] S.J. Hill, M.J. Ford and L. Ebdon, J. Anal. At. Spec- 
trom., 7 (1992) 719. 

[17] T. Mackenzie, in E. Rothery (Ed.), Analytical Methods 
for Graphite Tube Atomizers, Varian, Australia, Publica- 
tion No. 85-100447-00, 1982, pp. 43. 

[18] D. Betteridge, A.P. Wade and A.B. Howard, Talanta, 32 
(1985) 709. 

[19] D. Betteridge, A.P. Wade and A.B. Howard, Talanta, 32 
(1985) 723. 

[20] D.A. Bright, W.T. Dushenko and K.J. Reimer, Aquat. 
Bot., 50 (1995) 141. 

[21] S. Bajo, B. Surer and B. Aeschliman, Anal. Chim. Acta, 
149 (1983) 321. 

[22] D.A. Bright, B. Coedy, W.T. Dushenko and K.J. Reimer, 
Sci. Tot. Environ., 155 (1994) 237. 

[23] K. Jones, Int. Lab., November (1986) 32. 
[24] M.L. Molinero, Anal. China. Acta, 297 (1994) 417. 



E L S E V I E R  Talanta 44 (1997) 1253 1259 

Talanta 

Determination of phenolic compounds in water using membrane 
inlet mass spectrometry 

Marja Ojala a,b,* Raimo A. Ketola a, Vesa Virkki c, Harri Sorsa a, Tapio Kotiaho a 
~ VTT Chemical Technology, P.O. Box 1401, FIN-02044 VTT, Finland 

b University of Helsinki, Laboratory of Analytical Chemistry, P.O. Box 55, FIN-O0014, University of Helsinki, Finland 
c VTT Automation, P.O. Box 1304, FIN-02044 VTT, Finland 

Received 7 May 1996; received in revised form 8 November 1996; accepted 13 November 1996 

Abstract 

Two membrane inlet mass spectrometric (MIMS) methods for determining phenolic compounds in water are 
described and compared, namely direct analysis and analysis after acetylation of the phenolic compounds. Direct 
analysis of phenolic compounds in water is a very simple and rapid method and detection limits are relatively low 
(from 30 lag 1-1 for phenol to 1000 lag 1-1 for 4-nitrophenol). Analysis of phenolic compounds after aqueous 
acetylation is also a very simple and rapid method, and the detection limits are even two orders of magnitude lower 
than in the direct analysis. For example the detection limit of phenol acetate is 0.5 lag 1 ~ and that of 4-nitrophenol 
is 10 lag 1-1. The acetylation method was also tested in the analysis of phenolic compounds from contaminated 
surface water samples. © 1997 Elsevier Science B.V. 

Keywords: Membrane inlet mass spectrometry; Phenolic compounds; Water analysis 

1. Introduction 

Phenol and related compounds are used in large 
amounts in industry (total world production ca- 
pacity 1993 was 5.5 million tons [1]). As a result 
of  emissions, accidents and other releases they are 
also present in the environment. Phenols are 
highly toxic and can cause serious taste and odour 
contamination and therefore their analysis at low 
concentrations is very important  [2,3]. However, 
the analysis of  phenolic compounds is difficult 
due to their high polarity. The separation of 

* Corresponding author. 

phenolic compounds from water by solvent ex- 
traction is especially difficult and the recoveries 
are not satisfactory. Many different analysis 
methods have already been tested but there is still 
a need for methods which are applicable to rapid 
on-line analysis, especially directly from water 
samples. 

Direct measurement of  phenolic compounds in 
water using high performance liquid chromatog- 
raphy (HPLC) is possible, but the detection limits 
are rather high, about 100 lag 1 ~  [4]. Several 
concentration methods may be used to obtain 
better overall detection limits. Solid phases such 
as C~s [5], polymeric sorbents [6], carbon black [7] 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02169-8 
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and alkaline anion exchanger [8] extraction en- 
richment are used to improve detection limits but 
these methods are all quite laborious. Continuous 
liquid-liquid extraction [9], on-line liquid chro- 
matographic precolumn-based column-switching 
[10] and on-line membrane/liquid chromato- 
graphic analysis [11] have all given good results 
but special equipment is needed. Solid-phase mi- 
croextraction [12,13] has also been applied to the 
analysis of phenolic compounds. Low detection 
limits with good precision were obtained, but the 
absorption time of one sample, about 40-50 min, 
limited the usefulness of the method for on-line 
applications. Various derivatives [14] have also 
been used to improve the chromatographic be- 
haviour of phenolic compounds, mainly in gas 
chromatography. Acetylation of phenols after sol- 
vent extraction is one of the most frequently used 
derivatization techniques. Recent studies have 
shown that it is also possible to carry out acetyla- 
tion in aqueous solution [15 17]. This derivatiza- 
tion method, followed by solvent extraction and 
gas chromatographic analysis, has produced much 
better results than the reversed order method, in 
which the phenols are first extracted and then 
derivatized, due to better recovery of the phenols. 
With the new method recoveries of about 100% 
could be obtained [15]. 

In this study the applicability of membrane 
inlet mass spectrometry (MIMS) to the analysis of 
phenolic compounds was studied. MIMS is an 
analytical method well suited to rapid on-line 
analysis. In the method the introduction of ana- 
lyte into the mass spectrometer occurs through a 
polymer membrane, which is highly selective for 
organic compounds relative to water. MIMS is an 
excellent technique for monitoring gases and 
volatile organic compounds directly from aqueous 
solutions [18]. The main application fields are 
biochemical and environmental analysis [19-24]. 
Lauritsen et al. [25] have already used a modified 
MIMS method, Trap-MIMS, for the analysis of 
chlorophenols from water samples. In this method 
the membrane is kept cold during sample loading 
by the flow of sample, and when the sample flow 
is stopped the membrane is heated rapidly due to 
the heat of the filament, which subsequently 
causes rapid release of compounds adsorbed on 

the inside of the membrane into the ion source of 
the mass spectrometer. Good detection limits for 
larger chlorophenols (10 ~g 1 ~) were obtained, 
but the results for more volatile compounds such 
as phenol and 4-chlorophenol were less satisfac- 
tory. 

In the present study the traditional MIMS 
method for the analysis of phenols from aqueous 
samples was characterized. Phenols were mea- 
sured directly from aqueous solutions or after 
acetylation. Lower detection limits were obtained 
with the acetylation method. The acetylation 
method was also applied to the analysis of con- 
taminated surface water samples and compared 
with a HPLC method. 

2. Experimental 

2.1. Reagents 

The standard phenolic compounds: phenol 
[108-95-2], 3-methylphenol [108-39-4], 2,3- 
dimethylphenol [526-75-0], 2,4,6-trimethylphenol 
[527-60-6], 4-chloro-3-methylphenol [59-50-7], 2,5- 
dichlorophenol [583-78-8], 2,4,6-trichlorophenol 
[88-06-2], 2,3,4,6-tetrachlorophenol [58-90-2], pen- 
tachlorophenol [87-86-5] and 4-nitrophenol [100- 
02-7] were obtained commercially (from Riedel-de 
HaEn, Merck, Analabs, Fluka and Dr Ehrenstor- 
fer GmbH). For each standard compound a stock 
solution containing about 10 g 1 ~ was prepared 
in methanol. Dilutions of the stock solutions were 
prepared using deionized water (Millipore, Milli- 
Q plus) as needed. Twice distilled acetic anhydride 
(Merck, distilled in the laboratory) and sodium 
bicarbonate (Riedel-de Hahn) was used in the 
derivatization of samples and methanol (Rath- 
burn, HPLC grade) was used as eluent in HPLC 
analysis. 

2.2. Derivatization procedure 

The derivatization procedure used was similar 
to that described by Coutts et al. [14]. Acetic 
esters of phenols were prepared in a 1000 ml 
separation funnel. NaHCO3, 20 g, was dissolved 
in a water sample of 500 ml, and 1 ml of acetic 
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anhydride (twice distilled) was added. The separa- 
tion funnel was shaken vigorously during the 
evolution of carbon dioxide (about 2 min), after 
which the samples were ready for analysis. The 
total derivatization time is about 5 rain. 

2.3. Mass spectrometric and liquid 
chromatographic conditions 

Membrane inlet mass spectrometry: samples 
were analyzed using a Balzers QMG 421C mass 
spectrometer with a mass range of 1-500 ainu 
and equipped with an open cross-beam electron 
impact (70 eV) ion source (Balzers Ak- 
tiengesellschaft, Balzers, Liechtenstein). Data were 
collected continuously either by measuring full 
mass spectra or by using a selected ion monitoring 
method. The latter method was used to determine 
detection limits and the linearity of response. The 
membrane inlet used was built at VTT Chemical 
Technology on the basis of the design of Laurit- 
sen [26]. The membrane utilized was a methylsili- 
cone sheet membrane (Specialty Silicone 
Products, Ballston SPA, NY, USA) with dimen- 
sions: thickness 100 Iam and contact area 28 mm 2. 
During operation of the system a water stream 
was continuously supplied to the membrane inlet 
via a peristaltic pump (Ismatec IPS4, Ismatec SA, 
Switzerland), typically at a flow rate of 10 ml 
rain 1, and aliquots of sample solution (typically 
50-100 ml) were injected into this stream as 
needed. Before passing of the flowing water 
stream through the membrane inlet, its tempera- 
ture was equilibrated to 70°C using a heat ex- 
changer, which in turn was heated with a 
circulating water bath (Lauda M3, MGW, Ger- 
many). 

Liquid chromatographic experiments were car- 
ried out using a HPLC (HP 1090, Hewlett Pack- 
ard, Palo Alto, CA, USA) in combination with an 
autoinjector~ an autosampler and a diode array 
detector. A reversed phase analytical column (Hy- 
persil 100 m m x  2.1 mm i.d., 5 lam) with a linear 
gradient elution (10% methanol/acidic water - 
- - * 1 0 m i n  100% methanol, flowrate 0.4 ml 
rain J) was used to separate compounds and a 
diode array detector (wavelength 225 rim) was 
used for detection. 

2.4. Samples 

Three surface water samples were analyzed us- 
ing MIMS. The content of phenolic compounds 
in two of the samples was below the detection 
limit. The third sample was diluted 1:100 and 
acetylated before analysis. The pH of standard 
solutions measured without acetylation was about 
5.5, the pH of deionized water. Pentachlorophe- 
nol was the only compound for which the pK~ 
value was lower than 5.5 and it was therefore 
partly ionized. This probably explains its poor 
detection limit without acetylation [27]. Before 
acetylation the pH of both standards and samples 
was adjusted to ~ 8 using NaHCO3 [15]. 

3. Results and discussion 

Electron ionization mass spectra of the stan- 
dard compounds were measured by MIMS before 
and after acetylation (Table 1). Even at this early 
stage it was observed that the acetylated com- 
pounds could be measured at lower levels, since 
solutions of similar concentrations produced mass 
spectra with much better signal to noise ratios for 
the acetylated phenols than for the underivatized 
compounds. For underivatized phenols the base 
peak is most often the molecular ion, whereas in 
the case of acetylated phenols the base peak is the 
fragment ion formed by the loss of neutral ketene 
(CH2CO). The relative abundance of the molecu- 
lar ion of the acetylated phenols was typically in 
the order of 20% and it was lowest for pen- 
tachlorophenol and highest for 4-nitrophenol (4 
and 70%, respectively). All the measured El mass 
spectra agreed very well with the El mass spectra 
published in reference mass spectral libraries [28]. 
As an example of this the EI mass spectra of 
4-nitrophenol as measured by MIMS and redrawn 
from the Wiley reference library are presented in 
Fig. 1. The good agreement obtained in this case 
also demonstrated the good analytical capabilities 
of membrane inlet mass spectrometry. The typical 
fragmentation pathways of 4-nitrophenol acetate 
can easily be recognized from the spectra pre- 
sented. The main fragmentation route starts with 
the loss of neutral ketene producing the fragment 
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Table 1 
Standard compounds and their mass spectra measured by MIMS directly from water and after aqueous acetylation 

Compound MW" Ions m/z (RA b) 

Phenol 94 
Phenol acetate 136 
3-Methylphenol 108 
3-Methylphenol 150 

acetate 
2,3-Dimethylphe- 122 

nol 
2,3-Dimethylphe- 164 

nol acetate 
2,4,6- 136 

Trimethylphe- 
nol 

2,4,6- 178 
Trimethylphe- 
nol acetate 

4-Chloro-3- 142 
methylphenol 

4-Chloro-3- 184 
methylphenol 
acetate 

2,5-Dichlorophe- 162 
nol 

2,5-Dichlorophe- 204 
nol acetate 

2,4,6- 196 
Trichlorophenol 

2,4,6- 238 
Trichlorophenol 
acetate 

2,3,4,6-Tetra- 230 
chlorophenol 

2,3,4,6-Tetra- 272 
chlorophenol 
acetate 

Pentachlorophenol 264 

Pentachlorophenol 306 
acetate 

4-Nitrophenol 139 
4-Nitrophenol ac- 181 

etate 

94 (100), 66 (44), 65 (38), 63 (13), 50 (12), 55 (9), 95 (8) 62 (8), 51 (8), 53 (7) 
94 (100), 136 (18), 66 (15), 65 (14), 95 (7), 51 (6), 63 (5) 
108 (100), 107 (87), 77 (45), 79 (36), 51 (21), 53 (15) 52 (12), 50 (12), 63 (11), 90 (10), 80 (10) 
108 (100), 107 (40), 150 (23), 77 (15), 79 (11), 109 (8), 51 (7) 80 (6), 90 (6), 78 (5), 53 (5) 

107 (100), 122 (89), 77 (44), 121 (31), 9l (30), 79 (24), 51 (21) 78 (16), 65 (14), 53 (14) 

122 (100), 107 (57), 164 (28), 121 (16), 77 (16), 91 (15) 123 (9), 79 (7), 51 (7), 78 (6), 65 (6) 

121 (100), 136 (89), 91 (37), 135 (29), 77 (19), 65 (13), 51 (11) 137 (9), 122 (9), 93 (9) 

136 (100), 121 (82), 135 (26), 91 (24), 77(12), 137 (10) 122 (9), 178 (8), 65 (8), 79 (7), 51 (7) 

107 (100), 142 (97), 77 (63), 51 (41), 144 (32), 78 (18), 50 (17) 79 (15), 63 (15), 53 (14) 

142 (100), 107 (43), 144 (33), 77(20), 184 (17), 51 (13), 143 (9) 186 (6), 141 (5), 78 (5), 63 (5) 

162 (100), 164 (65), 63 (59), 99 (22), 62 (20), 98 (19), 73 (15) 61 (13), 53 (12), 166 (10) 

162 (100), 164 (65), 63 (18), 204 (16), 166 (IlL 206 (11) 73 (9), 133 (8), 163 (8), 62 (7) 

196 (100), 198 (96), 97 (42), 200 (30), 132 (28), 62 (24) 61 (20), 134 (18), 99 (16), 53 (11) 

196 (100), 198 (96), 200 (32), 238 (16), 240 (16), 97 (16) 169 (10), 167 (10), 199 (8), 132 (8), 62 (8) 

232 (100), 230 (86), 234 (48), 131 (47), 133 (31), 166 (30) 168 (29), 61 (26), 96 (24), 196 (16),194 
(15) 
232 (100), 230 (84), 234 (50), 274 (21), 272 (17), 131 (13) 236 (12), 203 (12), 276 (10), 201 (10), 74 
(10) 

266 (100), 268 (66), 264 (63), 165 (36), 167 (35), 202 (21) 95 (18), 230 (17), 130 (17), 132 (13), 237 
(12), 169 (12) 
266 (100), 264 (63), 268 (63), 165 (26), 91 (25), 167 (25) 237 (20), 270 (20), 74 (16), 130 (16), 92 
(15), 306 (4) 
57 (100), 139 (99), 65 (75), 71 (62), 53 (61), 51 (58), 63 (53) 55 (46), 81 (44), 64 (43) 
139 (100), 109 (72),181 (70), 65 (55), 63 (43), 93 (34) 74 (32), 64 (27), 81 (19), 53 (14) 

MW, molecular weight. 
b (RA) relative abundance. 

ion  m/z  139, which  s u b s e q u e n t l y  looses  e i ther  
neu t r a l  N O  or  NO2 to p r o d u c e  f r a g m e n t  ions  m/z  
109 a n d  93, respectively.  

The  de tec t ion  l imits  (Tab le  2) a n d  the l inear  
d y n a m i c  ranges  for  u n d e r i v a t i z ed  a n d  ace ty la ted  

pheno l s  were m e a s u r e d  us ing  selected i on  m o n i -  
t o r ing  (S IM )  m e t h o d .  Typ ica l ly  the  base  peak  o f  
the mass  spec t rum was used  in the S I M  m e t h o d  
a n d  a s ignal  to no ise  ra t io  o f  3 was  used as a 
c r i t e r ion  for  the  de tec t ion  l imit  d e t e r m i n a t i o n .  
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4-Nit rophenol acetate, library spectrum 

1°i1 ,, f: 6O ~ 
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50 70 90 110 130 150 170 
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+o °°"1 =° = I I . . . . . .  
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50 70 90 110m/z 130 150 170 

Fig. 1. Electron ionization mass spectrum of 4-nitrophenol 
acetate measured by membrane inlet mass spectrometry, and a 
mass spectrum redrawn from the Wiley mass spectra collec- 
tion. 

F o u r  or  five different  concen t ra t ions  were used 

for  the l inear  dynamic  range de terminat ions .  

F r o m  Table  2 it can be seen that  ace ty la t ion  

significantly lowered the de tec t ion  limits, espe- 

cially in the case o f  4-n i t rophenol .  The  detec t ion  

l imit  o f  four  n i t ropheno l  was lowered f rom 1000 

to 10 pg 1 t. The effect is bel ieved to be due 

main ly  to two factors.  P r o b a b l y  the most  impor -  

tan t  o f  these is the change in the solubi l i ty  of  

ana ly tes  in the methyl  sil icone membrane .  The 

more  po la r  under iva t ized  phenols  do not  dissolve 

as well in the relat ively n o n - p o l a r  m e m b r a n e  ma-  

terial  as do  the less p o l a r  ace ty la ted  phenols  (i.e., 

the pa r t i t ion  coefficient o f  ace ty la ted  c o m p o u n d s  

8000  

7000  

6000 

~5ooo 

~4000  

.o 
<: 3000 

2000 

1000 

0 

100 ilouo/~ 

c6  0 . . . .  t 

o g . . . . . . . . .  T . . . . . . . . . .  

0 10 20 30 40 
Time, rain 

I t  ,.I 

11oo~ti 

• 77: . . . . . . . . . .  ~°, . . . . . . . . . . . . . . . . . . . . . . .  
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~m/z  181 

Fig. 2. Ion chromatograms of m/z 181 and 139 showing the 
MIMS response to successive injections of aqueous solutions 
of 4-nitrophenol (11, 110, 1100 and 11 000 lag 1 - ~ ). 

into the sil icone is higher  than  that  o f  under iva-  

tized phenols) .  A n o t h e r  effect is tha t  the phenols  

with pKa values below 5.5 (e.g., pen tach lo rophe-  

nol, pK ,  4.74 [13]) canno t  be analyzed  very well 

direct ly  f rom water  samples  at the used p H  values 

o f  the samples  because  they are in ionic form and 

ions do not  dissolve in the methyl  silicone mem-  

brane.  This  effect has ear l ier  been repor ted  in 

connect ion  with S P M E  de te rmina t ions  o f  phenols  

f rom aqueous  solut ions  [13]. F o r  example  pen- 

t ach lo ropheno l  was ext rac ted  by S P M E  1A-fold 

bet ter  at p H  2 than  at  neut ra l  pH.  

The l inear  dynamic  ranges measured  were typi-  

cally abou t  three orders  o f  magni tude .  A n  exam- 

ple o f  this is presented  in Fig. 2, which shows 

Table 2 
Detection limits and linear dynamic ranges of some phenolic compounds measured by MIMS with and without acetylation 

Compound Detection limit Linear dynamic range Detection limit after acetylation Linear dynamic range 
lagl I lagl t lagl 1 lagl-i  

Phenol 30 30 1000 0.5 0.5 300 
3-Methylphenol 20 20 1000 1 1 300 
4-Chloro-3- 10 10 1000 1 l 300 

methylphenol 
2,5-Dichlorophe- 5 5 1000 1 1 300 

nol 
2,4,6- 5 5 1000 1 1 300 

Trichlorophenol 
2,3,4,6-Tetra- 10 nm 2 2 + 1000 

chloropenol 
Pentachlorophenol 60 nm 5 5 2500 
4-Nitrophenol 1000 nm 10 10 10000 

nm, Not measured. 
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selected ion monitoring data measured for succes- 
sive injections of 4-nitrophenol acetate. The corre- 
lation coefficient of the calibration line calculated 
on the basis of the data was 1.00. The correlation 
coefficients of the calibration lines of all the other 
phenols were in the range of 0.996-1.00, demon- 
strating the good quantitative capabilities of 
membrane inlet mass spectrometry. It is also wor- 
thy of note that the average measurement time in 
Fig. 2 is about 7 min, which clearly demonstrates 
the potential of MIMS for rapid analyses. 

Membrane inlet mass spectrometry was also 
tested in the analysis of complex phenol mixtures. 
A mixture mass spectrum of acetylated phenol, 
methylphenol, 4-chloro-3-methylphenol, 2,5- 
dichlorophenol, 2,4,6-trichlorophenol and pen- 
tachlorophenol is presented in Fig. 3. The 
concentration of each of the analyte was about 1 
ppm. For all the analytes characteristics ions can 
be seen, i.e., the molecular ion and the ion formed 
by the loss of neutral ketene from the molecular 
ion. These ions are m/z 136 and 94 for phenol, 
m/z 150 and 108 for methylphenol, m/z 184 and 
142 for 4-chloro-3-methylphenol, m/z 204 and 162 
for 2,5-dichlorophenol, and m/z 238 and 196 for 
2,4,6-trichlorophenol. For pentachlorophenol 
only the ketene loss ion, m/z 264, can been seen. 
These results clearly demonstrate that MIMS is 
capable of mixture analysis. 

Some surface water samples taken from an area 
contaminated with phenolic resins were analyzed 
using both the acetylation method and the direct 

94 ~ 

O 
142 

,0~ • I 
196 @ 

162 X I 

• Phenol 
3-Methylphenol 

o 4- Chlo fo-3* meth ylp henol 
x 2,5-Dlchlorophenol 
@ 2,4,6-TdchlorOphenol 
u Pentachlotophenol 

65  85  105 125 145 165 185 205  225  2 4 5  265  285  305  

m / z  

Fig. 3. Mass spectrum of a solution containing phenol, 
methylphenol, 4-chloro-3-methylphenol, 2,5-dichlorophenol, 
2,4,6-trichlorophenol and pentachlorophenol. The characteris- 
tic ions of each compound are indicated• 
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Fig. 4. Mass spectrum of a contaminated surface water sample 
measured after acetylation of the phenolic compounds. 

HPLC method presented in the experimental sec- 
tion. The phenolic content of most of the samples 
were below the detection limits of both of the 
methods. Only in one sample measureable 
amounts of phenolic compounds were observed• 
For quantitative analysis this sample was diluted 
1000-fold prior to analysis by MIMS, the HPLC 
analysis was carried out without any dilution. The 
mass spectrum measured for this sample is pre- 
sented in Fig. 4. The characteristic ions of phenol 
actetate (m/z 94 and 136) and methylphenol ac- 
etate (m/z 108 and 150) can be recognized from 
the mass spectrum. The concentrations of these 
compounds were determined by an external stan- 
dard quantitation method using the closest con- 
centration of standard solution as calibrant. The 
concentrations of phenol and methylphenol in 
calibrant were 11.6 and 12.5 ~tg 1 l and the peak 
heights of measured ions (m/z 94 and 108) were 
13 300 and 6300 respectively. The peak heights of 
the same ions measured in diluted water samples 
were 39000 and 13000. The concentrations of 
phenol and methylphenol calculated on  the basis 
of these numbers were 34 and 26 mg 1 i respec- 
tively. With the HPLC method only phenol could 
be identified reliably, due to the large background 
eluting simultaneously with the methylphenols. 
The concentration of phenol obtained by the 
HPLC method was 36 mg 1 ~ which agrees very 
well with the MIMS determination. 

In conclusion, acetylation of phenolic com- 
pounds directly in water with subsequent MIMS 
analysis is a very rapid and easy analytical 
method for the analysis of phenolic compounds in 
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aqueous solutions. The derivatization step adds 
only about 5 min to the direct MIMS analysis 
time of 5 min i.e., even with the derivatization 
step the analysis time of one sample is less than 20 
rain. The implementation of derivatization step in 
the flow injection analysis manner is also planned 
so that this method can also be used for on-line 
analysis. The detection limits obtainable with the 
acetylation method are 5-100 times lower than in 
the direct MIMS method in which phenols are not 
derivatized before analysis. For example detection 
limits of 0.5 lagl i for phenol and 10~tgl ~ for 
4-nitrophenol were measured. 
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Abstract 

Volume corrections in calculation of equilibrium state for multi-phase systems, as an extension from one-phase 
systems, have been described. The algorithms can handle with one, two, three or more phases of different volumes. 
Several applications of the algorithms to calculation of equilibrium concentrations of all species in two- and 
three-phase systems have been presented. Different possibilities of the determination of equilibrium constants from 
extraction data have been discussed. © 1997 Elsevier Science B.V. 
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1. Introduction 

In the literature one can find many programs 
for determination of equilibrium concentrations 
[1] and equilibrium constants, e.g., most popular  
SCOGS [2], S U P E R Q U A D  [3], or more recent 
SPECA [4] and S IRKO [5]. Practical use of  them 
also have been examined [6]. However, the pro- 
grams are designed for processing spectroscopic 
or potentiometric data. Application of them to all 
extraction data is not possible. Although there are 
old extraction oriented programs e.g., LETA- 
G R O P - D I S T R  [7], other, interactive computer 
programs are required. Moreover, new programs 
are more general and can describe multi-phase 
systems. 

* Corresponding author. Fax: +48 58 472694: e-mail: 
jarekch@chem.pg.gda.pl 

Mathematical formalism describing multi-reac- 
tion equilibria has been described in details by 
Kostrowicki and Liwo [8]. The formalism, al- 
though general considering the types of  equilibria, 
was worked out for systems with many reactions, 
but only one-phase. More precisely: heterogenic 
(solid-liquid) systems were allowed, but only con- 
centrations in one liquid phase were calculated. 
However, one can be interested in equilibrium 
concentrations in several liquid phases. Such ne- 
cessity is in extraction, whenever phases (organic 
and aqueous) are of  different volumes. If  the 
volumes were equal, the system would be re- 
garded as one-phase using the existing programs. 
Sometimes one can meet stable three-phase liquid 
extraction systems (e.g., Zn distribution in H2SO 4- 
l-penthanol-toluol [9]). Other examples of three 
phase systems are liquid-liquid extraction with a 
solid deposit (e.g., extraction of metals in AIC13- 
HC1-H20-diisopropyl ether system [10]) or bulk 

0039-9140/97/$17.00 ,~© 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9 140(96)021 70-4 
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liquid membrane with two aqueous phases sepa- 
rated by one organic phase. 

In the previous algorithms concentrations were 
inserted into balance equations. In systems with 
several phases, moles instead of molar concentra- 
tions must be used in balances. The necessary 
modifications in procedures are described in this 
work. 

Programs for determination of equilibrium con- 
stants from extraction data are much less com- 
mon. Many researchers investigating extraction 
equilibria use graphical procedures (e.g., see 
Fletcher and Flett [11]). Some use commercial 
programs for linear or multiple regression to sup- 
port graphical procedures. Berger and Graft  de- 
scribe one-species extraction equilibrium in [12], 
while mathematical analysis of multiple-species 
extraction appeared in their next paper [13]. Ex- 
traction of many species in liquid-liquid systems 
were first analyzed by a specialized program by 
Rydberg et al. [14] by fitting of the measured 
metal concentration to a polynomial. Analysis of 
the extraction data by multiple regression has 
been presented e.g., by Jaycock et al. [15] or 
Apostoluk [16]. 

In most of those procedures there are no cor- 
rections of concentrations for progress of reac- 
tions. It is assumed that the experiment is 
arranged in such a way that addition of excesses 
of some reagents allows to neglect concentration 
changes caused by run of reactions. The correc- 
tion is not trivial if there are several reactions to 
consider. Liem overcome that by applying an 
iteration procedure for finding the equilibrium 
concentrations for two-phase extraction systems, 
in the program LETAGROP-DISTR [7]. 

Presented programs EXTRAFIT and EX- 
TRAPH are an extension of LETAGROP-DISTR 
towards systems with more than two phases and 
towards more types of equilibria. The advantage 
of the algorithms is that they accept wider spec- 
trum of different equilibria, e.g., solid deposit 
formation/dissolution and use actual equilibrium 
concentrations corrected for run of reactions. This 
means that we can investigate systems with small 
stoichiometric excesses of reagents. The balance 
equations are created automatically according to 
chemical equilibria specified. There is no restric- 

tion regarding the number of phases or the num- 
ber of species, or the number, or the type of 
reactions other than the capability of the applied 
computer. 

2. Determination of equilibrium concentrations 

It has been shown that multiple equilibria most 
conveniently can be expressed in language of lin- 
ear algebra [17,18]. One may also study the simple 
example given in the application section. Consider 
a system of n components involved in rn reactions. 
The equilibrium concentrations must satisfy equi- 
librium condition Eq. (1) 

Aln  C =  In K (1) 

where: A . . . . .  stoichiometric matrix; C, vector of 
concentrations, C =  [C~, C2 .... Cn] v, In K-vector of 
natural logarithms from stability constants, In 
K = [ln K~, In K2,..,ln Km]V.Additionally for one 
phase systems the following balance equations set 
must hold 

QC = T (2) 

where: Q . . . . . . . .  balance matrix; T, balance con- 
stants vector [T1, T2 .... Tn m]T.For multi-phase 
systems Eq. (2) must be replaced by Eq. (3) 

Q N =  T or Q V C =  T (3) 

where: N, moles vector, N = [Vj G,  
V2C2,..,VnCn] T, V, diagonal volumes matrix V = 
[6i./Vi], ×, Vi, volume of the phase in which i 
species exists, 6,.j, the Kronecker 6 (0 if i 4=j, 1 if 
i = j ) .  We assume here that transfer of solutes 
does not induce significant volumes change and 
activity coefficients are constant in all phases. 

Solving the system (1)+(3)  can be accom- 
plished by analogy to one-phase systems (1) + (2). 
This is a non-linear system which can be solved 
using Newton-Raphson iterative method. In 
multi-phase systems the volume matrix must be 
introduced in balances and in derivatives in the 
iteration process as described below. Also initial- 
ization of vector C needs volume corrections 
when calculations are carried out by varying pro- 
gress of reactions. 
(a) adjusting equilibrium while balances are held 
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This method is based on run of reactions until 
concentrations satisfy Eq. (1). Technically it 
means variation of m reaction numbers ei. In this 
procedure balances are satisfied because run of 
reactions do not change the balances. Definition 
of concentration as a function of progress of 
reactions for one-phase systems: 

C = C ° + Arc (4) 

for multi-phase systems must be rewritten as fol- 
lows: 

C = C ° + A r V  ltq (5) 

where: V ~= [6i.jVi l],,×n; e, reaction number 
vector = [cl, c2,.. em]T; C °, any vector satisfying 
balance equation, usually initial composi- 
tion.There is an important orthogonality Eq. (8), 
[19] QA T=  0 which expresses mutual dependence 
of stoichiometric and balance matrixes. Due to 
orthogonality of matrices Q and A T balance equa- 
tions are automatically satisfied for any vector c, 
QVC = QVC°( = T). 

Inserting Eq. (5) into Eq. (1) we get the follow- 
ing system of m unknowns: 

A l n ( C  ° + A r C  I s ) - l n K = 0  (6) 

This can be solved by the Newton-Raphson 
method according to equations 

p") Ac ~I) = In K -  A In C (II (7) 

C(:+ 1) = C:) + ArC  IAs~:) (8) 

where: 

p ( a =  ArM( l )A ,  M (a = [6k,.iC~( ) 1V~ 1] ..... 

~ a,,~. aj.k 
_ ~ a  _ ( 9 )  or v i., - k=l Ci () Vk 

Here l is the iteration number. In the multi-phases 
case the derivative p contains volume correction. 
As the stop test ][ln K-AlnCll , = 10 .4  was ap- 
plied. 

Now, 
positive 

to start the iteration process we need a 
concentration vector to calculate In C. 

Usually in starting conditions we have some zero 
concentrations. To overcome this we can take a 
component of zero concentration and advance a 
reaction which produces it to an extend allowed 
by amount of substrates.The details are as fol- 
lows: 

(1) Find first component i of zero concentration; 
(2) Find first non-zero element a[j,i] of the stoi- 
chiometric matrix in the column i corresponding 
to its name ( j  reaction will be run); 
(3) Determine maximum reaction number e~ that 
can be accomplished: 

,!/= min~ V Z CkVk'~ ifa[.j,i I > 0 (10) 
k [,[/x-l<o a[j,k] J' 

f CkVk ) 
c /=m in ~  V> ~ } , i f a [ j , i ] < O  (11) 

~- [-li,~-I Oa[j,k]J 

Eq. (10) describes reaction toward products, Eq. 
(11) towards substrates. If ej = 0 because all CkVk/ 
a[j,k] have Ck = 0, then probably the substrates 
will be produced in next reactions. So we must 
skip it this time and return to this reaction again 
after initiating others. Another possibility, no neg- 
ative a[j,k] in Eq. (10) (or no positive a[j,k] in 
Eq. (11)), indicates usually solid phase solution/ 
deposition or solvent self-ionization take place. It 
can be overcome by introducing special initializa- 
tion for those reactions as 0: = In Ki/(E k a[j,k]) ( j  
is the index of such a reaction). 
(4) Replace all Ck with 

1 a[j,k](:j 
C k + - -  

a[j,i  ]m Vk 

for k = 1..n, where: m, total number of reactions. 
Note, that we proceed with mth fraction of the 
available limiting component. 
(5) If there are still some Ci = 0, then repeat the 
previous four steps.The method gave good results 
in practice and seems general for all chemical 
systems. It is a modified, volume-corrected, ver- 
sion of the algorithm introduced by Kostrowicki 
and Liwo [8]. 
(b) adjusting balances while equilibrium is held. 

Second method proceeds by changing amounts 
of reagents while equilibrium is hold until balance 
equations are satisfied. This implies that parame- 
ters proportional to lnC are being varied while 
equilibrium condition is hold. Concentrations, 
which satisfy equilibrium condition, can be rewrit- 
ten as: 

ln C = l n C * + Q r r  (13) 
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for any vector r, if In C* is an arbitrary chosen 
solution of  Eq. (1). As the consequence of orthog- 
onality equation AQT= 0, the equilibrium condi- 
tion is always valid A In C = A 
In C*(= lnK) . ln se r t i on  of Eq. (13) to Eq. (3) 
gives non-linear equations system of n -  m order: 

Q V (exp(ln C* + Qr~)) _ T = 0, (14) 

In the one-phase version there is no matrix V. 
This implies that for multi-phase systems we will 
get also different derivative a in the iteration 
scheme. By analogy to one-phase algorithm equi- 
librium concentrations can be calculated by the 
following iteration scheme: 

a U) Az la = T -  Q V C ~/~ (15) 

In C Ct+ 1) : In C~r~+ QrAz<a (16) 

where: 

a(/~ Q A~aQr, A~/) r~; V C (~1 : : t U k , i  /," /,- J n  x , ,~  

or a~:): ~ q,.k q/,k Vk C~ ~ (17) 
k - - I  

As the stop test IIArll~ = 10 -4 has been chosen. 
The balance matrix Q is calculated automati- 

cally from stoichiometric matrix A as described 
elsewhere [8]. Additionally some minor modifica- 
tions of initialization of vector In C* were made 
in presented programs. 

3. Determination of equilibrium constants from 
extraction experiments 

Once the concentrations have been determined 
they can be used for evaluation of  equilibrium 
constants from experimental data. In the extrac- 
tion research it is common to measure equilibrium 
metal distribution and to measure equilibrium pH 
values. Another, less common, approach is to add 
large excess of  a buffer and resign measuring pH. 
Both situations can be processed with the use of 
multidimensional calculations. 

1. In the first case we assume the pH values are 
error-free and that we can combine them with the 
equilibrium constants. So, for each pH we have a 
specific, apparent equilibrium constants set, 
log K'. The log K' is a sum of  the l o g K  and pH 

multiplied by the stoichiometric coefficient of 
[H +] for each reaction (see the examples in the 
following text). In this manner [H +] is placed on 
the right-hand side of equation and is no longer 
changed during the iteration process. Hence [H +] 
column is removed from the stoichiometric ma- 
trix, the balance matrix must be accordingly 
modified. It is immediately found as Q =  [ -  
((A L)- l AR)]I], where we defined partition of  the 
stoichiometric matrix A into left and right parts 
as:A = [ALto .... I A~, R m)× m],  det {A L} ¢ 0. Here A 
denotes stoichiometric matrix after removal the 
hydrogen ion column. For practical reasons (less 
complicated equations) it is more convenient to fit 
total organic phase metal concentration than log- 
arithm from distribution ratio (log D). Thus, the 
minimized function q~ can be defined as: 

ptl 

¢ = y ,  wi (C"'-  - -ic"',~2 (18) 
i = 1  

where: pn, number of  measurements; C~ ° t ,  total 
metal concentration in one (e.g., organic) phase in 
i experiment, hat stands for experimental value; 
w~, statistical weight of ith measurement. Total 
metal concentration can be calculated as: 

Cl°t= ~ flkC,.~ =tiC, (19) 
k I 

where C~,k denote concentration of k species in i 
experiment and Ilk denote the number of metal 
atoms in k species molecule, if present in the 
analyzed phase. Thus, for each experimental point 
we can define pH-dependent equilibrium con- 
stants set, calculate Cl °t and add squares of differ- 
ences between calculated and measured values for 
all points obtaining the desired sum of squares 
[18]. Once we have done that we need to find such 
constants that minimize the sum. Minimization of 
the sum can be carried out by the Marquardt  
method. Multi-dimensional calculation has a con- 
venient property of the possibility of calculating 
derivative J, j =  CCI°t/CIn Kj analytically [8]. For 
each point i we calculate vector Jij, J = 1,..m. The 
formula is the following: 

~?CT' 
J"i - Oln K~ - (p ': ' A f t ) /  (20) 
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where: Pi is derivative Eq. (9) in experimental 
point i. The minimization is carried out by the 
following iteration scheme: 

((jrWj)~/) + 21) A X  ~/) = j l / )  r W ((~t,,~ _ C t O ( h )  

In K ~;+ 1~ = In K (;~ + AX ~;~ (21) 

Where l is the iteration number and Wpn × pn is the 
matrix of weights (Wi, /= 5i,/W,). As the stop test 
[lAX]l. < 10 4 was applied. Program, realizing 
this algorithm have been worked out and named 
EXTRAPH. 

(2) If we can assume that pH is not affected by 
unknown variables, we can simply use function 
Eq. (18) and not-modified system A In C =  In K t o  
solve the problem. It is possible to create a bigger 
model system and optimize just a few unknown 
constants. Again, iteration scheme Eq. (21) can be 
used for chosen number of constants to vary s 
(s < m) with a shorter Jacobian Jp, × s. This al- 
gorithm is realized by the program EXTRAFIT. 

Third method can minimize extended sum of 
squares 

] m  

,p = ~, , r (C) i (C, -  C):  + w(pH), (pI2Ii pH,) 2 
i = 1  

(22) 

where: w~(C),wi(pH), statistical weights for each C 
or pH measurement; C, total metal concentration 
in one phase, hat stands for experimental values; 
i, indexes measurements. Although most justified 
for statistical point of view, it has not been imple- 
mented yet. The work is in progress. 

4. Application section 

In order to illustrate the applicability of the 
derived algorithms I tested them on data obtained 
from simulation as well as from real-life extrac- 
tion experiments. The original code was written in 
Turbo-Pascal v 6.0 and run on a simple IBM PC 
486-DX2 computer. 

The use of the programs is intuitive for every 
chemist. One must define equilibria expected in 
the system (the equation and the appropriate con- 
stant for each reaction) and specify initial concen- 
trations of  all chemicals. All the reactions can be 
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Table 2 
Simulation of liquid-liquid extraction with solid deposit formation 

Initial Equilibrium 

C H M [Ag] pM [Ag(SCN)2 ~tM [AgR(o)] mM [SCN] mM [HR(o)] mM [H] mM Total Ag soluted D 
lamole 

0.001 101.3 1.796 5.769 10.52 [4.23 1.577 57.87 3210 
0.01 105.9 1.719 1.238 10.12 18.76 10.12 12.55 720 
0.10 107.0 1.700 0.1341 10.01 19.87 100 1.511 78.9 

1.00 107.2 1.698 0.0135 10.00 19.99 1000 0.305 7.9 
6 

Influence of acidity on solubility and extraction of silver from solid AgSCN. Conditions as stated in the text. 

entered manually from keyboard in the same way 
they are usually written down. All matrixes are 
created automatically by the programs, however 
they can be modified manually in the input files 
with any A S C I I - - t e x t  editor. In the case of  multi- 
phase reaction additionally volumes of  each phase 
are to be introduced. 

4.1. Calculation of equilibrium concentrations in 
the case of multi-reaction, multi-phase system 

Example I. Example of  stoichiometric, balance 
and volume matrixes. 
For simple aminoacid H A - - a c i d / b a s e  reactions 
with extraction of HA we have two equilibria: 

[HA(o)] 
H + + A -  = H A ( o ) ,  K 1 -  

[H + ][A - ] 

[H2A + ] 
H + + HA(o) = H2A +, K2 - 

[H + ][HA(o)] 

which can be denoted as matrix A (substrates 
negative, products positive coefficients, charges 
omitted for clarity): 

In K2 = In [H2A] - in [HA(o)] - In [H], 

are equivalent to matrix notation A In C = In K.If  
the organic phase has twice more volume then the 
aqueous phase, the V matrix will get the following 
form: 

°o o o v= 2o 
0 1 

0 0 

The balance equations in this case have the fol- 
lowing form (one of many possibilities): 

Vo[HA(o) ] + V,[H2A] + K~[A] = n A 

Vo[HA(o)] + 2 VdH2A ] + Va[H] = nil, 

where: Id a , volume of the aqueous phase; 17o, 
volume of the organic phase.This is equivalent to 
matrix equation Q V C =  T: 

l l [120 
I HA(o) H2A A H 1 

0 - 1  - 1  

1 1 0 - 1  

One can see that equations obtained by taking 
natural logarithm from equilibria constants: 

In K, = In [HA(o)] - In [A] - In [H] 

Vo 0 0 O ~  

J 
0 Va 0 0 

0 0 V. 0 

0 0 0 V a 

- [HA(o)]- 

[H2A] 

[A] 

[H] 

=I::] 

Note: E Q U T  transforms matrix A to its Hermite 
normal form [18] [IIP] so in output generally you 
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Table 3 
Calculations of bulk membrane equilibrium states 

1267 

Run Na(1 ) Na(3) H( 1 ) H(31 AH ANa 

I Initial 0.1 M 0.1 M 0.0 mM 0.0 mM 0.01 M 0.0 
Equilibrium 0.0967 M 0.0967 M 1/.3332 M 0.3332 mM 3.342 gM 9.997 mM 

2 Initial 0.1 M 0.1 M 0.0 ILl M 0.1 M 0.0 
Equilibrium 0.05813 M 0.1163 M 0.04187 M (/.08373 M 6.718 mM 93.28 mM 

3 Initial 0.1 M 0.5 M 0.0 (1.2 M 0.01 M 0.0 
Equilibrium 0.07327 M 0.5129 M 0.0273 M 0.1871 M 0.352 mM 9.648 mM 

First run is a case of equal distribution, next cases are examples of  counter-transport  of  Na-H where concentration of Na(3) is 
increased by so-called uphill transport. Volumes of phases are: 1) 0.1 1: (2) 0.01 1: and (3) 0,2 I. 

will obtain information about the transformed 
stoichiometric matrix. 

Example 2. Consider a complicated system of 
two-phase liquid liquid extraction. It is very la- 
borious to calculate equilibrium concentrations of 
all reagents and the distribution ratio. This is true 
even if one knows which equilibria take place, 
knows their equilibrium constants and knows all 
balance concentrations. In this example we use an 
equilibria set comprised of two complex-forma- 
tion, one acid-base and two extraction equilibria. 

2Ag + + 2 H R ( o ) =  (AgR)e(O)+ 2 H +,  

Ag + + H R ( o ) =  A g R ( o ) +  H * ,  

HPO] + H  + =H2PO4 , 

Ag + + 2 S 2 0  ~ =Ag(S 2003  , 

Ag + + 3 S 2 0 {  = A g ( S 2 O d  ~ , 

log K = 17.0, 

log K = 6.8, 

log K = 6.88, 

log K = 12.72, 

log K = 13.5 

(28) 

where: HR denotes a thiol (tri-t-butoxysi- 
lanethiol), (0) means organic phase. First two 
constants were taken from preliminary results of 
the author's research. The other constants are 
taken from literature [20]. Initial concentration 
profile was: C(Ag)= 0.0001 mole 1 ~, C ( H R ) =  
0.002 mole 1 i, C(Na2S203)=0. l mole l L, 
C(K2HPO4)=C(KH2PO4)=0.02  mole 1 ~, or- 
ganic phase volume 0.1 1. 

Program called EQU (by varying ~:) have been 
used. Nevertheless, method which varies balance 
parameters ~ (EQUT) has been also tested and 
yielded identical results in similar iteration num- 
bers. The test runs are summarized in Table 1. 

Example 3. Liquid-liquid extraction with solid 
deposit 

Let us take a system with three reactions. Com- 
plex formation in the aqueous phase: 

A g + 2 S C N = A g ( S C N )  2 logf l2=8 .2  

dissolution of solid AgSCN 

Ag + SCN = 0 (nothing) log Kso = - 11.97 

and extraction of silver by a thiol HR into an 
organic phase 

Ag + HR(o) = AgR(o) + H log K = 6.8 (29) 

First two constants were taken from the litera- 
ture [20], last one from preliminary author's re- 
sults. All charges were omitted for clarity. 
Organic phase volume was 0.01 1, whereas 
aqueous phase was 0.1 1. Initial concentrations 
were 0.01 M SCN in the aqueous phase and 0.02 
M of HR in the organic phase. Table 2 summa- 
rizes results of different silver dissolution from 
AgSCN when different acidities of the aqueous 
phase were applied. Program EQU and EQUT 
both gave rapid convergence within 10 13 itera- 
tions. It should be emphasized that the results are 
obtained very fast, with no need of manual 
derivation of D from complicated set of equa- 
tions. Lowering of partition ratio D and deposit 
tbrmation at high acid concentration, when silver 
was introduced to the organic phase~ were experi- 
mentally observed by the author. 

Example 4. Three phase system. Bulk liquid 
membrane. 

Let us take a system composed of two aqueous 
phases of volume 0.1 1 (phase 11 and 0.2 1 (phase 
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Table 4 
Data on nickel extraction with decanic acid, all concentration in mole 1 

Number Initial Equilibrium 

C°(Ni) C°(HA)2(o) Measured Calculated 

pH C(Ni)(o) x 10 a C(Ni)(o) x 104 

1 0.001 
2 0.001 
3 0.001 
4 0.001 
5 0.001 
6 0.001 
7 0.001 
8 0.001 
9 0.00l 

10 0.001 
11 0.001 
12 0.001 
13 0.001 
14 0.00l 
15 0.001 
16 0.001 
17 0.001 
18 0.001 
19 0.00l 
2O 0.001 

0.5 
0.5 
0.5 
0.5 
0.5 
0.2 
0.2 
0.2 
0.2 
0.2 

5.09 0.909 0.886 
5.36 3.330 3.322 
5.44 4.450 4.435 
5.48 5.000 5.004 
5.61 6.680 6.707 
5.68 7.500 7.456 
5.74 7.998 7.988 
5.79 8.337 8.357 
5.86 8.750 8.775 
5.93 9.099 9.093 
5.63 2.404 2.456 
5.70 3.333 3.393 
5.77 4.446 4.423 
5.81 5.066 5.016 
5.93 6.668 6.640 
5.99 1.667 1.718 
6.06 2.500 2.554 
6.26 5.559 5.514 
6.33 6.501 6.462 
6.55 8.492 8.511 

3), containing sodium and hydrogen ions, sepa- 
rated by a floating organic phase (phase 2) of 
volume equal to 0.01 1 containing an organic ion 
carrier (in form of AH or ANa).  Additionally 
assume two interface reactions: 

Na(1) + AH(2) = ANa(2) + H(1), K = 10 (30) 

Na(3) + AH(2) = ANa(2) + H(3), K = 10 (31) 

A N ~  

~ A H  

phase 1 ' p t , ~ e  2 pt, e s e  

Phase numbers are specified in brackets. Equi- 
librium concentrations in all three phases were 
calculated starting from different initial composi- 
tions. Test runs are specified in Table 3. One can 
notice that uniform distribution of species is not 

always obtained at the equilibrium. It is so only in 
the first case where there was no hydrogen ion 
gradient. Second run starts from evenly dis- 
tributed Na, whereas third run starts from more 
sodium in the (3) phase. In both last cases, as a 
result of hydrogen removal from (3) phase, Na(3) 
concentration must be increased in this phase as 
the result of ion exchange. 

4.2. Determination o f  extraction equilibrium con- 
stants 

(1) Method with pH combined with equi- 
librium constants. Test run of EXTRAPH. As a 
model let us regard data from extraction of  nickel 
(II) with decanic acid. Extraction model together 
with relevant constants were taken from [21]. The 
authors concluded that experimental data is best 
described by assumption of  two extraction reac- 
tions: 
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Table 5 
Determination of extraction constants from non-equal volume extraction experiments 
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Initial buffer components concentrations Total silver in the organic phase, p.mole I 

C(K2HPO 4) C(KH2PO 4) Simulated Perturbed Recalculated 

0.002 0.038 733.5 734.5 733.58 

0.004 0.036 573.2 572.4 573.30 
0.006 0.034 453.9 454.9 453.99 
0.008 0.032 360.4 359.4 360.56 
0.010 0.030 285.8 286.8 285.86 
0.012 0.028 225.6 224.6 225.71 
0.014 0.026 177.2 178.2 177.26 
0.016 0.024 138.3 137.3 138.37 
0.018 0.022 107.3 108.3 107.30 
0.020 0.020 82.58 82.48 82.61 
0.022 0.018 63.06 63.16 63.07 
0.024 0.016 47.66 47.56 47.67 
0.026 0.014 35.56 35.66 35.56 
0.028 0.012 26.07 25.97 26.07 
0.030 0.011t 18.64 18.74 18.63 
0.032 0.008 12.83 12.73 12.83 
0.034 0.006 8.307 8.317 8.311 
0.036 0.004 4.795 4.78 4.79 
0.038 0.002 2.083 2.09 2.08 

Organic phase volume was set as 0.1 l, aqueous 1 1. Initial concentrations: C(Ag)= 0.0001 mole 1 ~, C(HR(o))= 0.002 mole I -L, 
C(Na2S200 = 0.1 mole 1 t. 

N i  2 + + 3(HA)21o) 

= [ N i A 2 4 H A ] ( o )  + 2 H + ,  l o g  K~ = - 11.34 

2 N i  2+ + 4 ( H A ) 2 ( o  ) 

= [ N i A 2 2 H A ] 2 ( o )  + 4 H + ,  l o g  K 2 = - 19.15 

(32) 

T h u s ,  i n s t e a d  o f  the  s t o i c h i o m e t r i c  m a t r i x  A a n d  

the  In K v e c t o r  o f  

[NiA24HA [NiA22HA]2 (HA) 2 Ni 2+ H + ] InK 

] 1 0 - 3  - 1  2 | lnK~ 

[- 0 1 - 4 - 2 4 J In K 2 

we use its reduced version, A' and a corrected 
In K': 

[NiA24 HA [NiA22 HA]2 (HA)2 Ni 2 + ~ In K' 

[ 1 0 - 3  - 1  [ l n K l + 2 p H  

k 0 1 - 4  - 2  J l n K 2 + 4 p H  

Recalculating of  the constants' values from data 
in Table 4 leads to log Kl = -- 11.354 _+ 0.008 and 
log K = - 19.140 _ 0.006. 

(2) Method with no pH measurements, but 
with an excess of  a buffer applied. Test run of  
EXTRAFIT. As an example a set of  simulated 
extraction data with two phases of  different vol- 
ume was created, total metal concentration was 
disturbed by 1% and then the equilibrium con- 
stants were backward evaluated. The values of  the 
constants were perfectly redetermined as is shown 
in Table 5. The system contained five reactions 
andcan  be described by the equations set. 

Simulation values of  the constants were: 
log K = [6.30,17.00,12.72,13.50,6.88]. Fitting two 
first constants to the disturbed data gave back: 
log K I = 6.2995 _+0.005 and log K2 = 17.0004 ± 
0.005 while log K~ = 8 and log K2 = 15 were taken 
as initial values. 

Possibility of using the algorithms 
If we investigate a system with multiple equi- 
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libria, some of the constants may happen to be 
determined in different physical-chemical condi- 
tions than others. Sometimes the difference is in 
ionic strength, sometimes in temperature or in 
different supporting electrolyte. This specially can 
happen when we take into consideration many 
independently determined constants (e.g., acid- 
base constants together with complex formation). 
One possible solution is to choose experimental 
conditions to match those declared for most of 
the constants, and recalculate the other constants 
together with the searched equilibrium. Thus, 
some of the equilibrium constants will be pro- 
cessed as unknowns during the iterations until 
they best fit to the experimental data. Such a 
possibility give both EXTRAFIT and EX- 
TRAPH. 

5. Final remarks 

I hope wider use of the programs will help 
chemists to deal with complicated systems. The 
examples given do not show all possible applica- 
tions of the programs. So far little attention is 
given to distribution of species in three phase 
systems, partly because of difficulty of mathemati- 
cal description. This seems to be of diminishing 
significance. As mentioned before, all matrixes are 
generated internally by the programs. A chemist 
must just define the chemical model and the equi- 
librium concentrations are calculated automati- 
cally without time-consuming manual derivation. 
Moreover, the concentrations can be used for 
determination of unknown equilibrium constants, 
even if the system is very complicated. 

The tentative versions of the programs EQU, 
EQUT, EXTRAFIT and EXTRAPH are avail- 
able from the author along with the source Pascal 

code upon request. The source codes can be 
downloaded from Internet at http:// 
www.pg.gda.pl/~ jarekch/. 
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Abstract 

Ionization constants of nine quinolone antibacterials in acetonitrile-water mixtures containing 0, 5.5, 10, 16.3, 25, 
30, 40, 50 and 70% (w/w) acetonitrile were obtained and assignment of these pK values to the several potentially 
ionizable functional groups was made. The variation of the pK values obtained over the whole composition range 
studied can be explained by consideration of the preferential solvation of electrolytes in acetonitrile-water mixtures. 
In order to obtain pK values in any of the unlimited number of possible binary solvent acetonitrile water mixtures, 
relationships between pK values and different bulk properties (such as dielectric constant) were examined. The linear 
solvation energy relationships method, LSER, was applied to study the correlation of pK values with the solva- 
tochromic parameters of acetonitrile water mixtures. The equations obtained allow calculation of the pK values of 
the quinolone antimicrobials in any acetonitrile-water mixtures up to 70% (w/w) and thus permit the knowledge of 
the acid-base behaviour of these important antimicrobials in the widely used acetonitrile-water media. © 1997 
Elsevier Science B.V. 

Keywords': Acetonitrile-water mixtures; Liquid chromatography; Preferential solvation; Quinolones, dissociation 
constants 

1. Introduction 

Quinolone antibiotics are synthetic orally ac- 
tive, broad spectrum agents which are effective 
against resistant mutants of bacteria [1,2]. They 
all possess a carbonyl group in position '4', so are 
often referred to as 4-quinolones. These quinolone 
carboxylic acids are active against many gram- 
positive and gram-negative bacteria [3-5]. In- 
crease in their antibacterial activity is greatly 

* Corresponding author. 

influenced by addition of the 6-fluoro and 7-piper- 
azinyl groups to the molecule. The increased po- 
tency of the new fluoroquinolones has greatly 

expanded their potential clinical usefulness [6]. 
The antibacterial activity of quinolones is pH-de- 
pendent since they act by inhibition of bacterial 
DNA gyrase, a process which depends upon both 
the pH and concentration of the acid [7]. There- 
fore, the examination of  protonation equilibria in 
quinolone solutions is essential in order to under- 
stand their antibacterial activity. Furthermore, the 
equilibrium constants of antibiotics are biologi- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40( 96)021 88- 1 
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cally important physicochemical parameters. 
These data are important for a thorough under- 
standing of absorption, transport and receptor 
binding of these drugs at the molecular level. 

Traditionally, water has been considered the 
solvent which best represents the biological condi- 
tions. Although this is a general assumption, a 
lower polarity has been detected in some bio- 
chemical microenvironments, such as active sites 
of enzymes and side chains in proteins, sometimes 
hidden in lower dielectric cavities [8-10]. In these 
cases, the selection of other solvents seems more 
recommendable in order to emulate properly the 
medium's real features. Among the wide range of 
eligible solvents, hydroorganic mixtures have been 
found especially suitable because they show simul- 
taneously a low polar character and a partially 
aqueous content, as do all biological systems. In 
this work, acetonitrile-water mixtures were se- 
lected because of the different nature of their 
constituents, which provides solvent mixtures of- 
fering a wide range of features and behaviour. 

Acetonitrile-water mixtures are used in many 
branches of chemistry, ranging from hydrometal- 
lurgy to liquid chromatography, from reaction 
media for synthesis to capillary electrophoresis. 
The acid-base behaviour of substances in these 
mixtures are, therefore, of considerable interest. 

However, the infinite number of different sol- 
vent compositions which can be prepared from a 
particular binary system (e.g., acetonitrile-water) 
precludes determination of the pK values in all the 
compositions. Therefore, an equation which con- 
nected the pK value of an acid or base to the 
solvent composition would be very useful. The 
relationship between equilibrium constants and 
solvent composition in mixed solvents is not 
straightforward. The electrolytes can be preferen- 
tially solvated by any of the solvents present in 
the mixture. Preferential solvation will produce 
higher pK values than expected if the 'preferred' 
solvent has the lowest relative permittivity, or 
lower pK values in the contrary instance. In gen- 
eral, preferential solvation is a composite effect 
determined by solute solvent and solvent solvent 
interaction [11]. 

In the last years we have reported acid-base 
studies in acetonitrile water mixtures concerning 

the standardization of the glass electrode in these 
mixtures and the determination of their autopro- 
tolysis constant [12], the determination of ioniza- 
tion constants of pH reference materials in these 
media [13], the assignment of reference pH-values 
to primary standard buffer solutions for standard- 
ization of potentiometric sensors in acetonitrile- 
water mixtures [14,15] and the application of the 
quasi-lattice quasi-chemical (QLQC) theory 
[16,17] to the study of the preferential solvation of 
the hydrogen ions in these mixtures in order to 
clarify the acid base behaviour of the solutes in 
these media [11]. 

Central to the study of acid-base equilibria in 
organic-water mixtures is the problem of how the 
solute species react to changes in the solvent that 
forms their solvation sphere. In order to charac- 
terize this important zone of the solvent, a group 
of solvatochromic parameters was proposed (~r*, 
~, fl and Ev N) and reported for acetonitrile water 
mixtures [18 21]. zc* measures the polarity and 
polarizability of these solvents; c~ and [J measure 
the hydrogen bond acidity and hydrogen bond 
basicity, respectively; the normalized Dimroth and 
Reichardt solvatochromic parameter, E~, has a 
mixed nature and is sensitive to many solvent- 
solvent interactions [21]. 

The purpose of the present study is the determi- 
nation of pK values of nine quinolone antibacteri- 
als in 0, 5.5, 10, 16.3, 25, 30, 40, 50 and 70% 
(w/w) acetonitrile-water mixtures according to 
the rules and procedures endorsed by IUPAC 
[22]. The variation of the pK values obtained over 
the whole composition range studied can be ex- 
plained by tacking into account the preferential 
solvation of electrolytes in acetonitrile-water mix- 
tures. In order to obtain pK values in any of the 
unlimited number of the possible binary solvent 
acetonitrile-water mixtures, relationships between 
pK values and different bulk properties (such as 
dielectric constant) were examined and the linear 
solvation energy relationships method, LSER, 
was applied to study the correlation of pK values 
with the solvatochromic parameters of acetoni- 
trile water mixtures. The equations obtained al- 
low calculation of the pK values of the quinolone 
antimicrobials in any acetonitrile-water mixtures 
up to 70% (w/w) and thus permit the knowledge 
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of the acid-base behaviour of these important 
antimicrobials in the widely used acetonitrile-wa- 
ter media. 

2. Experimental 

2. I. Appara tus  

Values of the emf of the potentiometric cell 
were measured with a CRISON 2002 potentiome- 
ter ( _+ 0.1 mV) using a Radiometer G 202 C glass 
electrode and a reference Ag/AgCl electrode pre- 
pared according to the electrolytic method [23] 
and directly immersed in the solution to avoid the 
residual liquid junction potentials [12]. 

The glass electrode was stored in water when 
not in use and soaked for 15-20 min in acetoni- 
trile water mixture before potentiometric mea- 
surements. The stabilization criterion for the emf 
readings was 0.2 mV within 150 s; in all instances 
the electrode system gave stable and reproducible 
potentials within 5 min. 

The reference electrode was stable for three 
months of continuous work. The E ° values used 
here are the average of at least 15 standardiza- 
tions. The standardization of the electrode system 
was carried out each time solvent media or elec- 
trodes were changed and the constancy of E ° 
values was ensured by continual surveillance by 
means of periodical calibrations. The cell was 
thermostatted externally at 25_+0.1°C. The po- 
tentiometric assembly was automatically con- 
trolled with a microcomputer. 

2.2. Reagents  

Analytical reagent grade chemicals were used, 
unless otherwise indicated. 

All the solutions were prepared by mixing dou- 
bly distilled, freshly boiled water, the conductivity 
of which did not exceed 0.05 ~tS c m - ' ,  and 
acetonitrile (Merck, chromatography grade). The 
quinolones used in this study are shown in Fig. 1 
and were purchased from different pharmaceuti- 
cal laboratories: Pipemidic acid (Almirall, Prodes- 
farma); Nalidixic acid (Impex Quimica, Sterling 
Winthrop); Norfloxacin (Liade, Boral Quimica); 

Enoxacin (Almirall); Flumequine (Sigma); Flerox- 
acin (Roche); Ciprofloxacin (Lasa); Cinoxacin 
(Impex Quimica, Dista); Ofloxacin (Hoescht). 

Stock 0.1 and 0.02 mol 1- ' potassium hydrox- 
ide (Carlo Erba) solutions were prepared with an 
ion-exchange resin [12] to avoid carbonation and 
standardized volumetrically against potassium hy- 
drogen phthalate. 

Stock 0.1, 0.03 and 0.01 mol 1 ~ hydrochloric 
acid (Merck) solutions were prepared and stan- 
dardized titrimetrically against tris(hydrox- 
ymethyl)aminomethane (Merck). 

2.3. Procedures 

The quinolone pK values were determined po- 
tentiometrically by different analytical methods: 

(i) by titration of appropriate solutions of 
quinolones in the acetonitrile water mixtures 
studied, which also contained approximately 5 x 
10 3 M KC1 solution for the correct response of 
the electrode system. KOH solutions were used in 
the same solvent as titrant. The KOH solutions 
used as titrants were of different concentrations 
(0.1 M-0.02 M) depending on the solubility of 
the quinolones. 

(ii) by titration of appropriate solutions of 
quinolones in the acetonitrile water mixtures 
studied, using HC1 solution as titrant. Again, the 
concentration of HC1 solution was different de- 
pending on the solubility of the quinolones. 

(iii) by titration of appropriate solutions of 
quinolones in the acetonitrile-water mixtures 
studied, which contained a measured excess of 
HC1 solution using KOH solution as titrant. In 
this way, the quinolones are fully protonated at 
the beginning of the titration. 

The differences existing in the literature about 
the assignment of the ionizable function groups 
justify the use of these different analytical proce- 
dures [24,25]. 

pK values were obtained from systematic mea- 
surements of the emf of the cell 

Pt/Ag/AgCI/HA + A + C1 /Glass Electrode A 
i n  a c e t o n i t r i l e  - w a t e r  

where HA and A are the acid and basic species, 
respectively, involved in the dissociation equi- 
librium studied. The emf, E, of this cell is directly 
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Fig. 1. Structures of selected quinolones. 

related to the activities of the hydrogen and chlo- 
ride ions in solution: 

E = E O + k l o g ( a H + a c ,  ) (1) 

where E ° is the standard emf of the cell and 
k = (ln IO)RT/F. E ° values were determined as in 
a previous study [12].Taking into account the 
general expression for the dissociation equilibria 
studied 

K = CAYACH +YH + (2) 
CHAYHA 

the functional Eq. (3), which permits pK calcula- 
tion, is obtained: 

E ° -- E CHAYHACCl - YC, 
- -  + l o g  - -  p K  (3 )  

k CAYA 

where CHA and c A are the molar concentrations of  
acidic and basic species, respectively; Cc~_ is the 
molar concentration of the ion chloride; and y~ 
the molar activity coefficient of species x. These 
values can be calculated through an extrathermo- 
dynamic assumption, i.e., a form of the classical 
Debye-Hfickel equation, 

A11/2 

P Y -  (1 + aoBI 1/2) (4) 

where A and B are the Debye-Hfickel constants; 
a0 is the ion size parameter in the solvent mixture; 
and I is the ionic strength. 

In compliance with IUPAC rules [22,26] the 
value of the aoB produce in Eq. (4) is assigned at 
temperature T = 298.15 K by an extension of  the 
Bates-Guggenheim convention [22,27], in terms of 
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(aoB), = 1.5(eWp s/Es p w)L.2 (5) 

where e is the dielectric constant, p the densities 
and the superscripts W and S refer to pure water 
and to the appropriate solvent mixture, respec- 
tively. Values of Debye-Hiickel parameters A and 
aoB at 25°C at different percentages of acetonitrile 
in admixture with water were reported in previous 
works [12,28]. 

The difference between the two ionization con- 
stants of the quinolones is not very high. There- 
fore, pK values were calculated in two different 
ways: considering the two equilibria indepen- 
dently and considering them simultaneously. In 
the latter case the calculation made use of a 
program written in PASCAL, pKPOT [29]. The 
least-square computer program, PKPOT, deter- 
mines thermodynamic acid-base constants in 
aqueous and non-aqueous media, taking into ac- 
count the activity coefficients of the species. These 
mathematical procedures also allow the determi- 
nation of pK~, values in overlapping ranges (pK~- 
pKg.<2) and dissociation constants in very 
alkaline conditions. The procedures are based on 
the postulation of a chemical model, that is, the 
postulation of an initial set of species defined by 
their stoichiometric coefficients and formation 
constants, which are then refined in least square 
minimization. 

Moreover, pK~, values were obtained in pure 
acetonitrile solvent for two acid species of two 
NIST standard buffers (acetic and citric acids) in 
order to study preferential solvation in acetoni- 
trile-water mixtures. For this purpose the poten- 
tiometric system described previously [30,31] was 
used and the standard potential of the cell was 
determined by titration of picric acid solutions in 
acetonitrile with tetrabutylammonium hydroxide, 
as in a previous study [30]. 

3. Results and discussion 

The emf, E, of cell A was measured at different 
concentrations of acidic, HA, and basic, A, spe- 
cies of quinolones in 0, 5.5, 10, 16.33, 25, 30, 40, 
50 and 70% (w/w) acetonitrile-water solvent. 5.5, 
16.3 and 25% (w/w) correspond to 7, 20 and 30% 

(v/v), respectively. For each quinolone various 
series of measurements were performed, making a 
total of more than 5600 independent measure- 
ments over the solvent interval explored. To sim- 
plify the tabulation and as an example, one series 
of measurements for one titration of norfloxacin 
and HC1 acid solution in 10% (w/w) acetonitrile 
water using KOH solution in the same solvent as 
titrant is shown in Table 1, where V0 is the initial 
solution volume, Vei the equivalence volumes, ct 
the titrant concentration and E ° the standard emf 
of cell. For each point of titration, E is the emf 
value measured, [H2A] the concentration of fully 
protonated species, [HA] the concentration of in- 
termediate species, [A] the concentration of basic 
species and y the molar activity coefficient. 

Table 2 shows the ionization constant values 
determined using the pKPOT program for the 
series of nine quinolones studied in 0, 5.5, 10, 
16.3, 25, 30, 40, 50 and 70% (w/w) acetonitrile 
water mixtures and the respective standard devia- 
tions, s, together with pK values reported in water 
[32 341. 

Quinolone analogues have several potentially 
ionizable functional groups, Fig. 1. Although in 
the literature there is no agreement on the assign- 
ment of the obtained pK values in water 
[24,32,35], extensive experimental data obtained in 
this study by potentiometric titrations of 
quinolone solutions with KOH and HC1, and of 
quinolones and HC1 solutions with KOH, are in 
perfect agreement with the protolytic equilibria 
expressed in Fig. 2. 

Six of the quinolone derivatives studies (1 6, 
Fig. 1) have two relevant ionizable functional 
groups, which means that their acid base chem- 
istry involves two protons. In contrast, nalidixic 
acid, flumequine and cinoxacin have only one 
relevant ionizable functional group within the pH 
ranges of pharmaceutical or physiological impor- 
tance. All the quinolones have a carboxyl group 
that is normally stronger acid than the ammo- 
nium group, and have a pK value of 6 + 1  in 
water rich solvents. Therefore pKl values can be 
associated with the carboxylic acid function 
[33,36]. 

Nalidixic acid, pipemidic acid and enoxacin 
have naphtyridine rings and the other analogues 
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Table 1 
pK values of Norfloxacin in 10% (w/w) acetonitrile water mixtures 

V 0 (ml) = 50 Vel (ml) = 4.02 V~2 (ml) = 6.05 c t = 1.99 × 10 2 E ° = 394.76 
V (ml) E (mV) [H2A ] [HA] [A] y [H +] 

2.00 -60.6 7.86E-04 1.23E-05 2.14E-09 0.955 1.74E-05 
2.10 -90.8 7.58E-04 3.85E-05 2.16E-08 0.955 5.39E-06 
2.20 -98.7 7.21E-04 7~37E-05 6.69E-08 0.995 2.67E-06 
2.32 107.9 6.75E-04 1.17E-04 2.26E 07 0.995 1.57E-06 
2.42 -129.8 6.36E-04 1.54E-04 4.15E-07 0.995 1.12E-06 
2.62 - 143.3 5.59E- 04 2.28E-04 1.02E-06 0.955 6.71E-07 
2.82 - 154.5 4.83E-04 3.00E- 04 2.05E- 06 0.955 4.40E- 07 
3.02 - 164.5 4.08E- 04 3.70E- 04 3.71E-06 0.955 3.01E-07 
3.22 - 174.2 3.34E-04 4.38E- 04 6.34E- 06 0.955 2.09E- 07 
3.42 - 184.6 2.63E-04 5.03E-04 1.05E-05 0.955 1.43E-07 
3.62 - 196.3 1.95E-04 5.60E- 04 1.77E-05 0.952 9.54E- 08 
3.82 -209.3 1.33E-04 6.07E-04 3.04E-05 0.952 6.03E-08 
4.02 -223.5 8.27E-05 6.32E-04 5.34E-05 0.952 3.58E-08 
4.22 -337.3 4.74E-05 6.26E-04 9.15E-05 0.952 2.07E-08 
4.42 -249.7 2.69E-05 5.92E-04 1.43E-04 0.952 1.24E-08 
4.62 -260.3 1.57E-05 5.39E-04 2.04E-04 0.952 7.99E-09 
4.72 265.2 1.21E-05 5.09E-04 2.37E-04 0.952 6.52E-09 
4.82 -270.0 9.29E-06 4.76E-04 2.71E-04 0.952 5.34E-09 
4.92 -274.7 7.11E-06 4.42E-04 3.06E-04 0.952 4.39E-09 
5.03 279.4 5.41E-06 4.07E- 04 3.41E 04 0.952 3.63E-09 
5.18 286.7 3.55E 06 3.54E 04 3.94E-04 0.952 2.74E-09 
5.34 294.1 2.25E- 06 3.00E 04 4.47E- 04 0.952 2.05E- 09 
5.50 302.3 1.35E-06 2.46E-04 5.00E-04 0.951 1.50E-09 
5.60 - 308.1 9.26E- 07 2.10E- 04 5.35E 04 0.951 1.20E- 09 
5.76 -318.1 4.71E-07 1.57E-04 5.86E- 04 0.951 8.21E- 10 
5.86 -326.2 2.71E-07 1.22E- 04 6.20E-04 0.951 6.05E- 10 

pK I = 6.56 (0.01) 
pK 2 = 8.56 (0.01) 

have qu ino lone  rings. Their  ring ni t rogen does not  

have appreciable basicity in aqueous solut ions [36] 
and neither in ace ton i t r i l e -wate r  mixtures, as can 

be seen in the potent iometr ic  t i t ra t ion curves of 

nalidixic acid, f lumequine and cinoxacin. The p K  2 

values can be associated to the presence of a 
piperazine ring (1 -6 ,  Fig. 1). P ro tona t ion  occurs 

at N 4 of the piperazine ring over other apparent ly  
basic sites, as is proven by N M R  measurements  
[36] and by the fact that  N4-acetylnorfloxacin has 

only one pro ton  b inding  group (carboxylate), 
since the molecule loses amine basicity due to the 
acetylat ion of N~ atom [36]. 

The pK~ values associated with the carboxylic 
acid funct ion for the compounds  studied here 
were higher than those generally observed with 
carboxylic acids in water mixtures [13] (e.g., acetic 

acid in 30% (w/w) of  acetonitri le has a pK = 5.63). 

This decrease in acidity can be at t r ibuted to an 
in t ramolecular  H - b o n d  format ion  with the neigh- 
bour ing  keto funct ion resulting in stabil ization of  

the p ro tona t ion  species [33]. The format ion  of  an 

in t ramolecular  hydrogen bond  is supported by US 
and IR spectral data  [37]. 

The pK2 values of the four secondary amine 
type derivatives studied (ciprofloxacin, norflox- 
acin, enoxacin and pipemidic acid) are greater 

than those of  the tertiary amines (ofloxacin and  
fleroxacin). These findings were consistent  with 
reports in the li terature for similar secondary and 
tertiary amines: piperazine, p K - - 9 . 7 1  [38], and 
N-methylpiperazine,  pK = 8.98 [39], in water. The 
more water molecules involved in the hydrate  
sphere of the p ro tona ted  amine,  the greater the 
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o 

H ' N . . ~  C2H 5 
H'+ 

O 
PK1 , ~ o o o -  pK2 

I,, ~ N  q 

o 

l, F ~  COO- 

H N ~  C=H~ 

Fig. 2. Protolytic equilibria of Norfloxacin. 

stabilization [40]. The protonated form of the 
secondary amine was stabilized by the greater 
number of  water molecules involved in its hydra- 
tion sphere when compared with the correspond- 
ing tertiary amine [33]. 

The variation of the pK~ and pK 2 values of  
quinolones with dielectric constant is presented in 
Fig. 3 and Fig. 4, respectively. The variation is 
different for each substance although, in general, 
the pK values increase as the acetonitrile content 
increases. However, pK~ values corresponding to 
dissociation of carboxylic acid vary differently 
from pK2 ones. 

The dissociation constant of  a substance HA in 
a solvent S is related, by means of the Born 
model, with the dielectric constant of  the medium, 
e, by the following expression [41] 

H A + S ~ A  + H S  + 

pK. pK ° o = - PKHs + -- eZ(z  - -  1 ) / ( 2 . 3 r c k T )  (6) 

0 where K ° and KHs + are the intrinsic dissociation 
constants of  the substance and the protonated 
solvent in the vacuum, taken as standard state, r 

the average radius of  the ions, e the electron 
charge, z the charge of the acid species HA and 
KT the energy of  thermal agitation. 

Eq. (6) shows that the medium affects the 
strength of an acid in two ways: when the acidity 
of the solvent, K ° increases, K, becomes 

H S + ,  

smaller; and when the dielectric constant de- 
creases, K, decreases if z _< 0, does not change if 
z = 1 and increases if z > 1. 

For a series of  solvents with similar acidity, the 
change in the dissociation constant can only be 
attributed to the change in dielectric constant, and 
Eq. (6) can be written as: 

B 
pK~ = A + - (7) 

E 

where A and B are constants for a given sub- 
stance, assuming the radius of  the ions, r, inde- 
pendent of  the solvent composition. 

Thus, the plot of  the pK, of  neutral or anion 
acids versus the reciprocal of  the dielectric con- 
stant in some solvents of  similar acidity shows a 
straight line. These predictions are in agreement 

PK 1 
10 

9 

8 

7 

6 

5 
0.012 

, J 

0.014 0.016 0.018 0.02 0.022 lift 

PK2 

7 
0.012 0.014 0.016 0.018 0.02 0.022 1/~ 

Fig. 3. Plot of pK~ values of selected quinolones versus the 
reciprocal of the relative permittivity of solvent mixtures, 1/E. 
A Flumequine; • Nalidixic acid; + Norfloxacin; • Flerox- 
acin; * Cinoxacin. 

Fig. 4. Plot of pK 2 values of selected quinolones versus the 
reciprocal of the relative permittivity of solvent mixtures, 1/~. 
+ Norfloxacin; • Ciprofloxacin; A Enoxacin; * Ofloxacin; 
© Pipemidic acid; • Fleroxacin. 
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with plots shown in Fig. 3 of the dissociation of 
carboxylic acids of the quinolones, pK~ values. 

In fact, Eqs. (6) and (7) apply only if all sol- 
vents show similar specific solute-solvent interac- 
tions, when changes in pK values can be 
attributed mainly to the change in dielectric con- 
stant. 

For dissociation of the carboxylic acid of the 
quinolones, pKj, the electrostatic interaction over- 
whelms the specific solvation and the pK~ value 
increases with the percentage of acetonitrile, as 
Eq. (7) predicts. 

However, in dissociation of a monocharged 
cation acid (such as the ammonium ions of the N] 
of piperazine ring of quinolones, pK2), there is no 
change in the number of charges (HA + ~ H + + 
A) and the change in the dielectric constant of the 
medium does not affect the dissociation process. 
In this instance, the dissociation depends only on 
the solvation of the different species by the sol- 
vents of the mixture. 

The pK 2 values of quinolones in acetonitrile- 
water mixtures show low changes in the range 0% 
(w/w) to approximately 30% (w/w) of acetonitrile 
whereas at higher percentages of acetonitrile they 
increase with the percentage of acetonitrile, Fig. 4. 

The change of pK2 values corresponding to 
ammonium ions of quinolones with a percentage 
of acetonitrile could be explained by the fact that 
these dissociation constants depend on the so- 
lute-solvent interaction effects with the solvents 
of the mixture. Preferential solvation by water 
exists in acetonitrile water mixtures [11] and is 
related to the structural features of these mixtures 
[42,43]. On the water-rich side, XAy < 0.15, there 
is a region in which the water structure remains 
more or less intact: the acetonitrile molecules 
gradually occupy the cavities between water 
molecules without disrupting the water structure 
[43]. In this water-rich region there are not 
changes in the pK2 of quinolones. This is in 
accordance with the previously obtained values of 
preferential solvation, C~w, of hydrogen ions by 
water in acetonitrile-water mixtures [11]. The 
preferential solvation of hydrogen ions by water is 
positive, i.e., water molecules show a greater ten- 
dency to be in the immediate vicinity of a given 
hydrogen ion than acetonitrile molecules. In this 

water-rich region the structure of water remains 
constant, the solutes are preferentially solvated by 
water and the variations of pK2 values are mini- 
mal. 

In the range 0.15 _< XAN --< 0.75 there are clusters 
of molecules of the same kind surrounded by 
regions where molecules of both kinds are near 
each other. In this middle range of compositions 
there is also preferential solvation of hydrogen 
ions by water [11], which could explain the low 
slope of the linear variations of pK 2 values of 
quinolones versus XAN. The boundaries of the 
regions are, of course, not sharp [18]. 

At XAN > 0.75 the number of water clusters is 
low, and water acetonitrile interactions that 
could be discounted in the middle range now 
become important. This may be considered as a 
region in which preferential solvation by water 
decreases [111. 

Although the variation of the pK 1 values of 
quinolones obtained in acetonitrile-water mix- 
tures with XAN is linear with the mixtures studied, 
these pKi values, as well as pK 2 values, are lower 
than expected, giving the high pK value expected 
in the neat solvent acetonitrile. Preferential solva- 
tion in acetonitrile-water mixtures produce lower 
pK values than expected if the preferred solvent is 
water. 

The deviation from the ideal dependence on the 
composition of the mixture indicates that the 
solvent composition in the neighbourhood of the 
solute may be different from that in the bulk. pK 
values of quinolones in acetonitrile neat solvent 
are not known, but in this study pK values of 
citric acid were determined in pure solvent and 
the pK value of acetic acid is obtained from 
literature [44]. These pK values were determined 
previously over the whole composition range of 
acetonitrile-water mixtures [13]. Fig. 5 and Fig. 6 
show these pK values as a function of x,,., the bulk 
mole fraction of water, where the dashed line 
represents the expected variation of pK values 
between XAN ~0.5 and pure acetonitrile solvent 
and the dotted straight line correspond to the 
ideal variation of the pK values. Fig. 5 and Fig. 6 
also show pK~ and pKz values of quinolones, 
respectively, versus Xw for comparison. The pK 
values obtained could be explained in terms of 
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pK~ 

- -  - - 6  ~ a  I 

..t 
3 - - -  ~ . . . .  r J 

0 0.1 0.2 0,3 0.4 0.5 06 07  0.8 09 

Xw 

Fig. 5. pK t values versus mole fraction of water, Xw, in 
acetonitri le-water mixtures. • Acetic acid; Remainder sym- 
bols as in Fig. 3. 

structural features and preferential solvation by 
water in acetonitrile-water mixtures. The slope 
of pK~ values of quinolones versus Xw plot is 
greater than the pK 2 values versus Xw plot in 
the water-rich region because of the influence 
of e. 

In water-rich region XAN < 0.15, pK2 values 
do not vary in contrast with pKI values be- 
cause of the influence of changes in e. In the 
regions where water-acetonitrile mixtures show 
microheterogeneity 0.15 _< XAN _< 0.75, pK 1 and 
pK 2 values change but are lower than the theo- 
retical ones because of the preferential solvation 
by water; a concave variation of pK versus x,~. 
may be expected with an inflexion point at 
Xw = 0.25, where preferential solvation by water 

PK 2 
231 

18!  ' 

i ' 

13 
h 

0.1 0.2 0.3 0,4 0,5 0.6 0.7 0.8 0.9 

Xw 

Fig. 6. pK; values versus more fraction of water, x,~, in 
acetonitr i le-water mixtures. • Citric acid; pK~ = 14.86 (s = 
0.04), pK2 = 20.98 (s = 0.09); Remainder symbols as in Fig. 3. 

is maximal [11]. 
On the other hand, it is not self-evident that 

solvatochromic parameters are valid stand-ins 
for generalized solutes in binary solvent mix- 
tures with regard to the properties they are 
supposed to measure. Preferential solvation in 
such mixtures may interfere more seriously with 
the ability of indicators to act as stand-ins for 
generalized solutes than in the case of single 
solvents. Progress has been made [18,45] and 
although this problem is not solved unequivo- 
cally, these investigations provide significant evi- 
dence of the general validity of the 
solvatochromic parameters. It is, therefore, of 
interest to examine the linear solvation energy 

Table 3 
Values of  relative permittivity, autoprotolysis constants,  and solvatochromic parameters for acetonitrile-water mixtures at 25°C 

VAX wt% AN e pKap ET N n* ~ fl 

0.0000 0 78.36 14.00 1.00 1. I4 1.13 0.58 
0.0251 5.5 76.68 14.17 0.96 1.12 1.07 0.59 
0.0465 I0 75.0l 14.26 0.93 1.10 1.03 0.59 
0.0787 16.3 72.29 14.47 0.90 1.07 0.98 0.60 
0.1277 25 68.06 14.74 0.86 1.03 0.94 0.61 
0.1583 30 65.52 14.94 0.84 1.01 0.92 0.61 
0.2264 40 60.38 15.33 0.81 0.97 0.91 0.61 
0.3051 50 55.44 15.73 0.79 0.92 0.90 0.61 
0,5059 70 46.82 16.81 0.76 0.84 0.89 0.59 
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Table 4 
Linear solvation energy relationships for pK values of 
quinolones 

Substance 

Ofloxacin 

Pipemidic acid 

Norfloxacin 

Enoxacin 

Fleroxacin 

Ciprofloxacin 

Nalidixic acid 

Flumequine 

Cinoxacin 

PK2 = 20.75 - 5.327r* + 2.26~ r = 0.994 

- 1 5 . 0 4 f l  

PK2= 17.92-2.75~z* + 1.51~ r = 0.993 

- 13.34/1 

pK I-8.82 6.21Jr*-1.60~ 1--0.998 

+ 10.41/1 
pK 2 - 21.91 - 2.67rr* - 1.50~ r - 0.998 

14.91/1 

pK 2 = 13.84- 7.84rr* + 7.38:~ r = 0.999 

-7.11/t 

pK I - 7.29-4.69:r* 1.67:~ r - 0.997 

+ 9.27// 
pK 2 = 20.50-3.77~r* + 1.50:~ r = 0.990 

- 16.48/1 

pK2= 15.74- 7.15rr* + 5.30~ r = 0.999 

8.20£ 

pK I - 22.60- 10.30zr*+0.59~ r = 0.999 

- 8.77/1 

pK t=17`94-13.32zr*+4.43~ r=0.995 

- 1.43/1 

pK I = 19.59-10.02~*+ 1.00~ r -  0.993 

7.50/1 

re la t ionships  (LSER)  which explain  any solute 
p rope r ty  vary ing  with solvent  compos i t ion  as a 
l inear  combina t i on  o f  the microscopic  pa r ame-  
ters o f  the solvent  responsible .  The Kamle t -  
Taf t  [46] expression states: 

X Y Z  = ( X Y Z ) o  + s~z* + ac~ + bfl (8) 

where c~, fl and  zr* are the microscopic  
pa rame te r s  previous ly  descr ibed,  X Y Z  is the 

solute p rope r ty ,  X Y Z o  the value o f  this p rop-  
erty for  the same solute in a hypothe t i ca l  sol- 
vent for  which ~ = f l = z c * = 0  and  a, b and c 

are the susceptibil i t ies of  the solute p rope r ty  

s tudied to changes  in c~, fl and  lr*, respectively.  

This  equa t ion  can include add i t iona l  terms or  

some o f  its terms can become equal  to zero, 
depending  on the p rope r ty  o f  the solute to be 

descr ibed [47]. Values o f  the Kamle t -Yaf t  sol- 

va tochromic  pa ramete r s  7r* [18,20], ~. [18,47] 

and [1 [18,19] for  acetoni t r i le  water  mixtures  

over  the entire range o f  compos i t ion  are 

known.  Table  3 gives the re levant  solva-  

tochromic  pa rame te r  values for  the mixtures  

studied. 

Several a t t empts  were made  to find the best  

form of  the K a m l e t - T a f t  equa t ion  to describe 

the var ia t ion  o f  pK~ and p K  2 values of  

quinolones  in acetoni t r i le  water  mixtures.  Mul-  

tiple regression analysis  was appl ied  to the p K  

data .  All  possible  combina t ions  o f  solva- 

tochromic  parameters ,  including D imro th  and 
Re ichard t  no rmal i zed  pa rame te r  E.r~, Table  3, 

were checked.  The  best  fit was ob ta ined  when 

the three so lva tochromic  pa rame te r s  ~, [] and 
zr* were used, y ie lding the general  equa t ions  in 

Table  4. The l inear  so lva t ion  energy relat ion-  

ships ob ta ined ,  permi t  to know the p K  values 

of  qu inolones  in any a c e t o n i t r i l e - w a t e r  mixture  

up to 70% (w/w) acetonitr i le .  It could  be o f  

great  pract ical  interest  to app ly  mul t ip le  regres- 
sion analysis  to the whole set o f  p K  values o f  

qu inolones  and the usual  concen t ra t ion  by vol- 
ume %(v/v), v, and  weight % ( w / w ) ,  w, as the 

intercept  variables.  In these cases the second 

order  po lynomia l s  shown in Table  5 are ob-  
tained.  The equat ions  in Table  4 and Table  5 

enable  the pKL and pKx values o f  the 

quinolones  s tudied in any b inary  solvent  ace- 
t o n i t r i l e - w a t e r  mixture  up to 70% (w/w) ace- 

toni tr i le  to be known,  and thus permi t  the 

in te rpre ta t ion  o f  their  acid base behav iour  in 
these widely used hydro rgan ic  mixtures.  

A c k n o w l e d g e m e n t s  

Financ ia l  suppor t  o f  this project  by D G I -  
C Y T  (Project  PB94-0833) is grateful ly acknowl-  
edged. 



1282 J. Barbosa et a l . /  Talanta 44 (1997) 1271 1283 

Table 5 
Relationships between pK values of the quinolones and 
weight, w, and volume, v, % of acetonitrile 

Table 5 (continued) 
Relationships between pK values of the quinolones and 

weight, w, and volume, v, % of acetonitrile 

Substance 

pK~ = 6.57+3.22 x 10 211' r = 0.998 

+ 2.05 x 10-41l ,2 

Cinoxacin pK~ = 4.85+ 1.28 x lO-2v r = 0.998 

+ 3.45 x 10-% 2 
pK t = 4 . 7 9 + 2 . 5 2 x 1 0  2 t l ,  r=0 .998 

+ 2.63 x ]0-41 l  '2 

Substance 

Ofloxacin pK 2 = 8 .20-  1.76 x l0 2v r = 0.985 

+ 5.06 x 10-4v 2 

pK 2 = 8 .18-  1.43 x 10-2w r = 0.991 

+ 5.41 x 10-4w 2 

Pipemidic acid pK 2 = 8.77 - 3.13 x 10 2v r = 0.986 

+ 5.28 × 10-% 2 

pK2 = 8.68-2.75 x lO-2w r = 0.991 

+ 5.55 × 10-4tl ,2 

Norfloxacin pK~ = 5.94+4.93 x 10-2v r = 0.999 

- 2.38 x 10-4v 2 

pK 2 = 8.74-- 1.80 x 10-2v r = 0.976 

+ 4.43 x 10-% 2 
pK~ = 5.95+6.12 x 10 ew r = 0.999 

- 4.12 x 10-4w 2 

pK 2 = 8 .66-  1.33 x 10 211, r = 0.982 

+4.56 x 10-4w 2 

Enoxacin PK2 = 8.82-3.33 x 10 2v r = 0.999 

+ 6.08 X 10--4132 

pK2 = 8.70--2.69 × 10 2w r = 0.997 

+ 6 . 1 5 x  10-41l '2 

Fleroxacin pK~ = 5.42+4.27 x 10--'v r = 0.996 

- 2.33 x 10-4v 2 

pK_, = 8 .43-  3.64 x 10 2v r = 0.983 

+ 6.42 x 10-4v 2 

pK~ = 5.44+ 5.25 x 10-2w r = 0.996 

- 3.83 x 10-4w 2 

pK2 = 8.31-3.15 x 10 2w r = 0.988 

+ 6.77 x 10-4~4 '2 

Ciprofloxacin pK_, = 8.62--2.58 x 10-% r = 0.999 

+ 5.48 x 10-% 2 
pK2 = 8.51 -1 .90  x 10 211, r = 0.999 

+ 5.45 x 10 4W2 

Nalidixic acid pK I = 6.05 + 2.75 x 10 2v r = 0.997 

+ 2 . 3 1 x 1 0  %2 
pK 1=6 .29+2 .66x10  2w r=0 .999  

+ 2.82 x 1 0 - 4 w  2 

Flumequine pK~ = 6.48 +2.67 x 10 2v r = 0.998 

+ 2.20 x 10-% 2 
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Abstract 

Liquid liquid extraction separation of iron(III) with 2-ethyl hexyl phosphonic acid mono 2-ethyl hexyl ester 
(PC-88A) in toluene has been studied. Quantitative extraction of iron(III) with 5 x 10- 3 M PC-88A in toluene is 
observed in the pH range 0.75-2.5. From the extracted complex species in the organic phase iron(III) was stripped 
with 1 4 M HNO 3, 1.5-4 M HzSO 4 and 1.5 4 M HC1, and later determined spectrophotometrically by thiocyanate 
method. Separation of iron(III) was carried out with some of the first transition metals in binary and multicomponent 
mixtures. This method was extended for the determination of iron in real samples. © 1997 Elsevier Science B.V. 

K<vwords: Iron (III); Liquid liquid extraction: PC-88A: Thiocyanate method 

1. Introduction 

During the last two decades, large number of  
workers have reported on the extraction of 
iron(III) from different aqueous media by 
organophosphorus extractants [1,2]. In recent 
years phosphonic and phosphinic acid extractants 
have been commercialised [3], and among these, 
the dialkylphosphonic acid, especially 2-ethyl 
hexyl phosphonic acid mono 2-ethylhexyl es- 
ter(PC-88A) has been widely studied [4,5]. It has 
been preferred as an extractant for the separation 
of rare earth elements due to the high separation 
factor between any two chemically similar rare 
earth elements [6,7]. 

* Corresponding author. Fax: + 91 22 4145614. 

The extraction of iron(Ill)  from KSCN with 
tri-n-butyl phosphate(TBP) has been reported [8]. 
Bis-2-ethyl hexyl phosphoric acid (D2EHPA) is 
an excellent extractant for iron(III), though back 
extraction of iron(III) from organic phase is 
found to be very difficult [9,10]. The quantitative 
extraction of iron(III) was possible from nitrate 
media with 0.1 M mono-2-ethyl hexyl phosphoric 
acid in hexane [11]. The extraction of iron(III), 
iron(lI) and titanium(IV) from acidic sulphate 
medium with Di-o-tolyl phosphoric acid in ben- 
zene-hexane-l-ol system was reported by Islam et. 
al [121. 

Demopoulos et al. have reported synergistic 
extraction of iron(III) from H2SO 4 solutions using 
mixtures of  Kelex 100-PC-88A in varsol 140 [13], 
while Jiayong chen et al. carried out the extrac- 
tion with the mixture of  amine and PC-88A [14]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(97 )02190-X 
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However, systematic investigation on the extrac- 
tion of iron(III) with PC-88A are lacking. 

2. Experimental 

2.1. Apparatus and reagent 

Elico model LI-120 pH meter with combined 
electrode was used for H + ion concentration and 
Elico model SL-150 UV/Visible spectrophotome- 
ter with 10 mm corex quartz cuvettes were used for 
absorbance measurements. 

The stock solution of iron(III) was prepared by 
dissolving 8.634 g of NH4Fe(SO4)2 12H20 in 1 1 of 
distilled water containing concentrated sulfuric 
acid and it was standardised volumetrically [15]. 
The required concentration of  iron(III) solution 
was prepared by appropriate dilution with double 
distilled water. PC-88A (2-ethyl hexyl phosphonic 
acid mono 2-ethyl hexyl ester) supplied by Dai- 
hachi Chemical Industry (Japan) was used without 
further purification. All other chemicals used were 
of analytical grade. 

2.2. Procedure 

An aliquot of the solution containing 5 gg ml - 
of iron(III) was taken for all experiments. For  
extraction studies, 10 ml of  aqueous solution con- 
taining 50 ~tg of iron(III) was taken and its pH was 
adjusted with sulphuric acid and/or ammonium 
hydroxide. The solution was then transferred into 
a separating funnel and 10 ml of 5 x 10 3 M 
PC-88A in toluene was added to it and was shaken 
for 5 min. The two phases were allowed to sepa- 
rate. Iron(IlI) from the metal loaded organic 
phase was then stripped back with different min- 
eral acids as stripping agents. The amount of 
iron(III) in aqueous phase was determined spec- 
trophotometrically by thiocyanate method [16]. 

3. Result and discussion 

3.1. Effect of pH on extraction 

i 

100 

8O 

uJ 
.~ 60 

40 

2C J 
I I I I 

1 2 3 4 5 
pH 

Fig. 1. Effect of pH on percentage extraction of iron(llI) with 
5 × 10 -3  M PC-88A in toluene. 

0.1-5.0 with 5 x 10 . 3  M PC-88A in toluene. The 
extraction was found to be quantitative in the pH 
range 0.75-2.5, hence all extraction were carried 
out at pH 2.0. (Fig. 1). 

Table 1 
Extraction as a function of PC-88A concentration 

PC-88A conc (1 x % Extraction (E) Distribution ratio 
10 3 M) (D) 

0.10 7.5 0.08 
0.25 11.3 0.13 
0.50 16.5 0.20 
0.75 30.1 0.43 
1.0 45.9 0.85 
2.5 60.9 1.56 
3.0 65.4 1.89 
3.5 88.7 7.87 
4.0 90.9 10.09 
5.0 99.2 132.0 

10.0-- 100.0 99.9 999.0 

Iron(Ill) was extracted in the pH range of Fe(llI)=50 lag, pH=2.0. 
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Table 2 
Effect of  stripping agents on back extraction of iron 

1287 

Stripping agents (M) % Recovery 

0.1 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

HNO~ 63.9 90.2 99.9 99.9 99.9 99.9 99.9 99.9 99.9 
HCI 50.8 91. I 97.7 99.9 99.9 99.9 99.9 99.5 99.5 
H2SO 4 55.2 88.5 96.2 99.2 99.9 99.9 99.9 99.7 99.3 

3.2. Effect ~ff" reagent concentration 

Iron(III) was extracted with varying 
concentration of PC-88A in toluene from 
1 x 10 4 to 1 × 10-1 M. The extraction was 
observed to be quantitative with 5 x 10 3M of 
PC-88A in toluene (Table 1). 

3.3. Extraction with various diluents 

The extraction of Iron(III) was performed with 
5 x l0 3 M PC-88A in different diluents. The 
extraction was found to be quantitative with 
toluene, xylene, benzene and chloroform as the 
diluents, while with hexane (90.9%), cyclohexane 
(96.2%), carbon tetrachloride (93.2%) and 
methyl-iso-butyl ketone (91.7%) the extraction 
was not quantitative. Toluene was preferred as 
best diluent for extraction, since it provided better 
phase separation. 

3.4. Effect ~f various stripping agents 

Iron(III) was back extracted from organic 
phase with various strength of mineral acids. The 
stripping of iron(III) was observed to be 
quantitative with 1-4  M HNO3, 1.5 4 M HC1 
and 1.5-4 M H2 SO4. Among these mineral acids 
HNO3 was preferred as stripping agent as it 
facilitates the determination of iron(Ill) without 
the step of dry ashing (Table 2). 

3.5. Equilibration stud), 

The solution was shaken for a period ranging 
from 1 to 20 rain. The extraction was quantitative 
with a minimum 4 min of  shaking. Therefore, a 4 
min period of equilibration was maintained. 

3.6. Nature of extracted species 

It was necessary to evaluate distribution 
constant (D) while varying extractant 
concentration to ascertain the nature of the 
extracted species. The composition of the 
extracted species was ascertained from the graph 
of log D versus log [PC-88A] at fixed pH 2.0. The 
slope obtained was 2.7 (Fig. 2). Hence the 
probable composition of the extractable species is 
1:3 or Fe(PC-88A)3. 

3.7. EJfi~ct of carious diverse ions 

Iron(III) was extracted in the presence of a 
large number of metal ions. The tolerance limit 
was so set as the amount of foreign ion causing 
interference of +_ 1% in the extraction of iron. 
The alkali metals were tolerated a ratio of 1:50. 
Manganese(II), mercury(If), copper(lI) and 

2 

i 

o 

-1 O 

I i i i i 

-4 -3 -2 -~ 0 
log [HRI 

Fig. 2. Dependency of distribution ratio of iron(Ill) on PC- 
88A concentration in toluene (pH = 2.0) 
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Table 3 
Separation from multicomponent mixtures 

Sr No. Mixture Amt. taken pH Extractant PC-88A/toluene Stripping agent % Recovery 
(btg) 

1 Fe(III) 50 2.0 0.005 M 1 M HNO 3 99.8 
Co(II) 25 0.3 M 0.005 M 1 M HCI 99.5 

CH3COONa 
Cr(Vl) 25 0.3 M Unextracted Aq. phase 99.6 

CH3COONa 
2 Fe(Ill) 100 1.0 0.05 M 1 M HNO3 99.2 

Ti(IV) 100 1.0 0.05 M 2 M H2804+3% 98.8 

Cr(VI) 25 1.0 Unextracted 
3 Fe(Ill) 150 1.0 0.05 M 

Yi(lV) 100 1.0 0.05 M 
Co01) 25 1.0 Unextracted 

4 Fe(III) 50 2.0 0.005 M 
Zn(II) 25 5.0 0.02 M 
Co(VI) 25 5.0 Unextracted 

5 Fe(IlI) 50 1.0 0.05 M 
Ti(IV) 100 1.0 0.05 M 

Zn(Ii) 50, 1.0 Unextracted 
Fe(lIl) 50 2.0 0.005 M 
Zn(II) 25 5.0 0.02 M 
Cr(VI) 25 5.0 Unextracted 
Fe(II1) 50 1.0 0.05 M 
Yi(IV) 100 1.0 0.05 M 

H202 
Aq. phase 99.8 
1 M HNO 3 99.5 
2 M H2SO4+3%H202 98.5 
Aq. phase 99.8 
1 M HNO3 99.6 
1 M HCI 98.6 
Aq. phase 99.3 
1 M HNO~ 99.3 
2 M H2SO4+3% 98.3 
H202 
Aq. phase 99.2 
1 M HNO3 99.1 
1 M HCI 98.9 
Aq. phase 99.8 
1 M HNO3 99.6 
2 M H2S04+3% 98.2 
H202 
Aq. phase 
1 M HNO 3 
2 M H2SO4+3%H202 
1 M HC1 

Cu(ll) 25 1.0 Unextracted 99.3 
8 Fe(III) 50 1.0 0.05 M 98.6 

Ti(IV) 100 1.0 0.05 M 98.9 
Co(II) 25 0.3 M 0.005 M 99.1 

CH3COONa 
Cr(V1) 25 5.0 Unextracted Aq. phase 99.6 

Table 4 
Analysis of samples containing iron 

Samples Metal present Present Found % Recovery 

Ilmenite ore Fe, Ti 48.5% 48.2% 99,5 
Pyrulosite ore a Fe, Al, Mn 9.8% 9.7% 98.9 
Monel metaP Fe, Cu, Ni, Mn 1.5% 1.45% 96.6 
Impheron injection Fe 100 mg 99.9 mg 99.9 
Fecontin-F tablets Fe 100 mg 99.2 mg 99.2 

a A1, Mn and Ni were separated after studying their extraction condition. 

ca l c ium(I I )  were  t o l e r a t e d  in the  r a t io  o f  1:25. 

C h r o m i u m ( V I ) ,  n icke l ( I I )  a n d  lead( I I )  were  to le r -  

a ted  up  to  a ra t io  o f  1:10. C o b a l t ( I I ) ,  v a n a d i -  

um(V) ,  z inc(II) ,  c a d m i u m ( I I ) ,  r ub id ium( I ) ,  

tha l l ium(I ) ,  ba r ium( I I ) ,  i n d i u m ( I I I )  a n d  osmi -  

um(VII1 )  were  t o l e r a t e d  in the  ra t io  o f  1:4. A n -  

ions  l ike ch lor ide ,  su lphi te ,  su lpha t e  a n d  

p e r c h l o r a t e  were  t o l e r a t e d  at a r a t io  o f  1:60 bu t  

ace ta te ,  E D T A ,  b i s m u t h ( I I I ) ,  s i lver(I)  and  ar-  

sen ic( I I I )  s h o w e d  s t r o n g  in te r fe rence .  
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3.8. Separation of iron(Ill)from multicomponent 
mixtures 

The mixture of iron(Ill), titanium(IV), 
cobalt(II) and chromium(VI) was resolved by first 
extracting iron(III) and titanium(IV) at pH 1.0 
with 5 x 10 2 M PC-88A in toluene, during 
which cobalt(II) and chromium(V1) remain unex- 
tracted in the aqueous phase. From the organic 
phase iron(Ill) and titanium(IV) were separated 
by taking advantage of difference in stripping 
agents. Iron(III) was first stripped with 1 M 
HNO 3, followed by titanium(IV) with the mixture 
of 2 M H 2 S O  4 and 3% H202 to get a quantitative 
separation. Cobalt(lI) and chromium(V1) which 
remained unextracted in the aqueous phase were 
separated by first extracting cobalt(II) in acetate 
media with 5 x 10-3 M PC-88A in toluene. In 
acetate medium, chromium(Vl) remained unex- 
tracted. 

Copper(II) and zinc(lI) were found to get ex- 
tracted at pH 6.0 and 4.5, respectively with 2 x 
10 2M PC-88A in toluene [17]. Iron(llI), zinc(II) 
and chromium(VI) from their mixture were sepa- 
rated by first extracting iron(III) at pH 2.0 with 
5 x 10 3 M PC-88A in toluene and then zinc(II) 
at pH 5.0 with 2 x 10 ~ M PC-88A in toluene 
where as chromium(VI) remain unextracted (Tab- 
le 3). 

1. Concentration of PC-88A (5 x 10 °.3 M) re- 
quired is much less as compared with reagents 
like 8-hydroxyquinoline, acetylacetone and 
thenoyltrifluoroacetone. 

2. Extraction is difficult with dithizone as 
iron(III) oxidizes the reagent and does not 
form a complex. 

3. Various metals showed different extents of ex- 
traction with PC-88A in toluene at different 
pH and have difference in stripping power. 
These factor permitted the separation of 
iron(IIl) from commonly associated elements 
like titanium(IV), cobalt(II), chromium(VI), 
zinc(II) and copper(II) in binary, ternary and 
quaternary mixtures. 

4. Equilibrium time required is much less, i.e., 4 
min and much less concentration of stripping 
agent is required. 
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4. Application 

The proposed method was applied for the anal- 
ysis of different samples containing iron (Table 4). 
The results conform to the labile claim and is free 
from interferences due to other excipient present 
in pharmaceutical formulation. Determination of 
iron in ilmenite ore and monel metal was carried 
out after separating titanium and copper respec- 
tively by the method given in Table 3. 

5. Conclusion 

The proposed method is simple, rapid and se- 
lective. It is advantageous over other existing 
method as follows: 
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Abstract 

Some podands, acyclic polyethers, were utilized as membrane active components to prepare Ag ~ -selective 
polymeric membrane electrodes. The thiapodand-based electrodes exhibited considerable selectivity toward Ag + over 
other heavy metal ions including Cd 2 +, Pb 2 +, Cu 2 + and Hg 2+ . Also, good selectivity over alkali and alkali earth 
metal ions were observed. Response slopes, pH effects, response time, and signal baseline return of the sensor systems 
were studied in static mode and/or in a flow-injection system. The Ag+-selectivity was explained by the soft-soft 
interaction of the Ag + ion with the sulfur donor atoms as well as the stacking interaction between aromatic end 
groups of the host molecule on complexation. © 1997 Elsevier Science B.V. 

Keywords: Electrode; Podands; Silver(I)-selective; Sulfur 

1. Introduction 

Among various metallic ions, alkali and alkali 
earth metal ions (Li + , Na + , K + and Ca 2+) have 
been routinely measured by ion-selective elec- 
trodes (ISEs) in clinical applications [1 4]. Active 
components (ionophores) for the related ion-selec- 
tive membranes are usually macrocyclic 
polyethers that contain oxygen and nitrogen 
atoms. The remarkable selectivity of  such mem- 
brane electrodes toward these metal ions reflects 
the high affinity of  oxygen- and nitrogen-contain- 
ing coordination sites toward the cations. Nitro- 

* Corresponding author. Fax: + 82 52 5219718. 

gen- and oxygen-containing cryptands have also 
been exploited for the measurement of  Zn 2 + and 
other heavy metal ions [5 7]. 

On the other hand, the multi-purpose nature of  
silver makes its analysis in, and recovery from, 
waste material of  importance [8]. Soft coordina- 
tion sites like sulfur seem to generate great affinity 
toward the d 1° transition metal ions such as Ag + 
and Hg 2+. A group of polythiacrown ethers and 
acyclic polythia compounds have been utilized for 
the measurement of  Ag + [9 11]. It is also found 
that some sulfur and/or nitrogen-containing calix- 
arene-based PVC membrane electrodes exhibit 
good selectivity toward Ag + ion over alkali metal 
ions [12]. 

0039-9140/97/S17.00 ~g') 1997 Elsevier Science B.V. All rights reserved. 

PII S0039-9 140(97)0001 0-6 
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Fig. 1. Structures of some podand-type ionophores used in the preparation of Ag +-selective membrane electrodes. 

Here we describe the synthesis of some new 
podands, which contain two sulfur atoms in ether 
chain, and aromatic or lipophilic end groups (Fig. 
1). These oxygen or sulfur-containing podands are 
employed as the active components for Ag+-se- 
lective polymeric membranes. And the relation 
between the structure of ionophores and the selec- 
tivity are also discussed. The electrochemical 
properties of the podands as the Ag+-selective 
ionophore are tested in static and flow-injection 
analysis (F1A) mode. 

2. Experimental 

2. I. Mater ia ls  

The podands II and III were prepared as re- 
ported [13,14]. Podands I and IV were synthesized 
by the reaction of 1,8-dichloro-3,6-dioxaoctane 
with fl-thionaphthol and n-nonylmercaptane in 
the presence of KOH in ethanol, respectively. 

Podand I: fl-thionaphthol and KOH were dis- 
solved in boiling ethanol. Under reflux condition, 
1,8-dichloro-3,6-dioxaoctane in ethanol was 
added dropwise. The mixture was refluxed for 12 
h. After cooling to room temperature, the mixture 
was filtered and evaporated. The residue was dis- 
solved in chloroform. To separate unreacted fl- 
thionaphthol, the mixture was extracted several 
times with dilute NaOH. The organic layer was 
dried over MgSO4, concentrated and purified by 

column chromatography over silica gel (eluent, 
n-hexane:ethylacetate 65:35 v/v; Rf value, 0.34; 
yield 50%; ~H NMR (CDC13), 8.6-6.9 (m, 14H, 
aromatic C-H),  3.4-3.9 (m, 12H, CH2OCH2), 
3.2-3.5 (m, 4H, -SCH2); IR (KBr), 3010 (aro- 
matic C-H,  m), 2900 (aliphatic C-H,  s) I100 
(alkyl C O, s), 740 (allyl C-S, s) cm-  1). 

Podand IV: n-nonylmercaptane and KOH were 
dissolved in boiling ethanol. Under reflux condi- 
tion, 1,8-dichloro-3,6-dioxaoctane in ethanol was 
added dropwise. The mixture was refluxed for 16 
h. The synthetic procedure was almost same as 
that used for podand ! (eluent, n-hexane: ethylac- 
etate 90:10 v/v; Rf value, 0.35; yield 65%; ~H 
NMR (CDC13), 3.45-3.67 (m, 4H, OCHz), 2.40- 
2.75 (t, 4H, SCH2), 1.10-1.70 (m, 8H, CHz), 0.83 
(t, 3H, CH3); ~3C NMR (CDCI~), 70.98, 70.19 
(OCHz), 32.54, 32.42 (SCH2), 22.43, 28.40, 29.63, 
31.20 (CH2)  , 13.93 (CH3); IR (KBr), 2920 
(aliphatic C - H ,  s), 1126 (alkyl C - O ,  s), 725 
(allyl C - S ,  w) cm 1). 

Poly(vinyl chloride) (PVC) and potassium te- 
trakis(4-chlorophenyl)borate (KTpC1PB) from 
Fluka (Ronkonkoma, NY) were used to cast the 
ISE membranes. A plasticizer, diisodecyl adipate 
(DIDA) was obtained from Scientific Polymer 
Products (Ontario, NY). Tetrahydrofuran (THF) 
was purchased from Aldrich (Milwaukee, WI) 
and purified over sodium before use. A Tris buffer 
solution consisting of 0.05 M Tris[hydrox- 
ymethyl]aminomethane (Trizma Base) (Sigma, St. 
Louis, MO) adjusted with HNO3 solution to pH 
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Table l 
Formulat ion and electrochemical properties of  podand-based Ag+-selective membrane  electrodes 

Electrode ID Podand ~,b PVC a DIDA ~ KTpC1PB" Detection limit (p~M)" Slope (mV per decade) ' d  

Fresh 30 days 

El 6.0, 1 31.7 62.3 - 1.0 
E2 6.0, 11 31.7 62.3 0.6 
E3 4.0. I 31.7 64.3 - 1.2 
E4 4.0. II 31.7 64.3 0.9 
E5 1.0, I 33.0 66.0 1.5 
E6 1.0, II 33.0 66.0 - 1.4 
E7 5.9, 1 30.9 60.6 2.6 2.2 
E8 5.7, II 30.9 60.7 2.7 2.(I 
E9 6.0, Ill 31.7 62.3 1.0 
El0 6.0, IV 31.7 62.3 1.4 

54 .5±0 .9  53 .5±2 .2  
58 .5±1 .0  57 .7±2 .3  
53 .1±1 .2  52 .0±2 .7  
57 .0±1 .3  56 .5±2 .8  
51.0±1.1  50 .1±2 .5  
52 .4±1 .3  4 9 . 5 ± 2 . 7  
54 .0±2 .0  52 .1±3 .2  
57 .8±1 .9  53 .5±3 .0  
49 .3±1 .8  4 5 . 0 ± 2 . 0  
55 .0±1 .9  54 .1±2 .5  

Numbers  indicate wtY,,. 
b Roman  numerals indicate the podands in Fig. 1. 
" Data were obtained with three membranes.  Slope values denote (mean + S.D.). 
d The slopes were calculated using the linear portion of the response curve (detection limits and 1 raM). 

9.0 was used as the working buffer for the poten- 
tiometric measurements. Nitrate salts of analyti- 
cal-reagent grade were employed for the 
preparation of metal ion standard solutions. The 
buffer and standard solutions were prepared with 
deionized water. 

2.2. Preparation of polymer membranes and 
electrodes 

an IBM AT-type computer equipped with an A/D 
converter. Sampling rate was adjusted to 1 Hz. 
This apparatus was used to determine the selectiv- 
ity of each membrane toward Ag + ion over other 
cations in the static mode. Selectivity coefficients, 
kp°t Ag/x, were obtained by using the separate solu- 
tion method [16]. 

2.4. Flow-injection mode measurements 

PVC-based ISE membranes were prepared by 
the method of Simon et al. [15]. The membrane 
compositions in the present work are listed in 
Table 1. After allowing the membranes to cure, 
5.5 mm diameter disks were cut out and placed in 
Phillis electrode bodies (ISE-561, Glasblaserei 
Moller, Zurich). As an internal filling solution, 1 
mM AgNO 3 was used for all electrodes. 

2.3. Static' mode potentiometric measurements 

Cell potentials were measured at ambient tem- 
perature (18°C). The potentiometric cell used was 
as follows: Ag/AgCI(s)/4M KC1 saturated with 
AgC1/Tris buffer/sample solution/ion-selective 
membrane/1 mM AgNO3/AgCI(s)/Ag. The ion-se- 
lective and Ag/AgCl reference electrodes were 
connected through a high impedance amplifier to 

The arrangement shown in Fig. 2 was used to 
evaluate the performance of the podand-based 
PVC membrane electrodes in the IFA mode. A 
Phillips electrode body was fitted with a wall-jet 
type flow-through cap similar to that described 

Carrier 
5.2 mL/min 

5,Z mL/min 

Sample (60 I~L) 

30 cm 

Waste 

Fig. 2. Schematic of  the membrane  electrode-based flow-injec- 
tion system. 
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Fig. 3. Potentiometric Ag + ion response of the podand-based PVC membrane electrodes: (') El, (~)  E2 in Table 1, respectively. 
Measurements were made in 0.05 M Tris buffer, pH 9.0. 

previously [17]. The flow cap was connected to the 
injection valve by teflon tubing (0.012 in. i.d.). A 
peristaltic pump (Ismatech SA, Zurich) and a 
Rheodyne four-way rotary teflon valve (Model 
7125) equipped with a 60 ~tl sample loop com- 
pleted the flow-injection setup. The Tris buffer 
was used as the carrier stream. The Ag +-selective 
and Ag/AgC1 reference electrode were connected 
as described above. Sampling rate was adjusted to 
2 Hz to observe delicate changes in the mV re- 
sponse. 

3. Results and discussion 

As with many ionophore-based membrane elec- 
trodes, the potentiometric response of the elec- 
trode toward Ag + ion depends on the 
concentration of the ionophore incorporated in 
the membranes. As shown in Table 1, increasing 
levels of the podand results in membrane elec- 
trodes ( E l - E 6 )  that exhibit larger slopes and 
lower detection limits. Approximately 6 wt.% of 
podands yielded electrodes with near-Nernstian 
response toward Ag + (55-60 mV per decade) 
over a wide range of  Ag + concentrations. If the 
concentration of podand is higher than 6 wt.%, 

there was no clear advantage in terms of response 
slope and detection limits of the fresh membrane- 
based electrodes. Therefore, membranes doped 
with 6.0 wt.% podands were employed for further 
studies. 

In addition, KTpC1PB was used as an anionic 
additive in the membranes. KTpC1PB is known to 
assist an ionophore's binding capability in many 
cation-selective membranes [18,19]. As can be 
seen in Table 1 for E7(I) and ES(II), however, 
there was no clear advantage of using the addi- 
tive. Rather, it was revealed that those membrane 
electrodes showed slightly adverse effects in terms 
of detection limits and electrical signal to noise. 

The equilibrium potentiometric response of the 
new podand-based PVC membrane electrodes 
El(I) and E2(II) toward Ag + in the concentration 
range of  0 -10  mM is shown in Fig. 3. Almost 
Nernstian slopes are observed in both type of 
electrodes. Surprisingly, unlike most membrane 
electrodes, the electrodes do not demonstrate a 
Donnan failure. Rather, there is an increase in 
slope at Ag + concentrations higher than 1 mM. 
These phenomena may indicate that there is a 
cooperative interaction between the ion and po- 
dand molecules as the concentration of podand- 
Ag + complexes increases in the membrane phase 
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Fig. 4. Potentiometric pH response of the podand-based PVC membrane electrodes: (11) El, (.) E2 in Table 1, respectively. 

(see later discussion on mechanism). Response 
time of each electrode is short enough. Indeed 
time required to reach 90% of equilibrium mV 
values was less than 2 s. 

Fig. 4 shows the pH response of El(I)  and 
E2(II) evaluated by titrating 0.05 M phosphoric 
acid with 0.1 M sodium hydroxide. These pH 

edly reflecting the relatively poor  coordination 
power of each oxygen donors toward Ag ÷ ion. 

Table 2 
Static mode potentiometric selectivity coefficients~L log k p°t Ag' 
X of the podand-based membrane  electrodes b 

responses seem to ascribe to the competitive bind- Electrode ~ 
ing of proton (or hydrated water) to the ligands. 
Despite of  the relatively minor pH response ( < 10 Cation El(l) E2(II) E9(III) E10(IV) 

mV per decade), 0.05 M Tris buffer, pH 9.0, was 
Ag + 0 0 0 0 

used throughout the whole work to dilute/carry N H2 -3.5 -3.8 - 1 . 3  -3.0 
sample standards to minimize H + interferences. Na + 3.4 3.7 - 1 . 7  -3.0 

In terms of lifetime of the PVC membrane K+ -3.1 3.4 -0.8 -3.1 
electrodes, more than 1 month of response stabil- Ba2+ 4.9 -5.2 -3.3 -4.5 

Ca -~+ - 4 . 9  5.2 - 3 . 3  - 4 . 5  
ity was observed (see Table 1). Mg 2+ - 4 . 5  5.0 -3.3 -4.5 

Table 2 provides the potentiometric selectivity Cu -'+ -4.9 5.1 -3.3 -4.4 
coefficient data of some podand-based PVC mem- Cd2+ 4.4 -4.9 -2.9 4.4 
brane electrodes for the interfering cations relative c°2+ 4.9 - 5 . 2  - 3 . 0  4.5 

Pb 2+ - 4 . 4  5.1 - 2 . 3  - 4 . 2  
to Ag +. The data for thiapodand-based elec- Ni z+ -4.8 -5.1 -3.1 -4.5 
trodes, such as El(I),  E2(II) and E10(IV) show Hg2+ 3.9 -3.9 -3.1 3.9 
the better response and selectivity to Ag + ion 
with respect to the most common monovalent  and 
divalent metal cations than that of oxopodand, 
(III, E9). It is noted that oxopodands yield the 
lower selectivity toward each metal ion, undoubt- 

~' Measured by the separate solution method at 1 mM cation 
concentrations in 0.05 M tris-nitric acid, pH 9.0. 
b Membrane composition (El El0) is listed in Table 1. 

Roman  numerals in parentheses indicate the podands in Fig. 
1. 
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Among thiapodands, O3S2 donor set podand 
with benzyl end group (II, E2) seems to show the 
best response and selectivity to Ag + ion. Values 
of log kAg/x range from - 3 . 4  for K + to - 5 . 2  
Ba 2+, Ca 2+ and Co 2+. For the Hg 2+ ion, the 
selectivity coefficient (log kAg/Hg ) was --3.9. Gen- 
erally the Hg 2+ ion is known as the most severely 
interfering ion for the membrane electrodes based 
on the thia cyclic and acyclic ionophores [10,11]. 

The presence of O2S 2 donor set, as occurs in 
I(El) and IV(E10) results in good selectivity to- 
ward Ag + ion. There is no improvement in the 
performance of the electrode on attaching the 
long chain to the sensor molecules, as would be 
expected from their increased lipophilicity. 

The relation between the structures of podands 
and the performance of electrodes from El(I), 
E2(II), E9(III) and E10(IV) in Table 2 could be 
explained by the combination of following two 
reasons. 

The high selectivity toward Ag + is due to the 
high affinity of sulfur atoms in the ionophores. It 
is well known that the Ag+(d  ~°) exhibits strong 
affinity toward sulfur derived ligands and show a 
remarkable preference for linear coordination 
[8,20]. To explain the Ag ÷ ion selectivity of the 
membrane electrode based on these thiapodands 
it is essential to take into account all these effect. 
The monovalent or divalent metal cation tested as 
interference do not show the strong sulfur affinity 
or linear coordination preference, except Hg 2+. 

In addition, improved results were obtained by 
modifying the aromatic end groups with benzyl 
groups (II, E2). In our previous NMR [21] and 
the thermodynamic [14] works, it was suggested 
that podand II-Ag + ion complexes can be stabi- 
lized by the partial stacking interaction between 
two flexible aromatic end groups to give the 
pseudo-cyclization. This extra stabilization effect 
by the stacking interaction seems to lead the 
higher selectivity for Ag + ion in membrane elec- 
trodes. It is instructive to consider the position of 
two sulfur atoms, and the size or the length of 
ether chain in podand I, II, and IV. Podand II is 
distinguishable in both cases. The inner position 
of two sulfur in podand II act advantageously to 
improve the complexation affinity due to the flex- 
ible nature of the terminals. Otherwise, it is not a 

matter of size of the podands, because there is 
enough flexibility to fit the size of given metal 
cations. 

In summary, two sulfur atoms and flexible ben- 
zyl end groups in podand II give rise to increased 
discrimination for Ag + ion, simultaneously. 

Fig. 5A shows the typical flow-injection re- 
sponse to Ag + ion when an E2 electrode is used 
as the detector in the FIA arrangement shown in 
Fig. 2. In the nonequilibrium flow-injection sys- 
tem, response slopes toward Ag + ion tend to be 
somewhat less than observed in static mode exper- 
iments (50 mV per decade). In addition, the time 
required to return completely to baseline potential 
limits the throughput of the system (20 samples 
h-~)  particularly when the system is exposed to 
higher concentrations of Ag + ion (e.g., greater 
than 1 raM). Although it shows a limited 
throughput the reproducibility was satisfactory. 
For five repeated injections of 1 mM aqueous 
standard, RSD was 0.7%. As were in the static 
mode the podand-based electrodes were found to 
give high selectivities toward Ag + over other 
cations. A typical data is shown in Fig. 5B. Note 
that the peak heights (AmV) for a series of 1.0 
mM AgNO3 standards containing different inter- 
fering metal ions are essentially the same. 

4. Conclusions 

We have reported on the potentiometric Ag +- 
selectivity of polymer membranes doped with sev- 
eral podands. Considerable response and 
selectivity toward Ag + ion are observed for mem- 
branes doped with podands that contain sulfur in 
their main chain and/or aromatic rings in the tail. 
When incorporated into an optimal FIA system, 
the podand-based membrane electrode may serve 
as a suitable detector for measuring Ag + levels in 
various samples. With further modification of the 
podand structure, additional enhancement in the 
potentiometric selectivity toward Ag + ion would 
be possible. Real sample measurements as well as 
more mechanistic studies (e.g., binding constant 
measurements) are also warranted. 
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Fig. 5. (A) Potentiometric responses obtained for injections of Ag + standards in the F1A system with the podand II-based (E2 in 
Table 1) PVC membrane detector. (B) Responses for double injections of 1.0 mM AgNO3 containing: (a) no other metal ion; (b) 
1.0 mM NaNO~: (c) 1.0 mM Pb(NO3)2; (d) 1.0 mM Cu(NO3)2; and (e) 1.0 mM Hg(NO~)2, respectively, using the Tris buffer, pH 
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Abstract 

A highly water soluble disulfonated tetrazolium salt, 4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetra- 
zolio]-l,3-benzene disulfonate sodium salt, was synthesized. The compound is reduced by NADH in good yields at 
neutral pHs in the presence of 1-methoxy PMS to produce the corresponding formazan dye that absorbs at 460 nm. 
The formazan is soluble to water at concentrations higher than 0.1 M. The tetrazolium salt thus proved to be useful 
as a sensitive chromogenic indicator for NADH. It is also applicable to cell proliferation assays as a cell viability 
indicator. © 1997 Elsevier Science B.V. 

Keywords: Cell viability; Formazan; Lactic acid; Lactate dehydrogenase: Tetrazolium salt; Water solubility 

1. Introduction 

Tetrazolium salts, which produce highly col- 
ored formazan dyes upon N A D H  reduction, have 
been of broad application as chromogenic 
reagents for N A D H  both in clinical and cell pro- 
liferation/cytotoxicity assays. These assays are 
based on colorimetric quantification of N A D H  as 
a detection signal. A major  disadvantage of  tetra- 
zolium salts, which limits further applications in 
the both area, is that formazan dyes are extremely 
water insoluble; colorimetric assays using the te- 
trazolium salt/formazan system thus suffer from a 

*Corresponding author. Fax: +81 96 2861525; e-mail: 
sasamoto@dojindo.co.jp 

poor data reproducibility possibly due to a solubi- 
lizing process, and are often accompanied by ad- 
sorption of the dyes to the assay instruments 
which resulted in contamination. 

In previous work [1-3], we reported a novel 
disulfonated tetrazolium salt, 4-[3-(4-iodophenyl)- 
2-(4-nitrophenyl)-2H-5-tetrazolio]- 1,3-benzene 
disulfonate sodium salt (WST-1 in Scheme 1), that 
produces highly water soluble formazan with a 
solubility greater than 0.1 M. WST-1 is currently 
employed as a chromogenic indicator for cell's 
bio-reducibility in viability assays [4 9], rather 
than for use in the area of  clinical chemistry 
where a higher sensitivity for N A D H  is required. 
The sensitivity of  WST-1 has been improved in an 
analogous compound,  4-[3-(4-iodophenyl)-2-(2,4- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00017-9 
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Scheme 1. NADH reduction of WST compound. 

dinitrophenyl)-2H-5-tetrazolio]- 1,3-benzene disul- 
fonate sodium salt (WST-3) [10], that has a 
smaller reduction potential than WST-1 because 
of an additional nitro group (Scheme 1). The 
sensitivity of WST-3 for NADH is 2.5-fold greater 
than that of WST-1 at pH 7.4, and, in addition, it 
is less pH-dependent at important neutral pH 
range. [10] However, its stability, which is one of  
the key factors in exploring further applications, 
is much lower in aqueous solution, giving rise to a 
substantial increase of  blank absorption even 
when refrigerated. An assumption that the lack of  
stability in WST-3 is attributable to the two nitro 
groups on the same benzene ring led us to design 
a new tetrazolium salt, 4-[3-(2-methoxy-4-nitro- 
phenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio] 

-l,3-benzene disulfonate sodium salt (WST-8), 
that bears each nitro group at different ring as 
well as a methoxy group instead of the electron- 
withdrawing iodo group of WST-3 (Scheme 1). 

We describe herein the synthesis and the poten- 
tial applicability of WST-8, which proved to com- 
bine the both advantages of  high stability of 
WST-1 and high sensitivity of WST-3. 

2. Experimental 

2.1. Apparatus 

Thin-layer chromatography (TLC) was per- 
formed on Kieselgel 60 F254 (Merck, Darmstadt, 
Germany) using a mixture of  n-butanol, acetic 
acid, pyridine and water (4:1:1:2, v/v) as a devel- 
oping solvent. Absorbance spectra were taken on 

a Shimadzu UV-210A spectrophotometer. Proton 
nuclear magnetic resonance (~H-NMR) spectra 
were measured on a Bruker AC-200P spectrome- 
ter at 200 MHz using sodium 3-(trimethylsilyl)-l- 
propanesulfonate as an internal standard. The 
splitting patterns were designated as follows: s, 
singlet; and m, multiplet. IR spectra were 
recorded in KBr disks on a Hitachi 270-30 spec- 
trometer. Electrochemical measurements were car- 
ried out with a Cypress computer-controlled 
system, model CS-1090/1087 (Lawrence, KS, 
U.S.A.) in a Tris-HC1 buffer (pH 8.0) at a scan 
rate of  20 mV s ~ using a glassy carbon working 
electrode. Uncorrected melting points were ob- 
tained on a Yamato MP-21 melting-point appara- 
tus. 

2.2. Materials 

l-Methoxy-5-methylphenazinium methosulfate 
(1-methoxy PMS) was obtained from Dojindo 
Laboratories (Kumamoto, Japan). Lactic acid 
lithium salt of  greater than 97% purity (enzymatic 
assay) was purchased from Sigma (St. Louis, MO, 
U.S.A.). Lactate dehydrogenase isoenzyme 
(LDH-1 H4, 98 + %0 homogeneous)) from human 
erythrocytes was also from Sigma as a suspension 
of a 2.1 M (NH4)2SO 4 solution at pH 6.0. N A D H  
and /¢-NAD + were purchased from Oriental 
Yeast (Osaka, Japan). The solutions of tetra- 
zolium salts were all prepared as an aqueous 
solution at a concentration of  1 mM. The follow- 
ing buffers were used: 50 mM citrate (for pH 
5-6), 50 mM Tris (for pH 7-9).  These buffers 
were obtained from Dojindo Laboratories. HeLa 
cells (human uterus carcinoma, Dainippon Phar- 
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maceutical Co., Tokyo, Japan) were cultured in a 
Dulbecco's modified Eagle's medium (DMEM) 
(Gibco Laboratories, NY, U.S.A.) supplemented 
with 10% fetal bovine serum (Gibco Laboratories) 
at 37°C and under 5% CO2 in a CO~ incubator. 

2.3. Assay procedure Jor NADH 

To a mixture containing WST-8 (0.1 mM) and 
1-methoxy PMS (5 ~tM) in 5 ml of 50 mM Tr is -  
HCI (pH 8.0), 0 50 lal of NADH (5 raM) was 
added to yield a final concentration of 0 50 gM. 
After the solution was incubated at 22°C for 5 
rain, the absorbance at 460 nm was measured 
against a blank prepared in the same manner 
without NADH addition. The pH of the solution 
was then raised to 12.5 by adding 100 gl of 4 M 
NaOH and the absorbance at 640 nm was mea- 
sured. 

2.4. Assay procedure jor lactic acM 

To a mixture containing a tetrazolium salt (1 
raM), 1-methoxy PMS (20 ~tM) and f l-NAD + 
(200 ~tM) in 5 ml of 100 mM CHES buffer (pH 
8.8) was added 0-50  ~tl of lactic acid lithium salt 
(10 mM in water) to give a final concentration of 
0-100 ~tM. After the solution was pre-incubated 
at 30°C for 5 min, 100 ~tl of LDH (20 U ml 1) 
was added (final concentration = 0.4 U ml ~). 
The solution was incubated at 30°C for 10 min; 
the absorbance was measured at 455 nm (for 
WST-8), 440 nm (for WST-1), 435 nm (for WST- 
3) or 340 nm (for UV method). 

2.5. Cell proliferation assay 

A hundred ~tl of HeLa cell culture in the loga- 
rithmic phase was inoculated onto a 96-well mi- 
crotiter plate, and the plate pre-incubated for 24 h 
in a CO2 incubator at 37°C. A 10 1,tl of  the 
working solution containing WST-8 and l- 
methoxy PMS (0.5 mM and 20 laM, respectively, 
as the final concentration) was added to each well; 
it was incubated for an additional 2 h. The ab- 
sorbance of each well was measured at 450 nm 
with a reference wavelength at 650 nm with an 
M-UVmax microplate reader (Molecular Devices 
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Corp., Menlo Park, U.S.A.). An aliquot was 
taken from the medium to count the number of 
the cells with a Btirker-Tiirk haemacytometer 
(Nitirin, Tokyo, Japan). 

2.6. Syntheses 

2.6.1. Disodium 
4-[1-(2-methoxv-4-nitrophenyl)-5-(4-nitrophenyl) 

)brmaz-3-yl]- l,3-benzene disulJonate 
Concentrated HC1 (4 ml, 48 mmol) was added 

to a stirred suspension of 5-nitro-o-anisidine (2.7 
g, 0.016 tool) in water (30 ml), and the suspension 
was cooled to 0°C. To this suspension was added 
sodium nitrite (1.2 g, 18 mmol) in water (20 ml) at 
0 5°C. After being stirred at approximately 0°C 
lbr 30 rain, the solution was added to a pre- 
cooled solution of 2,4-disulfobenzaldehyde-4'-ni- 
trophenylhydrazone, disodium salt [1] (6.7 g, 15 
mmol) in water (200 ml). Sodium hydroxide (2.6 
g, 64 retool) in water (40 ml) was added dropwise 
to the mixture while the temperature was kept at 
0-5°C. The solution was stirred at this tempera- 
ture for 2 h and then at room temperature for an 
additional 2 h. The reaction mixture was acidified 
(pH 2) with 3 M HC1 and treated with activated 
charcoal. The reaction mixture was concentrated 
to roughly one quarter of its volume, which re- 
sulted in precipitation of the crude formazan 
product. The precipitate was collected, dissolved 
in hot water (400 ml), and re-treated with acti- 
vated charcoal. The filtrate was concentrated (not 
to dryness). Addition of isopropanol yielded 5.9 g 
(63%) of the title compound as a dark-reddish 
powder, rap: > 300°C (decomp.); TLC: Rf = 0.60; 
]H-NMR (D20): ~ 3.78 (3H, s, OCH3), 7.51 8.21 
(10 H, m, Ar), 8.42 (1H, s, NH); FAB-MS: m/z = 
624 [M] +. 

2.6.2. 
4-[3-(2-Methoxy-4-nitrophenyl)-2-(4-nitrophenyl)- 
2H-5-tetrazolio]- l,3-benzene disul[bnate, sodium 
salt (WST-8) 

Concentrated HC1 (6.7 ml, 0.08 tool) and n- 
butylnitrite (4.1 g, 0.04 mol) were sequentially 
added to the formazan as obtained as above (5.0 
g, 8 mmol) in methanol (250 ml). After being 



stirred at room temperature overnight, the mix- 
ture was treated with activated charcoal. The 
filtrate was concentrated to dryness to leave an 
oily residue, to which was added tetrahydrofuran 
to prompt crystallization. The crude product was 
re-dissolved in water and re-treated with activated 
charcoal. Concentration of the aqueous solution 
gave an oily residue. Addition of ethanol and 
tetrahydrofuran yielded crystals, which were col- 
lected to give 2.2 g (45%) of the title compound as 
a light yellow powder, mp: > 300°C (decomp.); 
TLC: Rf=0.55;  IR (cm 1): 1620 ( C = N ) ,  1540 
( N 0 2 )  , 1350 (NO2) ;  IH-NMR (D20): i5 3.65 (3H, 
s, OCH3), 7.99 8.47 (10 H, m, At); FAB-MS: 
m/z = 601 [M + H] + Anal. Calcd. for 
C2oH13N60~IS2Na: C, 40.00; H, 2.18; N, 14.00. 
Found: C, 39,96; H, 2.41; N, 14.27. 

3. Results and discussion 
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Fig. 1. Absorption spectra of WST-8 (0.1 mM) in the presence 
of increasing concentration of NADH and l-methoxy PMS (5 
~tM). The spectra were taken after 5 min incubation at 22°C. 
Concentration of NADH (~tM): a, 0; b, 10; c, 20; d, 30; e, 40; 
f, 50. Spectraa fwere taken  at pH 8.0 a n d a '  f ' a r e a t  pH 
12.5. 

1 (3.70 x l04 at pH 8.0 and 433 nm), but it is 
roughly equal to that of WST-3 (Y01 x l04 at 438 
nm). In addition to the e value, the yield of the 
product formazan (y) is another important factor 
that accounts for the sensitivity of tetrazolium 
salts toward NADH. In an overall N A D H  reduc- 
tion expressed as: 

WST-8 was synthesized in a similar way as 
described for WST-1 [1] in a moderate overall 
yield from 4-formyl-l,3-benzene disulfonic acid 
disodium salt. Unlike WST-I,  however, for which 
chromatographic purification of  the precursor for- 
mazan is needed, the formazan of  WST-8 could 
be readily purified by single crystallization with a 
good recovery. 

In the presence of a catalytic amount of 1- 
methoxy PMS, an electron mediator, WST-8 is 
readily reduced by NADH to give an absorption 
at 460 nm in proportion to the NADH concentra- 
tion. The absorption maximum (2max) corresponds 
to A .. . .  of  its formazan (Fig. 1). The 2 m a  x w a s  

longer than that of WST-1 (438 nm) or WST-3 
(433 nm), and was largely shifted reversibly to 640 
nm when the pH was raised to ~ 12.5, where the 
molar coefficient (e) value was roughly 1.7-fold 
greater than the value at 460 nm. Fig. 2 clearly 
indicates this pH-dependent color change which is 
characteristic to sulfonated tetrazolium salts. It 
appears to be reasonable by analogy to WST-3 
[10] to assume that imide double bond isomeriza- 
tion of the formazan nucleus, rather than depro- 
tonation, gives rise to the reversible color change. 
The formazan of WST-8 has a smaller e value of 
3.07 x 10 4 at pH 8.0 and 460 nm than does WST- 

T + + N A D H  --. F + NAD + ([T + ] > [NADH]) 
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Fig. 2. Absorbance--pH profile of WST-8 formazan (15.4 
gM) at different wavelengths. The pH was adjusted with 0.01 
M NaOH. 
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Fig. 3. Sensitivity pH (A) and yield--pH (B) profiles of WST-8 in comparison with WST-1 and WST-3. ~,: WST-8 (460 nm); Z: 
WST-I (438 rim); A~: WST-3 (433 nm). The sensitivity (3 A/A [NADH]) and the yield (3 [F]/A [NADH]) of the NADH reduction 
were obtained based on the standard curves of absorbance (A) versus [NADH] that were taken as detailed in the experimental 
section. 

in which T + and F stand for a tetrazolium salt 
and a formazan ( = TH), respectively, the sensitiv- 
ity for NADH is determined to be as follows: 

sensitivity = A A / A  [NADH] = e(A [F]/A [NADH]) 
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Fig. 4. Standard curves of lactic acid assays using WST 
compounds. See Section 2. C): WST-8 (455 nm); E,: WST-1 
(440 nm): A:: WST-3 (435 nm); O: UV method (340 nm). 

where A A is the increase of the absorbance due to 
formazan formation. Accordingly, both the sensi- 
tivity and the yield of tetrazolium salts are given 
by the plot of the absorbance observed at 2ma x of 
the formazan versus concentration of NADH. 
The sensitivities thus determined for WST-1, -3 
and -8 at various pH values are shown in Fig. 
3(A), in which good linearities of A A versus 
A[NADH] were observed ( r>0 .998)  for these 
tetrazolium salts, with within-assay coefficients of 
variation of less than 5% (n = 5) under conditions 
involving 0.1 mM tetrazolium salt and 0 -50  mM 
NADH. Fig. 3(B) shows the yield of formazan as 
the function of pH, which is similar to the pH 
profile of the sensitivity (Fig. 3(A)) because e 
values are almost constant at the observed pH 
range. In the figure, WST-8 is more readily re- 
duced by N A D H  (larger yields) than is WST-1 
particularly at important neutral pH range. At pH 
8, for example, the N A D H  reduction of WST-8 
takes place almost quantitatively whereas that of 
WST-1 is of approximately 60% efficiency. This 
greater reactivity of  WST-8 compared with WST- 
1 toward N A D H  leads to a higher sensitivity of 
WST-8, despite the fact that it has a smaller 
value. Furthermore, the sensitiv- 
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Fig. 5. Cell proliferation assays using WST-8 (C)) and WST-1 
(D) with HeLa cell line. The assay procedure is detailed in the 
experimental section. 

ity of WST-8 is less pH-dependent. To our knowl- 
edge, WST-8 and -3 give the highest sensitivity for 
NADH among tetrazolium salts so far reported, 
with almost quantitative yields of reduction at pH 
higher than 8. However, electrochemical analyses 
did not support the greater reduction yield of 
WST-8, as its reduction potential was found to be 
nearly equal ( - 0 . 3 7  V) to that of WST-I ( -  0.35 
V). 

Effects of  addition of detergents and bovine 
serum albumin (BSA) on the sensitivity of WST-8 
were also examined. Triton X-100, cetyltrimethy- 
lammonium bromide (CTMAB) and sodium do- 
decyl sulfate (SDS) were tested as a non-ionic, 
cationic and anionic detergent, respectively, in 
which SDS at the concentration of 0.1% (w/v) 
caused the sensitivity to be decreased 32%. The 
addition of BSA resulted in a similar decrease in 
the sensitivity; the presence of 1% (w/v) BSA 
caused a 22% decrease. 

The reduction of WST-8 by NADH is very fast. 
Indeed, the reduction monitored at 460 nm com- 
pleted within 5 min when it was run at pH 8.0 (50 
mM Tris buffer) and 22°C using WST-8 (0.1 raM) 
and NADH (30 laM) in the presence of 1-methoxy 
PMS (5 gM); no decrease of the absorbance was 

observed once it reaches a plateau. The color thus 
developed was found to be stable for weeks at 
room temperature. 

With the high sensitivity for NADH, we next 
examined the stability of WST-8 as an aqueous 
solution since the stability in aqueous solution 
becomes very important because of a growing 
demand to supply reagents as aqueous solution 
for ready use in clinical analyses. An increase of 
the blank absorbance of WST-8 (1 mM in 50 mM 
Tris buffer at pH 7.4) at 460 nm after 2 weeks at 
room temperature was 16% (A = 0.138) of that of 
WST-3 at its ;i .... under the same conditions, a 
value close to that of WST-1. The blank ab- 
sorbance increase was less than 0.1 when the 
solution was refrigerated for 30 days. WST-8, 
therefore, combines advantages of the higher sen- 
sitivity from WST-3 and the greater aqueous sta- 
bility of WST-1. 

WST-8 was applied to the assay of  lactic acid 
which is based on LDH-mediated dehydrogena- 
tion of  the acid to pyruvic acid and NADH. Fig. 
4 shows the standard curves of the tetrazolium 
salts for lactate, in comparison with a UV method 
that measures an increase of the absorbance of  
NADH directly at its ;imax of 340 nm. Relative 
standard deviations for WST-8 determined by five 
separate runs for each point in the figure did not 
exceed 5'70. The sensitivity of WST-8 toward lactic 
acid, as determined as A A/A [lactate] (O.D. mM - 
1), was almost equal (4.86) to that of WST-1 
(4.67), and was 2.2-fold larger than that of WST- 
3; it is sensitive enough to detect lactic acid in 
serum that ranges sub-raM to 2 mM. A poor 
sensitivity of WST-3 is partly due to a large 
background absorption as the sensitivity for 
NADH is comparable to those of WST-I and -8. 

We then turned our attention to using WST-8 
as a viability indicator in cell proliferation assays. 
When HeLa cells were incubated with tetrazolium 
salts in the presence of 1-methoxy PMS, a linear 
colorimetric response was obtained in proportion 
to the number of  viable cells with good correla- 
tion coefficients (r = 0.9981 and 0.9970 for WST-8 
and WST-1, respectively) (Fig. 5). WST-8 gave 
1.39-fold greater sensitivity than WST-1, for 
which increasing number of applications have 
been reported [4 9], under identical assay condi- 
tions. 
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In conclusion, WST-8 combines the best fea- 
tures of WST-1 and -3, being sensitive and stable. 
In addition, it is much easier to synthesize, which 
is a practical advantage to enable a cost-effective 
synthesis. We have also demonstrated that WST-8 
has a great potential as a viability indicator in cell 
proliferation/cytotoxicity assays. Further applica- 
tion is currently underway. 
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Abstract 

A new crown hydroxamic acid, 5,14-N,N'-hydroxyphenyl-4,15-dioxo-1,5,14,18-tetraaza hexacosane (NHDTAHA) 
for the extraction and spectrophotometric determination of lanthanum(III) is described. Lanthanum(III) forms a 
yellow coloured complex with NHDTAHA, which is extracted with chloroform, having molar absorptivity 7.7 x 103 
I tool- l per cm at 372 nm. The system obeys Beer's law in the range 1.2-20 ppm of lanthanum. The extract is directly 
aspirated for ICP-AES measurements, the limits for estimation are 5-140 ppb of lanthanum. Lanthanum has been 
determined in monazite sand and standard samples. © 1997 Elsevier Science B.V. 

Keywords: Crown hydroxamic acid; Inductively coupled plasma atomic emission spectrophotometry (ICP-AES); 
Monazite sand; Lanthanum(III); Spectrophotometry 

I. Introduction 

Liquid-l iquid extraction technique is widely 
used for preconcentration and separation of vari- 
ous metal ions from an interfering matrix. Hy- 
droxamic acids are superior reagents for 
extraction and spectrophotometric determination 
of metal ions [1-5]. In recent years the macro- 
cyclic ligands, crown ethers, have been reported 
for metal complexation [6-10]. However, the 
methods for the extraction and determination of 
lanthanum with crown ethers suffer from low 

* Corresponding author. 

sensitivity and interference of diverse ions [11,12]. 
The direct atomic absorption and inductively cou- 
pled plasma emission determination of lanthanum 
is reported, but a prior ion exchange separation is 
required [13,14]. The complexities of  lanthanum 
emission lines with large number of strong ionic 
lines cause some difficulties over line selection 
thereby causes overlaps and reduces the detection 
limits considerably [15,16]. The very low levels at 
which the lanthanum is sought and potential in- 
terference from major  elements, have led to the 
use of  separation method to remove the bulk of 
major elements and at the same time to concen- 
trate the lanthanum from the samples into small 
volume of solution. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(97)00022-2 
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The use of strongly luminous flame is physically 
unpleasant and the photomultiplier receives high 
background radiation that can cause fatigue of 
the photo responsive surface of the cathode, even 
though the continuum radiation is not amplified. 
With this view a new crown hydroxamic acid is 
used for the extraction and simultaneous determi- 
nation of lanthanum in presence of several diverse 
ions. The extraction removes the bulk of the 
major elements and at the same time concentrate 
the lanthanum into small volume of solution and 
the extract is directly injected into the plasma 
which increases the sensitivity and detection limit 
to several folds. 

2. Experimental section 

2.1. Apparatus 

A Hitachi 3210 Spectrophotometer with 
matched l0 mm quartz cells was used for spectral 
measurements. Plasma Scan Model 710 Sequen- 
tial Inductively Coupled Plasma Atomic Emission 
Spectrophotometer with Plasma Scan multitask- 
ing computer and peristaltic pump was used. 

The following operating conditions were set for 
ICP-AES: Rf  27.12 MHz, incident power 2000 
watts; G M K  nebulizer; sample concentration 1 ng 
ml 1; RF power 5 watts; observation height 14 
mm; argon coolant flow rate 10 1 min - l ;  argon 
carrier flow rate 1 1 min -  l; intergraph period 10 s; 
resolution 0.004 nm; peristaltic pump flow rate 1 
ml min ~; wavelength 394.91 nm. 

2.2. Reagents 

All chemicals used were of analytical grades of 
BDH or E. Merck. The ligand 5,14-N,N'-hydrox- 
yphenyl-4,15-dioxo- 1,5,14,18-tetraaza hexacosane 
(NHDTAHA) (Scheme 1) was synthesized by re- 
acting 3,6-dioxoctane- 1,8-diphenylhydroxylamine 
with 4,15-diamino-4,- 13-dioxohexadecane- 1,16- 
dioic acid chloride [17] in etherial medium in 
presence of suspended sodium bicarbonate as de- 
scribed elsewhere [18]. Its 0.2% stock solution was 
prepared in acetone. A standard lanthanum solu- 
tion was prepared by dissolving 2.276 g of lan- 

thanum acetate hydrate in a litre of double 
distilled water in the presence of HC1. Its final 
concentration 7.20 × 10 3 M was determined vol- 
umetrically [19]. It was further diluted as and 
when required. Buffer solution of pH 9 was pre- 
pared by mixing 40 ml of 1 M HNO3 and 100 ml 
of 15% triethanolamine [20]. 

2.3. Extraction procedure 

An aliquot of sample solution containing 30- 
500 ppm of lanthanum was transferred into a 60 
ml separatory funnel. 10 ml of 0.2% NHDTAHA 
in acetone was added, pH 9 was adjusted with 2 
ml of buffer solution and the mixture was shaken 
with 15 ml of chloroform for 1 min. The organic 
extract was collected, dried over anhydrous 
sodium sulphate and transferred into a 25 ml 
volumetric flask. To ensure the complete recovery 
of lanthanum, the extraction was repeated, adding 
5 ml of NHDTAHA along with 5 ml of chloro- 
form. The sodium sulphate was washed with chlo- 
roform and the combined extracts and washings 
were diluted to the mark with chloroform. The 
absorbance of the organic phase was measured 
against the reagent blank at 372 rim. For ICP- 
AES determination the lanthanum-NHDTAHA 
chloroform extract was introduced into the 
plasma by peristaltic pump. 

The values of the percentage extraction (%E) 
and distribution ratio (D) of lanthanum was cal- 

~ / - - - - ' ~  c N 

~ N II I 0 OH 
0 

~~ 0 OH 
II I 

N 

Scheme 1. 5,14-N,N'-hydroxyphenyl-4,15-dioxo- 1,5,14,18-te- 
traaza hexacosane hydroxamic acid (NHDTAHA). 
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culated at different pH and NHDTAHA concen- 
trations. 

3. Results and discussion 

3.1. Absorption spectra, Beer's law and precision 

The Lanthanum(III) NHDTAHA complex has 
a maximum absorbance at 372 nm and reagent 
blank does not absorb at this wavelength. The 
system obeys Beer's law in the range 1.2 20 ppm 
of lanthanum, sensitivity 0.018 ppm and the mo- 
lar absorptivity is 7.7 x 103 1 mol ~ cm--~. The 
regression analysis represent Conc. = 18.8 × Ab- 
sorbance with correlation coefficient 1.00. 

Under the optimum conditions for ICP-AES 
determination, a linear calibration graph was ob- 
tained between 5 and 140 ppb of lanthanum. The 
determination of standard solution containing 20 
ppb of lanthanum gave a relative standard devia- 
tion of 2.5%. The detection limit, expressed as the 
concentration of lanthanum giving a signal equiv- 
alent to three times the standard deviation of the 
blank plus the net blank intensity, was measured 
to be 0.18 ppb. 

3.2. E/]i'ct of pH and shaking time 

The percentage extraction and formation of 
chelate is also influenced by the pH of the solu- 
tion. Maximum extraction of lanthanum with 
NHDTAHA was obtained in the pH range 8.5- 
9.5 (Fig. 1). At both lower and higher pH the 
extraction was incomplete (Table 1). The extrac- 
tion is instantaneous, however, 1 rain shaking is 
sufficient for quantitative extraction of lan- 
thanum. 

3.3. Effect of NHD TA HA concentration 

The influence of NHDTAHA was studied by 
extracting lanthanum (1.78 x 10 4 M) with dif- 
ferent amounts of NHDTAHA. It has been ob- 
served (Table 2) that l0 ml of 3.62 x 10 -3 M 
reagent NHDTAHA is quite adequate for the 
complete extraction of lanthanum. The lower con- 
centration of NHDTAHA reduces the percentage 

1 0 0 -  

t 80- 

6 0 -  
Z 
0 
I-- 

,~ 4 0  
n~ 
I -  
X 
UJ 

20. 

0.0 
3 g + 6 f~ 

pH 

Fig. I. Plot of  percentage extraction of lanthanum against pH. 

extraction, while a large excess of reagent can be 
used without any difficulty. 

3.4. Stoichiometry of the complex 

The composition of the Lanthanum(III)-NHD- 
TAHA complex extracted into chloroform has 
been studied by slope ratio method [21] viz. by 
plotting a graph of logarithm of the distribution 
ratio of the metal (log DM) against the negative 
logarithm of ligand concentration ( - log ligand). 

Table 1 
Effect of  varying pH on the extraction of Lanthanum(I l l )  
N H D T A H A  complex 

pH Extraction (%) Molar absorptivity (I tool 
cm L) 

5.0 18.5 1.4 × 103 
6.0 43.5 3.3 x l0 a 
7.0 70.0 5.3 x 103 
8.0 91.8 7 .0x  103 
8.5 100.0 7.7 x 103 
9.0 100.0 7.7 x 103 
9.5 100.0 7.7 × l 0  3 

10.0 97.0 7.4 x 103 
11.0 78.4 6.0 x l03 

The lan thanum in the aqueous phase was determined by 
ICP-AES.  
Solvent, chloroform; Lanthanum,  12 pro; N H D T A H A ,  10 ml, 
3.62 x 10 3 M in acetone; and 2max, 372 nm. 
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Table 2 
Effect of  varying concentration of reagent for the extraction of Lanthanum(l l l )  N H D T A H A  complex 

N H D T A H A  (M x 10 ~) - l o g  ( N H D T A H A )  Lanthanum conc. (M) 

[Lao,.~] x 10 [La~q] × 10 4 

Log D M 

0.90 3.04 1.49 
1.26 2.89 1.55 
1.80 2.74 1.61 
2.70 2.56 1.66 
3.62 2.44 1.78 
4.46 2.35 1.78 

0.297 0.70 
0.236 0.82 
0.180 0.95 
0.128 1.11 
0.08 1.35 
0.08 1.35 

The detection limit for lanthanum is 8.0 x l0 -6 M. 
The lanthanum in aqueous phase was determined by ICP-AES.  
Solvent, chloroform; pH, 9; and ). . . . .  372 nm. 

The extraction was carried out by taking a fixed 
amount of lanthanum with varying amounts of 
NHDTAHA. The plot of log DM against -- log(li- 
gand) gave a straight line of a slope 0.89 (Fig. 2), 
which indicates the composition of the complex is 
1:1, thus 1 mol of ligand (NHDTAHA) is re- 
quired for 1 tool of lanthanum. The NHDTAHA 
is having two hydroxamic groups (2L) and hence 
the expected structure of the complex is 
[La(OH)(2L)]. 

To get more information about the nature of 
the extracted complex, attempts were made to 
isolate it from chloroform extract. The extract 
was evaporated to dryness and subjected to ele- 

1.3. 

l 1.1' 

=EO. 9. 

0'7- 

0'5 
2.2 2'-4 2'-s 2'.a 3;o 3:2 

--log [NHDTAHA].-=-- 

Fig. 2. Plot of distribution ratio of lanthanum [DM] against 
crown hydroxamic acid [NHDTAHA]. 

mental analysis. Further a known weight of the 
dry complex was digested with perchloric and 
nitric acid mixture and lanthanum content was 
determined by ICP-AES. The experimental re- 
sults obtained for the complex are carbon 48.75%, 
nitrogen 7.41%, hydrogen 5.80% and lanthanum 
18.65% and are comparable to the theoretical 
values for carbon 48.53%, nitrogen 7.54%, hydro- 
gen 5.83% and lanthanum 18.71% which are in 
conformity with the complex formula 
[La(OH)(2L)]. 

3.5. Effect of solvents 

The extraction was carried out with various 
solvents viz. chloroform, benzene, toluene and 
isoamyl alcohol. The results given in Table 3 show 
that the chloroform is the most appropriate sol- 
vent for the quantitative extraction of lanthanum. 

Table 3 
Effect of  solvents on the extraction of L a n t h a n u m ( I l l ) - -  
N H D T A H A  Complex 

Solvent Extraction (%) Molar absorptivity 
(1 m o l  -L c m  1) 

Chloroform 100 7.7 × 103 
Benzene 24 1.8 x 103 
Toluene 29 2.2 x 103 
Iso-amyl alcohol ~' 

Lanthanum,  2 ppm; N H D T A H A ,  10 ml, 3.62× 10 -3  M in 
acetone; pH, 9; and 2 . . . . .  372 nm. 

No extraction was obtained in iso-amylalcohol 
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Table  4 
Effect of diverse ions on the extraction of L a n t h a n u m ( l l l ) - - N H D T A H A  complex 

1311 

Diverse ion Added as Amount added (rag) Recovery of lanthanum (ppm) 

Spectro-photometry ICP AES 

A1 +~ AICI  3 60 

Sc + • SC203 50 
Cr  L " CrCI•  60 

Co + 2 C o O 2  60 

t t f  + 4 HfOC12 60 
Zr  ~ 4 Z r ( N O 0 4  60 
Ti ~ 4 TiOCI? 60 

Ta  ~ " Ta205 60 
Th ~ 4 T h ( N 0 3 h . 6 H 2 0  60 

T1 +~ TI (NO03 50 
Ga  ~ 3 GaC13 60 

In ~ • lne(SO4)>5H20 60 

Sb ~ ~ K(SbO)C4H406 .1 /2H20 60 

Bi + ~ Bi(NO3)3.5H20 50 

Fe ~ ~ Fe2(SO4) 3 60 
Hg " 2 HgC12 60 

M g -  2 MgS04.7H20 40 

Pb ÷e Pb(NO3)2 30 

Mn ~ 2 MnSO4.4H20  40 
Pd + 2 PdCI.  60 

Sn ~ 4 SnCI 4 60 

V + ~ NH4VO ~ 60 

Y + ~" Y2(CO3) 3 40 
UO + 2 UO2(CH3COO)z .2H20  40 
pr  3 , b Pr(C104)• 40 

Nd ~ t 6 Nd(CIO4)3 40 

Ce 4 + c [N H4)4Ce(SO4).2H20 80 

9.9 -+ 0.05 9.95 _+ 0.005 

9.9 + 0.06 9.95 _+ 0.003 

9.9 + 0.08 10.00 + 0.001 

10.0 + 0.06 10.00 + 0.0(}2 

10.0 + 0.02 10.00 + 0.001 

9.9 __+ 0.03 9.90 __+ 0.002 

9.9 __+ 0.03 9.9(t ± 0.003 

9 9 __+ 0 01 9.95 ± 0.003 

9.9 __+ 0.02 9.90 __+ 0.002 

9.9 + 0.04 9.95 __+ 0.007 

9.9 +_ 0.08 9.90 __+ 0.006 

9.9 + 0.02 10.00 -+ 0.002 

9.9 ± 0.03 10.00 __+ 0.002 

9.9 __+_ 0.04 9.95 + 0.005 

9.9 __+ 0.03 9.95 +__ 0.(}02 

10.0 -+ 0.02 10.00 __+ 0.001 

10.0 + 0.02 10.00 +__ 0.001 

10.0 + (}.02 10.01) -+ 0.002 

9.9 + 0./)4 9.90 __+ 0.003 

9.9 + 0.03 9.95 + (}.01}2 

10.0 __+ 0.01 9.95 + I).001 

9.9 __+ 0.03 9.90 + I).(}01 

9.9 +__ (}.03 10.00 __+ 0./}01 
9.9 + 0.04 9.95 ,+ 0.001 

10.0 + 0.02 10.05 + 0.001 

10.0 __+ 0.01 10.00 __+_ 0.(}(}2 

10.0 ,+ 0.03 10.00 __+ 0.0()1 

Solvent,  chloroform: Lanthanum, 10 ppm; N H D T A H A ,  10 ml, 3.62 x 10 3 M 

" Stripped with sodium fluoride. 
h Stripped with sodium oxalate. 
• Reduced with sodium nirite. 

in acetone: pH, 9; and 2ma X, 372 nm. 

3.6. EJ, lect o J direrse ions 

Lanthanum was selectively separated and deter- 
mined in presence of various metal ions viz, 
Th(IV), U(VI), Zr(IV), Hf(IV), Sc(III) etc. Scan- 
dium, being extracted at a considerably lower pH 
with hydroxamic acids, is not interfering in the 
extraction of lanthanum. However, yttrium(III) 
( > 20 ppm), cerium(IV) ( > 10 ppm), praseodymi- 
um(III) ( >  20 ppm) and neodymium(III) ( >  20 
ppm) do interfere in the determination of lan- 
thanum. The interference of cerium(IV) can be 
eliminated by reducing it to cerium(III) with 
sodium nitrite. Lanthanum, 12 ppm, in presence 

of 40 mg each of yttrium, praseodymium and 
neodymium is extracted either masking these with 
fluoride (1:20) and oxalate (1:1000; 1:1500), re- 
spectively or after stripping yttrium with 0.1 M 
sodium fluoride and praseodymium and 
neodymium with 2.5 M sodium oxalate. The re- 
sults obtained are given in Table 4, 

3.7. Determination of lanthanum in standard 
samples 

Standard lanthanum samples were analyzed to 
test the reliability of the present method. The 
samples were digested in a mixture of perchloric 
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Table 5 
Determination of lanthanum in standard samples from the United States Geological Survey 

Sample Lanthanum present mg kg- t  Lanthanum found mg kg 

Spectro-photometrF ' ICP-AES ;' 

BCR-I (52/19) 26.0 25.7 _+ 0.2 
ACV-I (74/19) 35.0 34.9 _+ 0.5 
GSR-I (17/22) 190.0 190.8 _+ 0.4 
G2 (108/15) 96.0 96.3 _+ 0.5 
W1 9.8 9.7 _+ 0.3 
Monozide sand (%)b 24.0 23.96 _+ 0.7 

25.95 ± 0.06 
35.02 + 0.05 

189.85 ± 0.07 
96.15 + 0.03 

9.82 ± 0.09 
23.90 ,+ 0.05 

~' The results are the average of eight determinations 
b Samples from Travancore, India. 

acid and nitric acid and evaporated to dryness. 
The residue was redissolved in 0.5 M perchloric 
acid and diluted to 250 ml with distilled water. An 
aliquot of this solution was taken for extraction 
and determination of lanthanum. The data are 
given in Table 5. 

4. Conclusion 

The present method is simple, sensitive and 
selective. Lanthanum(III) is first pre-concentrated 
by solvent extraction and then subjected to a 
versatile technique, ICP-AES, which enhances 
the sensitivity many folds (detection limit 0.18 
ppb) compared with its non-extract estimation. 
The proposed method overcomes the problem of 
spectral interference due to matrix components, 
nebulizer blockage due to high solid content of 
the solution or analyte emission enhancement. 
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Abstract 

The ion exchange behavior of Au and Pt on a new China-made macropore anion resin was studied using 
radiotracer technique. The conditions for adsorption and desorption, such as acidity, flow-rate and concentration of 
desorbing agents were studied carefully. Using the established method, the contents of Au and Pt in two Chinese 
ultrabasic SRMs were determined by ICP-MS and the results found in good agreement with the reference values. 
© 1997 Elsevier Science B.V. 

Keywords: Au and Pt adsorption and desorption; HHY-10A macropore resin; ICP-MS; Radiotracer technique 

1. Introduction 

With an average concentration of 5 ppb [1] in 
the earth crust, platinum belongs to the category 
of the most rare naturally occurring elements. The 
omnipresent concentration of platinum in envi- 
ronmental and biological samples is estimated to 
lie in the ppt region, or even lower. There are only 
very few reliable data available about it, simply 
for the reason that no analytical procedures with 
sufficient detection sensitivity are yet existing. 

*Fax: +86 10 68213374. 

Since the introduction of automobile exhaust 
catalytic cleaning, platinum has become a new 
environmental pollutant [2]. The concentration of 
Pt in ocean water has been reported to be higher 
than that existing in fresh water [3]. Thus, the 
concentration of Pt in ocean organisms is likely 
very high. Perhaps more and more intake of 
seafood will lead to an unexpected effect. This 
potential new impact to human health has ini- 
tiated research to develop analytical methods for 
the Pt detection at very low levels. 

Gold is an element coexisting with Pt generally 
in biological and environmental samples. Thus, it 
is convenient and hopeful to get the content of  Au 

0039-9140/97/$17.00 ¢~ 1997 Elsevier Science B.V. All rights reserved. 
1'11 S0039-9140(97)00027-1 



1314 C. Li et a/./Talanta 44 (1997) 1313 1317 

simultaneously in analyzing Pt in a portion of 
sample. 

Since the conventional analytical techniques, 
such as graphite furnace atomic absorption spec- 
trometry (GFAAS) [4], instrumental neutron acti- 
vation analysis (INAA) [5] and inductively 
coupled plasma-mss spectrometry (ICP-MS) [6] 
are not able to analyze Pt at such a low content, 
a preconcentration of  Pt is necessary. Alt et al. [7] 
used MIBK extraction to preconcentrate Pt from 
biological and environmental materials, but this 
method is inconvenient in dealing with great 
amount of samples with low-level Pt. Parent et al. 
[8] reported an adsorption chromatography 
method with high recovery and minor interference 
of other elements, but the method is very time 
consuming. Ion exchange is a widely used method 
for separation due to its high adsorption capacity 
and unique selectivity, we selected it to preconcen- 
trate Pt and Au from practical samples. 

To develop the preconcentration procedures, 
radiotracer technique are very helpful because of 
its easy detection. 195raPt and 199Au have suitable 
half-lives (199Au 3.14d; 195mpt 4.02d) [9] and ~,-ray 
energies(199Au 158.38 keV; 195mpt 98.88 keV) [9] 
and can be produced from a kind of chemical 
only containing Pt. In this work, we studied the 
adsorption and desorption behaviors of 199Au and 
~95mPt on a new China-made HHY-10A macrop- 
ore anion resin. Since no biological or environ- 
mental reference materials with certificated values 
for Pt and Au is available up to date, we precon- 
centrated Au and Pt from China-made geological 
standard reference materials DZZ-1 and DZZ-2 
and determined them by ICP-MS. 

I g 5  

gO 

"8 85, 

D 0 0 0 

75 I I ~ I 
(3.5 1 1.5 2 3 

C~,~u~trtkm d HCl (1~ 

Fig. 1. Effect of HC1 concentration on Au and Pt adsorption 
on HHY-10A resin (20 ml HCI, flow-rate 1.0 ml rain i). 

and various plastic vials (q~5 m m x  35 mm; ~bl0 
mm x 50 ram) for measuring the radioactivities. 

2.2. Radiotracers and other reagents 

The radiotracers 195"Pt and 199Au are made of 
the same chemical reagent (H:PtC16). The chemi- 
cal, 300 mg was irradiated in the nuclear reactor 
for 5 h (neutron flux 5 × 1 0  ~ n cm 2 s), the 
195mpt was formed via 194pt(n, ~,) reaction, while 
the  199Au via 198pt(n, 7)199pt, and followed by its 
fl decay in the same time. After cooling for 24 
h, the chemical was dissolved in 50 ml 0.5 M HCI 
as stock solution. All other reagents, such as HC1 
and thiourea, are A.R degree, and the water is 
deionized. The HHY-10A resin is a kind of 
macropore resin with C1 ionic form, it has a large 
exchange capacity (4.1 mmol g 1) and a proper 
wet density (0.69 g ml ~), its particle size, cross- 
linkage, specific surface, porosity and hole diame- 
ter are 0 .3 -1 .2mm,  4 % , 3 8 m  2g ~,0.54cm 3 g -  
and 24.2 nm, respectively, and the functional 
group amido is bound to the polystyrene di- 
ethylenebenzene frame. 

2. Experimental 

2.1. Instruments and apparatus 

A miniature nuclear reactor (China Institute of 
Atomic Energy); a y-ray spectrometer system 
(HPGe detector of Nucleus, PCA-II-8000 multi- 
analyzer, detection effect 25% and resolution 1.96 
keV for 1332 KeV peak of 6°Co); a Teflon column 
(~bl0 mm × 250 mm) with adjustable flow-rate 

1 0 0 (  

• g 2 -  

0.5 

D D O [] 

I l I I 

Fig. 2. Effect of flow-rate on adsorption of Au and Pt on 
HHY-10A resin (20 ml 1.0 M HC1). 
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Fig. 3. Effect  o f  t h i o u r e a  c o n c e n t r a t i o n  o n  d e s o r p t i o n  o f  A u  

a n d  Pt on  H H Y - 1 0 A  (20 ml  th iou rea ,  1.0 rnl min  - ]). 

2.3. Adsorption and desorption 

The column was filled with about 1.0 g (20 mm 
high) pretreated HHY-10A resin, which was pre- 
balanced with 0.5 M HC1 overnight before use. 
Pipetted 1.00 ml of the stock solution into a 50 ml 
beaker, diluted it with 19.0 ml HC1 which has a 
certain concentration. Transferred the diluted ra- 
diotracer solution into the column and adjusted 
the flow-rate to obtain a certain flow velocity, 
collected the eluent (2 ml each counting vial) and 
measured the radioactivity of  195rnpt and 199Au at 
the same time, 2 ml of the stock solution was used 
as the relative standard. Added the contents of 
Au and Pt in each vial together to get the total 
contents Au and Pt which were not been ad- 
sorbed, and then the contents of adsorbed Au and 
Pt could be calculated, the latter were used to 
calculate the adsorption rates of Au and Pt. After 
washing the column with 20 ml 0.5 M HC1 at 2 ml 
rain -l velocity, desorbed Au and Pt with 20 ml 
thiourea solution of a certain concentration at a 
certain flow velocity, collected each 2 ml of the 
desorbed solution and measured 195raPt and 199Au. 
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Fig. 4. Effect  o f  f low-ra te  o n  the  d e s o r p t i o n  o f  A u  a n d  Pt on  

H H Y - 1 0 A  resin (20 ml 2% th iourea) .  
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Fig.  5. D e s o r p t i o n  curves  o f  A u  a n d  Pt f?om H H Y - 1 0 A  resin 

(20 ml 2% t h i o u r e a  at  1.0 ml  rain '). 

Added the contents of Au and Pt in each vial 
together to get the total contents of Au and Pt 
desorbed, and then the desorption rates of Au 
and Pt were calculated. The stock solution, 2 ml, 
was used as the relative standard. 

2.4. Analysis of SRMs 

Pt and Au in some China-made geological stan- 
dard reference materials ultrabasic DZE-1 and 
DZZ-2 were preconcentrated using the above de- 
scribed method and determined with ICP-MS. 
Before preconcentration, 10.00 g of the samples 
were baked at 600°C for 1 h to oxide the organ- 
isms and dissolved in 100 ml aqua regia. Evapo- 
rated the solution to near dryness and drove 
HNO3 off with 10 ml concentrated HC1, repeated 
twice. And then, dissolved the residue with 50 ml 
1.0 M HCI and filtered it, washed the residue with 
another 50 ml 1.0 M HC1. After preconcentration, 
the solution containing Au and Pt was treated 
and the concentrations of Au and Pt were deter- 
mined. The method of determination using ICP- 
MS was reported elsewhere [10]. 

3. Results and discussion 

3.1. Adsorption acidio, 

The adsorption of  Pt is almost complete in the 
range of 0.5-3.0 M HC1 (1.0 ml min-~ flow-rate). 
Fig. 1 shows the effect of the HC1 concentration 
on the adsorption percentage of Pt and Au. The 
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Table 1 
The contets of Au and Pt in DZY-1 and DZZ-2 (n=2, ng g ') 

Samples DZZ-1 [10] DZE-2 [10] 

Experimental values Reference values [10] Experimental values Reference values [10] 

Pt 3.9 
4.8 

Mean 4.4 _+ 0.5 
Au 1.3 

1.9 
1.6_+0.3 

1.4 

6.0 
7.1 
6.6 _+ 0.6 
0.3 
0.8 
0.6 _+ 0.3 

0.4 

maximum adsorption of Au is at about 1.2 M 
HC1 and the adsorption increases or decreases 
gradually with the concentration of HC1 increas- 
ing before 1.2 M or decreasing after that. It is 
evident that the adsorption is less than 96% in any 
case, perhaps it is due to the change of Au valence 
during the nuclear decaying process. Most of the 
Au atoms exist as Au 3 +, perhaps there is a minor 
existing in Au+,  whose ability to form complex 
ions is not as good as Au 3 +. Thus, the adsorption 
rate of  Au + is less than Au 3+ during the ad- 
sorbing stage. But generally speaking, the adsorp- 
tion of Au is satisfactory. 

3.2. Adsorption f low-rate  

Each of the flow-rate tested (0.5-5.0 ml rain i) 
has a almost complete adsorption of  Pt (HC1 
concentration 1.0 M). Fig. 2 shows the recoveries 
of Pt and Au at different flow-rates. Obviously, 
Au can be adsorbed quantitively at a flow-rate of 
< 2 ml min 

3.3. Desorption conditions 

Fig. 3 shows the recoveries of Au and Pt des- 
orbed with 20 ml different concentration of 
thiourea (1.0 ml min ' flow-rate) from the 
column. Evidently, Au and Pt can be desorbed 
quantitively by 20 ml 2% (w/w) thiourea and their 
recoveries are greater than 91% when 20 ml 1% 
thiourea is used as desorbent. Fig. 4 shows the 
effect of flow-rate on the desorption of Au and Pt 
(2% thiourea), it can be seen that the rate of 
desorption decreases dramatically when the flow- 

rate is greater than 1.5 ml m i n -  l, and the quanti- 
tative desorption happens only at the flow-rate 
not exceeding 1.0 ml min-~.  Fig. 5 describes the 
desorption curves of Au and Pt (20 ml 2% 
thiourea at 1.0 ml min '). 

3.4. Precision and accuracy 

At the optimum conditions (adsorption in 1.0 
M HC1 at 1.0 ml m in - I ,  desorption with 2% 
thiourea at 1.0 ml min '), using 1.0 ml radio- 
tracer stock solution replicated the experiments 
for three times. The total recoveries of Au and Pt 
are (92.3 ___ 2.6)% and (97.7 ± 0.9)%, respectively. 
The analytical results for ultrabasic SRMs DZZ-1 
and DZZ-2 are listed in Table 1, which are in 
good agreement with the reference values [10]. 

4. Conclusion 

The radiotracer technique is very convenient 
and successful in establishing preconcentration 
procedure for Au and Pt. The HHY-10A anion 
resin is suitable for preconcentrating Pt and Au 
for the quantitative adsorption and easy desorp- 
tion at the optimum conditions we experimented. 
The SRMs analytical results agreed with the refer- 
ence values very well. 
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Abstract 

An optical chemical sensor has been prepared for the selective determination of o-nitrophenol in aqueous solutions 
based on the fluorescence quenching of curcumin in PVC membrane. The sensing mechanism of the proposed sensor 
for o-nitrophenol has been discussed in detail. The fluorescence changes of sensing membrane resulted from an 
associated complex formation between curcumin and o-nitrophenol. In pH 4.8 buffer solution, the sensor responds 
linearly in the measuring range from 1.0 x 10 - 2  mol 1 1 to 1.5 x 10 4 mol 1 ~, and the experimental detection limit 
is evaluated to be 8.0 x 10 5 tool 1- 1 A stable signal was obtained within less than 1.5 min. Under the optimum 
conditions, the sequence of selective response to the sensing membrane is o-nitrophenol > 2,4-dinitrophenol > m-ni- 
trophenol >p-nitrophenol > 2,4,6-trinitrophenol. Phenol, aniline as well as other ions have less effect on the 
fluorescence of the sensor. The reproducibility for the determination of o-nitrophenol is better than 1%, and the 
response is reversible. The sensor can be used for the determination of o-nitrophenol in water samples. © 1997 
Elsevier Science B.V. 

Keywords: Curcumin; Fluorescence quenching; Optical sensor 

1. Introduction 

In recent years, owing to the development of  a 
large variety o f  devices and techniques o f  the 
optical fiber sensing and its potential advantages 
over electrochemical sensing, the interest in the 
development  o f  optically based chemical sensors 
has been increasing considerably. A c o m m o n  fea- 
ture o f  this kind of  sensors is that  an immobilized 

* Corresponding author. 
IOn leave from the Southwest China Normal University, 

Chongqing, Sichuan. 

reagent phase changes the optical properties upon 
interaction with an analyte. Therefore, the selec- 
tion of  immobilized reagents plays the central role 
in the development o f  the optical chemical sen- 
sors. The sensing materials in optode membrane  
based on fluorescence described in the literature 
include polycyclic aromat ic  hydrocarbons  [1,2], 
laser dyestuff  compounds  [3], hydroxyquinol ine 
compounds  [4], and some newly synthesized 
fluorescence reagents [5]. In this work,  an organic 
chromogenic  reagent curcumin widely used for 
the measurement  o f  trace boron  in various sam- 
ples is employed as the sensing material in optode 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(97)00028-3 
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membrane utilizing its excellent fluorescence prop- 
erty and high lipophilicity. 

Though different kinds of optical fiber chemical 
sensors have been reported in the literature mea- 
suring various species important for environmen- 
tal monitoring such as ammonia [6], sulfur 
dioxide [7], nitrogen dioxide [8], organochlori- 
hated compounds [9], nitro-compounds [10,11], 
and humidity [12], to our knowledge, however, no 
sensors have been reported for the determination 
of o-nitrophenol. 

The monitoring of nitrophenols is essential for 
environmental pollution control and industrial 
applications. In the past, after being reduced and 
transformed into azostuffs, the compounds 
formed were detected with spectrophotometry or 
polarography [13]. More recently, nitrophenols 
are determined with GC or HPLC [14-16]. Ques- 
tions remain, however, as to how to realize the on 
line and continuous determination of o-nitophe- 
nol with a non-destructive device such as an opti- 
cal chemical sensor. 

We discovered that o-nitrophenol in buffer so- 
lution of p H = 4 . 8  can strongly quench the 
fluorescence of curcumin. A new sensor using 
curcumin as sensing material for the selective 
determination of o-nitrophenol has been pre- 
pared. The sensor can respond selectively, rapidly 
and reversibly to o-nitrophenol. These analytical 
characteristics make it possible to determine o-ni- 
trophenol in mixtures containing appropriate 
amounts of other nitrophenols. The analytical 
results obtained by recovery measurement are sat- 
isfactory. 

2. Experimental 

2.1. Apparatus 

All fluorescence intensities were measured with 
a Hitachi M-850 fluorescence spectrophotometer 
equipped with a xenon lamp. For measuring 
fluorescence quenching, the excitation and emis- 
sion wavelengths were set to 426 and 512 nm, 
respectively. 

2.2. Chemicals 

Unless otherwise stated, all solutions were pre- 
pared from analytical-reagent grade with redis- 
tilled water. For membrane preparation, the 
following reagents were purchased and used with- 
out further purification: high relative molecular 
mass poly(vinyl chloride)(PVC)(Zhuzhou Chemi- 
cal Plant), tetrahydrofuran(THF) (Shanghai 
Chemical Reagent Corporation), curcumin (The 
Third Reagent Plant of Shanghai), tricresyl phos- 
phate (C.P. The First Reagent Plant of Shanghai). 
Test solutions of o-nitrophenol were prepared by 
dilution of the stock standard solution. Acetate 
buffer solution (pH = 4.8) was prepared by dis- 
solving 50 g of sodium acetate trihydrate in 500 
ml of water, adding 34 ml of 6 mol 1 ~ acetic acid 
and diluting to 1 1. 

2.3. Procedure 

2.3.1. Membrane preparation 
A medium containing 4.0 mg of curcumin, 50 

mg of PVC, 100 mg of tricresyl phosphate was 
dissolved in 2 ml of THF. By means of a spin -on 
device [1], a membrane of approximately 4 lam 
thickness was cast onto a 35 mm diameter quartz 
plate. 

2.3.2. Measurement of o-nitrophenol 
Two identical membranes were subsequently 

mounted in the specially designed flow-through 
measuring cell [1]. About 3.4 ml of sample solu- 
tion was aspirated by a syringe. Fluorescence 
measurements were completed under batch condi- 
tion. The limiting fluorescence intensities F b and 
Fs of the optode membrane were detected in 
pH =4.8 blank solution and in 4.0 x | 0  - 2  tool 
1 ~ ~ o-nitrophenol, respectively. 

For the selectivity evaluation, the separate solu- 
tion method (SSM) [17] was used to estimate the 
selectivity of the o-nitrophenol sensor with respect 
to other nitrophenols. The effect of other poten- 
tial interferents on sensing performance was also 
tested. 
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3.  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Principle of operation and quenching 
mechanism of o-nitrophenol 

We discovered that o-nitrophenol can strongly 
quench the fluorescence of curcumin in the PVC 
membrane. Fig. 1 shows the fluorescence spectra 
of the optode membrane incorporating curcumin 
in pH = 4.8 buffer solutions containing various 
concentrations of o- nitrophenol. The fluorescence 
spectra were recorded at excitation wavelengths 
from 360 to 480 nm and emission wavelengths 
from 460 to 600 rim. It is apparent that the 
increase of o-nitrophenol concentrations causes a 
significant decrease in the fluorescence intensity of 
curcumin. 

In order to explain the aforementioned phe- 
nomenon in the view of  complex formation, we 
supposed that curcumin in the plasticized PVC 
membrane phase (org.) with o-nitrophenol in the 
aqueous solution (aq.) forms a m:n complex, the 
over-all equilibrium can be described as: 

inN(aq ] ~ mN(org ) 

nC(org  ) 

!l 
CnNm(org I 

i . e . ,nC(org . )+mN(aq. )  ~ C,,N,,(org.) (1) 

where C and N represent curcumin and o-nitro- 
phenol, respectively. There is an equation as fol- 
lows [1]: 

~" 1 

1 - ~, n K C { ' : - ' [ N ]  m 
(2) 

where Cc is the total concentration of curcumin in 
the membrane, [N] is the concentration of o-nitro- 
phenol in aqueous solution, ~ (relative fluores- 
cence value) is the ratio of the free curcumin 
concentration, [C], to the total concentration of 
curcumin present in the membrane, C o  i.e., 

[c] 
= - -  (3) 

C c  

and K is the equilibrium constant of the reaction 
described by Eq. (1). Relative fluorescence value 
can also be derived from Eq. (3) that 

F F~ 
- (4) 

Fb-- F~ 

where Fb and F S are the limiting fluorescence 
intensities when the optode membrane contacted 
with the blank solution and 4.0 x I0 2 mol I ' 
o-nitrophenol solution, respectively. F is the 
fluorescence intensity of  optode membrane ex- 
posed to the different concentrations of o- nitro- 
phenol solutions. Obviously, Eq. (2) provides the 
basis for quantitative determination of o-nitro- 
phenol. 

It can also be seen from Eq. (2) that when the 
stoichiometric ratio of the complex changes, the 
relative fluorescence value ~ with various con- 
centrations of o-nitrophenol has different func- 
tional relations. The fitted curves (I) in Fig. 2 by 
changing the ratio of  m to n and adjusting the 
over-all equilibrium constant K was the best one 
to represent the experimental data. In other 
words, the complex ratio of o-nitrophenol to cur- 
cumin is 1:1. 

8() 

I I 

~a 4o 4 

Q I X I 
3(~0 4( ) 44(1 4gO 520 560 600 

Wa~ clcnglh / nm 

Fig. 1. Fluorescence spectra of  the optode membrane  after 
equilibrium with different concentrations o-nitrophenol solu- 
tions buffered at pH = 4.8. (5 nm bandwidth for excitation 
and emission, Z,.x =421 nm and 2~,1- 520 nm). 1. Reagent 
blank; 2. 2.5 x 10 4 mol 1 i: 3. 5.0 x 10 4 tool 1 i; 4. 
1.0x 1 0  ~ m o l l  ' :5 .  1.8 x 10 3 m o l l  ' : a n d 6 . 2 . 5  x 10 3 
tool I -  '. 
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Fig. 2. F i t t ing  the exper imenta l  da ta  to Eq. (2). 1. m:n= 1:1, K = 8 0 0  (best fit); 2. m:n= 1:2, K =  150000; and  3. m : n = 2 : l ,  

K = 650 000. 

Curcumin is able to emit a strong yellow-green 
fluorescence. It usually exists in the keto (I) or 
enol (II) forms, i.e., 

_ _ C H 2 _ _ C _ _  R - -" R - - C - - C H  ~ C - - R  

O O O OH 

( I I )  
( i )  

~ OCH3 

R = CH ~ CH ~ ~ x x  OH 

It is possible for hydroxyl or carbonyl groups to 
form associated complexes by the means of hy- 
drogen-bonds with some compounds containing 
hydroxyl or nitro group. 

As the stoichiometric ratio of o-nitrophenol to 
curcumin is proved to be 1:1 and o-nitrophenol 
exists mainly in the molecular form at pH 4.8, it 
seems that the hydroxyl and nitro-groups in o-ni- 
trophenol simultaneously associate with the car- 
bonyl and hydroxyl groups of II through 

hydrogen-bonds to form non-fluorescent ground 
state complex (III). i.e., 

~ N O 2  

R - - C  - -  C H = C  - - R  

o o 

H H 

I 
o 6 

N 
% 

< m ) 

The formation of the cyclic structure III causes 
the fluorescence quenching of curcumin. 

3.2. Membrane composition 

The membrane composition was optimized by 
selecting appropriate plasticizers. Plasticizers must 
be selected so as to obtain a transparent and 
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flexible membrane,  which has the maximum re- 
sponse to o-nitrophenol. The sensing membranes 
made of the different plasticizers such as tricresyl 
phosphate, dinonyl sebacate, butyl phthalate and 
didecyl phthalate were prepared. The membrane 
consisting of tricresyl phosphate shows the best 
results. The amount  of  curcumin giving the maxi- 
mum sensitivity to o-nitrophenol is 2 - 4  mg. The 
opt imum sensing membrane shows a linear re- 
sponse to o-nitrophenol in the range from 1.0 × 
l0 2 to 1.5 x 1 0  - 4  mol 1 i 

3.3. Influence o f  the acidity on o-nitrophenol sens- 
itivity 

The blank fluorescence of the sensing mem- 
brane itself was found to be independent of  pH 
from 1.0 to 8.0. Solutions at pH > 8 caused the 
curcumin to be dissolved out from the PVC mem- 
brane. Fig. 3 shows the changes in relative fluores- 
cence value :~ of  the sensing membrane with the 
different pH in the presence of 1.0 x 10 -3 tool 
1- 1 o-nitrophenol. Because the ionization of o-ni- 
trophenol was inhibited at pH < 6, ~ remained a 
constant. The extent of  o-nitrophenol ionization 
was increased at p H > 6  so that the ability to 
form hydrogen-bonds with curcumin in the mem- 
brane was weakened and e increased. In our 
experiment, a H O A c - N a O A c  buffer solution of 
pH 4.8 was used. 
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0.8 

0.7  

e 0.6 

0.5 

0.4 

0.3  

0 .2  t I 
2 3 4 
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i I L I 
5 8 7 8 9 

pH 

Fig. 3. Response of optode membrane at the different pH. 
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Fig. 4. Response of o-nitropheno[ optode membrane versus 
time after a concentration step changing between 5.0 x 10  - 4  

moll -~ and 1.8x10-3moll t. 

3.4. Reproducibility and response time 

The reproducibility of  the optode membrane 
consisting of curcumin in the determination of 
o-nitrophenol was evaluated by repetitively dip- 
ping the sensor into two sample solutions. Fig. 4 
shows the fluorescence intensities change versus 
time recordings for the o-nitrophenol optode 
membrane.  The present sensor shows good repro- 
ducibility and reversibility. Five determinations at 
5.0 × 1 0  - 4  mol 1 ~ and 1.8 x 10 3 mol 1-1 o-ni- 
trophenol produced standard deviations of  0.55 
and 0.62, respectively. Stable readings were ob- 
tained within ca. 1.5 rain. 

3.5. Short- term stability 

Short-term stability for the optode membrane 
in 5.0 x 10 4 mol 1 ~ o-nitrophenol solution 
buffered at pH = 4.8 was measured over a period 
of 6 h. From the fluorescence intensities taken 
every 30 min (n = 12), a mean value of 48.3 and a 
standard deviation of 1.45 were obtained. During 
this period of time there was no evidence of 
significant leakage of reagent from the membrane 
and changed in response. The sensor was im- 
mersed in a H O A c - N a O A c  buffer solution of pH 
4.8 when not in use. 
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Fig. 5. Dependence  of  relat ive fluorescence values ct on the var ious  concen t ra t ions  of  n i t rophenols .  The curves were fitted accord ing  

to Eq. (2). 1. o -n i t rophenol  (m:n = 1:1, K = 800); 2. m-n i t ropheno l  (m:n = 1:1, K = 120); 3. p - n i t r o p h e n o l  (m:n = 1:2, K = 13000); 

4. 2 ,4-dini t rophenol  (m:n = 1:2, K = 4000); 5. 2 ,4 ,6- t r ini t rophenol ;  and  6. 2 ,4 ,6 , - t r ini t rophenol  (m:n = 1:1, K = 5000, 1.5 tool 1-  

H2SO 4 medium) .  

3.6. Measurement range, equilibrium constant and 
detection limit 

As mentioned above, Fig. 2 shows that the 
curve referring to 1:1 complex ratio and K = 800 
is the best one fitted to the experimental data. The 
best fitted curve can be served as the calibration 
curve for the determination of o-nitrophenol. A 
practically usable range for quantitative determi- 
nations covers 1.0 × 10 2 - 1 . 5  × 10 4 mol 1 J of 
o-nitrophenol with a detection limit of 8 × 10 s 
m o l l  1 

3. 7. Selectivity 

To investigate the influences of nitrophenols 
similar to o-nitrophenol structure on the optode 
membrane, the separate solution method (SSM) 
was employed. It is supposed that curcumin in 
plasticized PVC membrane phase (org.) forms m :n 
complexes with other nitrophenols in the aqueous 

solution (aq). According to the similar method as 
mentioned above, the best fitted curves (2), (3), 
(4), (6) for m-nitrophenol, p-nitrophenol, 2,4-dini- 
trophenol in the buffer solution of  pH 4.8 and 
2,4,6-trinitrophenol in 1.5 mol 1 ~ H 2 S O  4 medium 
were obtained. The stoichiometric ratio for m-ni- 
trophenol-curcumin complex is 1:1 and the com- 
plex compositions for p-nitrophenol and 
2,4-dinitrophenol with curcumin are 1:2. It is ob- 
viously from Fig. 5 that the response sequence for 
nitrophenols to curcumin is o-nitrophenol > 2,4- 
dinitrophenol > m-nitrophenol > p-nitrophenol > 
2,4,6-trinitrophenol under the experimental condi- 
tions tested. 

As described above, o-nitrophenol can form an 
associated complex (III) with curcumin in the 
PVC membrane, while it is difficult for m-nitro- 
phenol, p-nitrophenol and 2,4-dinitrophenol to 
form complexes similar to II! owing to steric 
hindrance. From the view of stoichiometric ratios 
of m-nitrophenol, p-nitrophenol and 2,4-dinitro- 
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phenol to curcumin, one may assume that m-ni- 
trophenol form the associated complex (IV) or 
(V) and p-nitrophenol and 2,4- dinitrophenol 
form the associated complex (VI) or (VII). i.e., 

R - - C - - C 1 t  ~ C - - R  
! 11 dH 

O 

O1t 
i 

" V ' \ \ o -  

R - -  C - - C H 2  - -  (7 - -  R 

i,I ':1 
O O 

I1 

i 
I 
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{ I V )  

OII 
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211 ~ 

NO2 

O 
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I! ! 

R - -  C - - C H ~  C - - R  

t V I I  ) 
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II  ~ 

OH 

NO2 

R - -  C - - C l t  ~ -  
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- - R  
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O i t  
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O O 
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2 /  
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0 "  
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R - - C - -  C I t =  

{Vl~  
P~- H, p - n i t r o p h e n o l  

R ' - NO2 , 2 , 4 - d i n i t r o p h e n o l  

The quenching relatively strong by o-nitrophe- 
nol comparing to other nitrophenols seems to be 
related to more favorite complex forming sites 
for o-nitrophenol. 

2,4,6-trinitrophenol has a structure similar to 
o-nitrophenol. However, it tends to dissociate 
more completely at pH 4.8 and is mainly in the 
anion form, which may not form associated 
complex with curcumin. The quenching effect of 
2,4,6-trinitrophenol is much weaker than that of 
o-nitrophenol. 

It was observed, however, 2,4,6-trinitrophenol 
can strongly quench fluorescence of the sensing 
membrane in 1.5 mol 1 - I  H2SO 4 medium. In 
such medium, 2,4,6-trinitrophenol exists in the 
molecular form and forms an 1:1 associated 
complex with curcumin. 

The effect of other potential interferents such 
as aniline, phenol and some ions were also 
tested for their possible co-occurrences in envi- 
ronmental samples with o-nitrophenol. No  sig- 
nificant interferences were observed if a 
tolerance of less than + 5% relative error in the 
determination of 1.5 × 10 -3 tool 1 ~ o-nitrophe- 
nol was considered. Table 1 summaries the re- 
suits obtained. The practical application of the 
optode membrane based on curcumin for the 
determination of o-nitrophenol seems really fea- 
sible. 
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Table 1 
Effect of different interferents on the fluorescence signal of the optode membrane ~' 

lnterferent Concentration Fluorescence change value AF = Relative fluorescence change value(%) (AF/F0 × 
(mol 1-i) (F 2 -  FO b 100 

Phenol 4.50 × 10 3 0.900 3.67 
Aniline 6.00 × 10 -3 -0 .500 -2 .04  
Nitrobenzene 1.00 × 10 -3 -0 .700 -2 .85  
NaCI 1.00 - 1.00 -4 .08  
KC1 1.00 0.300 1.22 
NaNO 3 1.00 -0.300 - 1.22 
CaC12 0.80 - 1.00 - 4.08 
MgCI 2 0.80 - 1.10 -4 .49  
Pb(NO3) 2 8.00× 10 3 0.900 1.23 
Cu(NO3) 2 7.00 × 10 3 -0 .200 -0 .80  
CoCI 2 5.00x 10 2 -0.600 -2 .45  
FeCI 3 1.00 x 10 .2 0.900 3.67 
ZnC12 1.50x l0 3 0.900 3.67 
NiSO 4 5.00 x 10 -3 -0 .600 - 2.45 
HgC12 1.50× 10 3 0.300 1.22 
CrCI 3 5.00 x 10 -3 -0 .500 -2 .04  

a Each sample solution contained a fixed o-nitrophenol concentration 1.5 x 10 3 mol 1 ~. The fluorescence intensities were recorded 
after the sample solutions have contacted with the membrane for 2 min. 
b Ft and F2 are the fluorescence intensities of the optode membrane contacted with the 1.5 x 10 -3 mol 1 ~ o-nitrophenol solutions 
without and with interferents, respectively. 

Table 2 
Determination of o-nitrophenol in tap water sample 

Sample Analyte and interferents added (10 -3 mol 1 -~) o-NP found a (10 _3 mol 1 t) Recovery (%) 

o-NP m-NP p-NP 2,4-DNP 2,4,6-TNP 

1 1.00 0.80 1.20 0.50 1.50 1.08 108 
2 1.00 0.50 1.20 0.30 1.50 1.04 104 
3 1.00 0.20 1.20 0.15 1.50 1.01 101 
4 0.50 0.20 0.60 0.15 1.50 0.501 104 
5 0.50 0.50 0.60 0.15 1.50 0.50 108 
6 0.50 0.20 0.60 0.30 1.50 0.505 110 

o-NP, o-nitrophenol; m-NP, m-nitrophenol; p-NP, p-nitrophenol; 2,4-DNP, 2,4-dinitrophenol; 2,4,6-TNP, 2,4,6-trinitrophenol. 
An average of three determinations. 

3.8. Determination of o-nitrophenol in water 
samples 

To examine the recovery for the o-nitro- 
phenol determination in the presence of other 
nitrophenols, the tap water samples with dif- 
ferent amounts of nitrophenols added were 
analyzed. The recovery was 101 -108% (Table 
2). 
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Book reviews 

Stat-lO0, version 1.22 Biosoft, Cambridge, 1996. 
£99.00, US$199.00. 

Stat-100 is a general purpose statistical analysis 
program for Microsoft Windows. It is accompa- 
nied by a comprehensive 161-page manual (with 
an index) and on-line help is available during 
program execution. The minimum requirements 
are: a 386 cpu, Windows 3.1 (or later), VGA 
monitor (or better), at least 4 Mb of ram and a 
minimum of 6 Mb of hard disk space for the 
program files. I installed the program, on a per- 
sonal computer with a pentium cpu and Windows 
3.1, plus the sample files without any problems. 
As the name implies, more than 100 procedures 
are offered for processing, analysing and present- 
ing data. There is a STAT-100 native format but 
spreadsheet files can also be imported from, or 
saved as, Excel files. The maximum size of the 
STAT-100 spreadsheet is stated to be 262 144 
cells. 

The techniques covered include parametric and 
non-parametric analytical statistics, analysis of 
variance, linear regression analysis and survival 
data analysis. The usual set of descriptive statis- 
tics (mean, standard deviation, max and min val- 
ues, skewness, etc.) is calculated in one easy 
operation. Numerous data transformations are 
possible, e.g. converting absorbance to log ab- 
sorbance or temperature to reciprocal tempera- 
ture - these are easily performed and include 
polynomial, probability and trigonometric trans- 
forms. In addition the expected range of spread- 
sheet operators and functions are also available. 

Graph types include line, pie, bar, scatter, box- 
whisker charts and 3D plots. Fits can be made to 

polynomial, logarithmic, exponential and power 
functions. These numerous plots are easily anno- 
tated and various graph styles can be created. The 
graphs can be printed or saved and, if required, 
exported as Windows bitmaps or metafiles. The 
many options available for graph plotting take 
some time to explore and once the desired format 
is obtained it can be saved as a template. I found 
that this template worked well when the graph 
filled the whole screen. I also found it possible to 
incorporate several plots on the one set of axes. 

I completed the tutorial in the manual with the 
correct results but occasionally found the indica- 
tor for a data range, e.g. $B$1:$B$10, appearing 
in the output. This caused no problems for graph 
labelling as editing options are comprehensive--  
in this case editing the 'legend text' removed the 
range label. Care is required to ensure that the 
order of data entry is correct, e.g. select X values 
first then Y values for line graph plotting but 
select Y values first then X values for simpler 
linear regression. I also tried many of the tests on 
offer (ANOVA, Student's t, Chi-squared, Mann- 
Whitney U, etc.) and found that the learning 
curve soon became horizontal. Producing the re- 
quired results with this program is an easy task. 

Overall an excellent program with a helpful 
manual that will enable you to quickly perform 
probably all the statistical calculations you will 
ever need. Try the free demonstration disk from 
Biosoft which can be downloaded from the Inter- 
net (http://www.cityscape.co.uk/biosoft/). 

P.J. Cox 

PII S0039-9140(96)02146-7 

0039-9140/97,'$17.00 ~3 1997 Elsevier Science B.V. All rights reserved. 
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A Manual for the Chemical Analysis o f  Metals, by 
T.R. Dulski, ASTM, West Conshohocken, PA, 
1996, x iv+  251 pp., US$89. ISBN 0-8031-2066-4. 

This book is a comprehensive laboratory man- 
ual that deserves to become a best-seller in the 
metal analysis community. The book is a treasure 
trove of information, providing extensive and up- 
to-date references on all aspects of the analytical 
process. Furthermore, the author is a gifted writer 
and as evidence of this I confess to packing the 
book for my summer vacation. The book is di- 
vided into 5 sections that progress from Materials 
(laboratory design, equipment and reagents) to 
Samples (sampling, sample preparation and disso- 
lution in acids) and thence to Separations fol- 
lowed by Measurement (gravimetry, titrimetry, 
absorption/emission spectroscopy etc.) and, 
finally, a section on Quality (reference materials, 
calibration, validation, statistics, good laboratory/ 
administration practices and personnel). The 
book concludes with a series of Appendices that 
provide at-a-glance information on the chemical 
behaviour of analytes and strategies for their 
analysis. 

It is the width of subject material and the depth 
to which it is treated that makes this book so 
valuable and unique. In addition to this the book 
is ruggedly b o u n d - - a n  important consideration 
for a laboratory manual. Finally, the really good 
news for cash strapped laboratories is that all this 
can be yours for a mere $89. 

B.A. McGaw 

PH S0039-9140(96)02147-9 

EqCaL for  Windows, by L. Lackman, Biosoft, 
1996. £125.00. 

The package supplied includes a well presented 
manual which accompanies the disk containing 
the program which is for use with Windows 3.1 or 
later versions. The terminology used, both in the 
manual and the disk, for accessing and using the 
program should present no problems to those 
who are familiar, with Windows 3.1. To operate 

the system the user will need a 386SX or higher 
processor with a minimum of 4 Mb of memory 
and 1 Mb of free disk space. Installation proved 
very straight forward. The system is well designed 
and does take the tedium out of the cumbersome, 
time consuming calculations required for deter- 
mining the equilibrium concentrations of the indi- 
vidual components in, for example, buffer 
solutions, chelation or binding interactions and 
other complex multiple equilibria reactions. To 
use this program the user must have prior knowl- 
edge of both the equilibrium constant and the 
balanced chemical equation for each of the reac- 
tions involving the components of the solution 
from which all the species present at equilibrium 
are formed. It will not cope with the ionic 
strength effects on the equilibria of  the addition of 
ionic components not taking part in the equi- 
libria. 

The readily understandable manual clearly ex- 
plains both the conventions using the EqCal pro- 
gram and how to use EqCal. The instant 'user 
friendly' Help facility in the program supplies the 
operational answers to any difficulties the user 
may have with the program. 

Data input is comparatively straight forward. 
The sample session included in the manual is a 
particularly good guide to the on screen informa- 
tion and data/calculation handling facilities. It 
would have been helpful to have included in the 
manual a typical screen output for the equilibrium 
and total concentration calculations for the com- 
ponents present. On screen editing of the data and 
equations, and the storage and retrieval of the 
final templates and calculated values is easily 
done. The final results can be customised using 
display fonts and then printed out. The on screen 
data can also be easily copied into the clipboard 
for future pasting into a spreadsheet or wordpro- 
cessor. 

A high quality presentation which does exactly 
what it claims to do. 

R.R. Moody 

PH S0039-9140(96)02148-0 
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Biosensor and Chemical Sensor Technology - Pro- 
cess Monitoring and Control, edited by K.R. 
Rogers, A. Mulchandani and W. Zhou, American 
Chemical Society, Washington, DC, 1995, xii + 
187 pp., US$52.95. ISBN 0-8412-3330-6. 

This American Chemical Society symposium 
volume emphasizes the application of biosensors 
and chemical sensors to monitoring bioproceses. 
It is divided into two sections. The chapters in the 
first section describe sensor technologies in vari- 
ous states of development with the common fea- 
ture that they involve a biological recognition 
element. The second section describes the applica- 
tion of sensor technologies to bioprocessing moni- 
toring. Each section has a short introductory 
chapter by the editors, 

The first section includes seven chapters on 
sensor technology. Chapter 2 describes the use of 
an acoustic immunosensor as an HPLC detector. 
However, the slow response of immunosensors is 
detrimental to the separating power of HPLC and 
the selectivity should render a prior separation 
unnecessary so it is difficult to see how this will 
emerge as an important methodology. Chapter 3 
is a short but comprehensive review on antibody 
basics as they relate to immunosensing. Chapter 4 
describes the application of evanescent wave fibre 
optic biosensor technology developed at the 
Naval Research Laboratory, under the supervi- 
sion of Fran Ligler, to environmental monitoring. 
Chapter 6 describes a method for detecting pol- 
yaromatic carcinogens based on competitive inter- 
calation with a fluorescent dye using a DNA 
segment as the recognition element. Chapter 7 
describes a chemically modified electrode that in- 
volves hydrogen peroxide reduction catalyzed so 
that it can be carried out at low potential. This 
device can be coupled to oxidase enzymes that 
catalyze hydrogen peroxide to yield a family of 
biosensors. Chapter 8 describes the use of enzyme 
cycling procedures to make measurements at sub- 

nanomolar concentrations. Chapter 9 describes a 
fructose electrode based on fructose dehydroge- 
nase. While far from comprehensive, the chapters 
in the first section provide a representative selec- 
tion of current biosensor research. 

The second section emphasizes the application 
of sensing technology to bioprocess control. It 
contains two chapters on spectroscopy, including 
chapter 9 on chemical sensors for pH and oxygen 
based on fluorescence lifetimes measured by phase 
techniques and chapter 12 showing that near in- 
frared spectroscopy can selectively measure glu- 
tamine and asparagine in water and can 
potentially be used to measure these substances 
non-invasively in bioprocesses. It also contains 
two chapters on the automation of flow injection 
analysis systems for bioprocess monitoring. Chap- 
ter 13 involves automation of several enzymatic 
methods while chapter 16 describes immunoassay 
automation. Chapter 11 describes the use of a 
enzymatic penicillin sensor to monitor penicillin 
production by fermentation. Chapters 14 and 15 
show how conventional measurements of turbid- 
ity and chemical concentrations can be used to 
optimize and predict the output of bioprocesses. 

What is striking about this book is how rarely 
the biosensor technologies described in the first 
section appear in the section that emphasizes the 
practical. The only exception to this is the use of 
a penicillin electrode based on penicillinase and 
this was done off-line rather than directly in the 
formation. The lesson here is that biosensors are 
not yet the practical solution for most bioprocess 
applications. 

The quality of the papers is generally good and 
the book is recommended for scientists who wish 
to keep abreast of recent developments in biosen- 
sor research and bioprocess monitoring. 

W.R. Seitz 

PII S0039-9140(96)02149-2 
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Announcement 

28th ISEAC: 28th Annual International Symposium on 
Environmental Analytical Chemistry 

Geneva, Switzerland, 
2 -5  March 1998 

The aim of this 28th Symposium is to actively encourage progress in methods, instrumentation, 
applications and to facilitate the transfer of know-how in different fields. It is targeted at scientists, 
analysts, manufacturers, end-users and post-graduate students. 

Tentative main topics of the Symposium: 
--Analyzing trace polar products in the environment 
- -New extraction, separation and instrumental techniques 
--Chiral separations in environmental analysis 
--Micro-Total Analysis Systems (/~TAS) 
- - In  situ measurements and speciation 
--Quality assurance issues for environmental analysis for harmonization within EC and non-EEC 

countries 
--Environmental and education 
--Other  topics 
All topics will be introduced in plenary lectures and invited research lectures followed by brief research 

presentations and posters. An exhibition of scientific equipment will also be organised. 
A short course on Sample Handling and Analysis of Organic Pollutants will be organised in Archamps, 

France, 27-28 February 1988. 
For further details contact: 

Dr. M. Frei-H/iusler, 
IAEAC Secretariat, 
Postfach 46, 
CH-4123 Allschwil 2, 
Switzerland. 
Tel.: +41 61 4812789; 
fax: +41 61 4820805. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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An analytical chemist of verve: George-Emil Baiulescu 

J.D.R. Thomas ’ 
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1. Introduction 

Sixty-five is an age when distinguished people, 
like leading analytical chemists, are frequently 
honoured in one way or another. So it was in 
1994 when I was asked to eulogize the contribu- 
tions of Professor Richard P. Buck to electroana- 
lytical chemistry [I]. It is my privilege to have 
been asked yet again to express appreciation of 
the contributions of another of the personalities 
of analytical chemistry. The honour of the special 
issue of Talanta on this occasion is Professor 
George-Emil Bailuescu, whose 65th birthday fell 
on August 4th, 1996. 

George Baiulescu is well known for his work 
over a wide span of analytical chemistry, namely 
separations, calorimetry and spectrometry, ion-se- 
lective electrodes, environmental analysis and 
sampling. Additionally, he has been active in the 
field of education, and it was through such a 
contribution-as a plenary lecturer at The Royal 
Society of Chemistry’s SAC 80: An International 
Conference on Analytical Chemistry at Lancaster, 
UK in July 1980, that I was to first meet George 
Baiulescu, but his works were known to me long 
before then. His lecture [2] with the esoteric title 

’ The author is Emeritus Professor of Chemistry at the 
University of Wales, Cardiff; Visiting Professor at NEW1 (An 
Associate College of the University of Wales), Wrexham; and 
Honorary Professor of the Faculty of Industrial Chemistry, 
University ‘Politehnica’, Bucharest. 

of ‘Moral Ageing of Analytical Methods’ reflected 
Baiulescu the philosopher, for George took on a 
broad view of analytical chemistry and reasoned 
the analysis of a sample in terms of the octahe- 
dron of analytical chemistry (Fig.. 1) to demon- 
strate the areas of knowledge and experience 
demanded of a sound analyst. 

Apart from the ‘big slot’ at Lancaster, George 
has filled many other significant engagements as 
plenary lecturer-at Sassari (Italy) (1976), 
Zaragoza (Spain) (1983), Chiba (Japan) (1991), 
Gdansk (Poland) (1986 and 1990) and Changchun 
(China) (1994). Doubtless, the list would be 
longer were it not for the frustrations of the 
ridiculous system of ‘rationed’ exit visas imposed 
by the former political system of Eastern Europe. 
George Baiulescu suffered from this, as illustrated 
by him being prevented from leaving Romania in 

Mathematics 

Physics 

Fig. 1. The octahedron of analytical chemistry. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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November 1988 to deliver lectures on sampling 
for analysis at centres in the UK. This was not 
simply a case of an air ticket wasted, but rather- 
as also happened to others, an abuse of human 
dignity. 

2. Education and experience 

Baiulescu George-Emil took his BSc in 1954 
from the Chemical Faculty of the University of 
Bucharest, and went on to be a researcher at the 
Centre of Chemical Researches (Department of 
Inorganic Chemistry) of the Romanian Academy 
of Sciences between 1954 and 1958. He then suc- 
cessively became assistant lecturer, reader and 
professor at the University of Bucharest, punctu- 
ated by a period at the National Institute of 
Chemistry. It was at the National Institute of 
Chemistry that I found him in September 1987, 
when I was the first British chemist to have visited 
Bucharest for some years. At the time George had 
just returned from Euroanalysis V which had been 
held in Paris. 

After taking his PhD in 1960 and DSc in 1970, 
George-by the system in Romania, was in 1971 
accorded with the authorization for directing PhD 
students. Twenty persons have completed this de- 
gree under his supervision. 

3. Published works 

In the field of separations, George’s contribu- 
tions are wide-ranging and relate to solvent ex- 
traction, ion-exchange, gas chromatography 
(GC), thin-layer chromatography (TLC), and 
HPLC. These are directed at advances in tech- 
nique, such as new stationary phases in GC [3,4] 
and new vizualizing agents in TLC [5,6], as well as 
to the analysis of topical items and materials, such 
as PAHs [7], fruit extracts [8] and peptides [9]. 

Reaction analytical chemistry is an important 
feature of calorimetric and spectrophotometric 
analysis, and according to fashion of the time 
several of George’s early papers are in this area, 
e.g. functional groups for osmium [lo], palladium 
[l 1~ 131 and uranium (VI) [14,15]. Indeed, about a 

third of George’s published titles relate to this 
area (mainly pre-1970), topped by some useful 
(post 1970) contributions in atomic absorption 
spectrometry [ 16,171, infrared spectrometry [ 181, 
spark mass spectrometry [19] and X-ray pho- 
toelectron spectroscopy [20]. 

While some of the spectrometric items relate to 
environmental analysis, e.g. analysis of lithium 
and manganese in Covasna and Harghita mineral 
waters [16] and colour measurement in the diag- 
nosis of leaf diseases [21], George categorises his 
environmental analysis work as that of the analy- 
sis of gases in the air. Thus, there is the determi- 
nation of ozone in ground level air [22] and 
various papers relating to determinations of atmo- 
spheric sulphur dioxide, such as by the use of 
reactive surfaces [23] and studies on reagents [24- 
26]. There are also papers relating to carbon 
monoxide [27,28] and nitrogen dioxide [29], and 
one on suspended particulates and their lead con- 
tent [30]. Naturally, there is some reaction analyt- 
ical chemistry and spectrophotometry underlying 
these items. 

Potentiometry with ion-selective electrodes 
(ISEs) has attracted the attention of analytical 
chemists almost everywhere. It has led on from 
pioneering work-particularly in Hungary, 
Switzerland, UK and USA, and encouraged by 
the 1969 NBS Conference organized by Richard 
A. Durst in Washington, USA and the 1973 IU- 
PAC Symposium organized by J.D.R. Thomas in 
Cardiff, Wales. 

Further stimulation for researches on ISEs, as 
recently emphasized [31], has been given by the, 
by now, almost universal use of electrode-based 
blood electrolyte measurements seen as resulting 
from early work carried out in Philadelphia, 
Boston, Zurich and Cardiff. George Baiulescu 
was not to be left behind, and ISEs are to be seen 
as his equal second biggest area (with separations) 
of activity, enhanced by having Vasile Cosofret as 
an energetic partner. His attention, initially di- 
rected at metal cation ISEs, such as for copper(I1) 
[32,33] and mercury(I1) [34,35] has been given 
over to drugs and pharmaceutical systems, e.g. 
sulpha drugs [36], lidocaine [37], active compo- 
nents in intestopan [38] and imipramine [39]. 
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4. Books 

Ellis Horwood of Chichester did much to pro- 
ject East European gnalytical chemists to the 
world-wide community, and three of the five 
books co-authored by George Baiulescu were 
published by him. Among these, that on ‘Applica- 
tions of Ion Selective Membrane Electrodes in 
Organic Analysis’ with V.V. Cosofret as co-au- 
thor when published in 1977 (its Russian transla- 
tion was published by Mir, Moscow in 1980) 
placed the Romanian group among world rank- 
ings in ISE research. 

The two other books published by Ellis Har- 
wood were ‘Education and Teaching in Analytical 
Chemistry’ by G.E. Baiulescu, C. Patroescu and 
R.A. Chalmers (1982) (Chinese edition in 1993), 
and ‘Sampling’ by G.E. Baiulescu, P. Dumitrescu 
and P.Gh. Zugravescu (1991) (Chinese edition in 
1996). George’s remaining two books are ‘Physi- 
cal Methods of Trace Analysis’ co-authored by T. 
Nascutiu and published by Ed. Tehnica, 
Bucharest in 1974, and ‘Stationary Phases in Gas 
Chromatography’ co-authored by V.A. Ilie and 
published by Pergamon Press, Oxford in 1975. 

5. Society and conference activities 

To acknowledge his lecturing engagements at 
conferences outside of Romania, it is to be noted 
that George Baiulescu has taken on the role of 
organiser of several events in Romania. This has 
been facilitated by him being President of the 
Romanian Society of Analytical Chemistry-of 
which both he and Dr G.L. Radu have from time 
to time represented on the Working Party on 
Analytical Chemistry of the Federation of Eu- 
ropean Chemical Societies. 

It was only on the occasion of the XIth Na- 
tional Conference on Analytical Chemistry in 
Ciuj-Napoca in 1992 that the first foreign lectur- 
ers were invited to these national Romanian 
events since that held in Brasov in 1971 -the 
intervening 21 years being referred to as the ‘dark 
period’. For the XIth, XIIth and XIIIth National 
Conferences at Ciuj-Napoca (1992), Constanza 
(1994) and Craiova (1996) respectively, George in 

his capacity as President and on behalf of SCAR 
(Societatea de Chimie Analitica din Romania) has 
welcomed many foreign lecturers of distinction, 
and these have been appreciative of their caring 
hosts. 

The foreign guest lecturers have served to 
strengthen and add to the kind of international 
links, mentioned elsewhere [l], in which Richard 
P. Buck has been involved. The nature and extent 
of the involvement of these foreign lecturers in- 
vited by George Baiulescu on behalf of SCAR is 
summarized in a report [40] of the XIIth National 
Conference held in Constanza in 1994. 

Having regard to the wide range of posters by 
Romanian analytical chemists at the SCAR Na- 
tional Conferences [40], it seems a pity that at 
least some of the Romanian authors are not en- 
couraged to stand alongside the foreign guests on 
the lecturing podium in order to explain and 
enlarge on the work summarized in their posters. 
Now that George, through SCAR, has done the 
missionary work of having the international 
knowledge frontiers of analytical chemistry pre- 
sented at these Conferences, there are indications 
that the XIVth Conference to be held in Piatra 
Neamt in 1998 (24-26th September) will have 
Romanian colleagues presenting their findings 
from the podium. The verve that George has for 
analytical chemistry will be well directed in pro- 
moting Romanian analytical chemistry by helping 
to bring this about. 

6. Conclusion 

Although his working life has been largely un- 
der a system where it was difficult to give vent to 
his kind of enterprising spirit, George-Emil 
Baiulescu has succeeded in adding to the status of 
analytical chemistry. In this, although it was by a 
quirk of circumstances, it has been an honour to 
have co-authored one of his papers [41]. 

By his enthusiasm and enjoyment of life, 
George has added a certain glitter to the pursuit 
of analytical chemistry. His qualities have assem- 
bled a wide circle of friends, spread over many 
countries. With him having now reached a signifi- 
cant milestone of life’s journey, Professor George- 
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Emil Baiulescu is extended the best of good 
wishes. Long may his work prosper and friend- 
ship continue. 
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Abstract 

The present study breaks with the earlier mechanism of electrode potential on basis of experimental investigations 
and theoretical considerations. It rejects that the transport through the membrane produces the electrode potential 
and definitely proves that the electrode potential is created via surface chemisorption; i.e., the electrode potential is 
produced by a surface react&. The reaction centres can be acid-base groups or complex formation groups (e.g., 
valinomycin or other alkaline earth metal complexing ligands). 0 1997 Elsevier Science B.V. 

Keywords: Chemisorption; Ion-selective electrodes; Surface reaction; Working mechanism of HE-s 

1. History 

Nearly a century has passed since the time 
when it was found at some sorts of glass that they 
gave an electrochemical sign with respect to the 
acidity of the solution [l]. There was not found 
any explanation for this surprising discovery in 
the earlier theories. It was not clear, how a solid 
phase, at which any electron transitional reaction 
necessary to the potential response interpreted in 
case of metal phases cannot come true, gave an 
electrode potential response. 

The researchers wished to find the answer for 
explanation by the first imaginable approach from 
a reaction of quite other type. In the experiment 
of Donnan [2], in which he separated two solu- 
tions-one of them was protein solution, the 
other was sodium-chloride solution-by a mem- 
brane, electrode potential was measurable, and it 

could be interpreted by supposition of equilibrium 
of charges and by supposition of ion equilibrium 
through the membrane. The entirely interpretable, 
clear picture of the Donnan reaction was adapted 
to the interpretation of the potential appearing on 
the glass electrode supposing appearance of 
charge transfer through the glass membrane. The 
external layer of the glass screen is swollen by the 
water solution in case of appropriate glass and 
through it was supposed the ion transport deter- 
mining the potential. This transport idea has re- 
mained in the interpretation of glass electrodes 
with the difference that on the basis of precise 
layer analysis has been evident that the charge 
transporters can be only sodium ions, ion crystals. 

In the 1930s a new change appeared in the 
interpretations in the way that Nicholski [3] intro- 
duced the term of ion exchange for the phe- 
nomenon observed by Lengyel and Blum [4] 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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potential given to high level of sodium ions in 
comparison to hydrogen ions. Nicholski inter- 
preted it by that at certain ion concentration 
proportions the electrode responds to the activity 
of the formally not potential determining ionic 
species. By generalizing this idea the literature- 
first of all the educational literature-garbled this 
totally clear idea of the selectivity coefficient. The 
generalizing meant that it saw the basis of the 
effect of ion-selective electrodes in the ion ex- 
change. Naturally, the Nicholski equation can be 
put down formally for the whole response func- 
tion, and a wide domain of them, but in its 
mechanism the role of ion exchange gives only 
effect in the domain, where the two types of ions 
already disturb the response potential of each 
other. Even today there are in technical books 
equations attributing potential to the ion ex- 
change, leaving aside that there is not any charge 
difference between the two sides of the equation 
being to put down. Although, if in a reaction new 
charges are not created or lost, then new potential 
response cannot emerge. 

2. New phenomena 

In the meantime several new electrodes were 
developed, and these were wished to be inter- 
preted by the above principles, too. Transport 
through phase, as determinative process of poten- 
tial was disclaimed by several experiences. One of 
the basic experiences is the response time figure 
determinable on the electrode investigation [5]. It 
was measurable that the response time of ion-se- 
lective electrodes is in general so short (20-40 ms) 
that this time is sufficient only for penetration 
onto the surface of the electrode through the fluid 
adhering to the surface of the electrode. Conse- 
quently, if we can speak about a kind of transport 
at such response times, it can contain in no way 
the ion transfer through the membrane phase. 

A further result of experiments is that we sepa- 
rate space by a potassium-selective electrode so 
that on one side of the given surface potassium 
salt solution, on the other side distilled water can 
be found and considering the electrode membrane 
thickness as well as the ion transport being to 

calculate by the diffusion coefficient applied for 
one membrane phase, potassium ion does not 
appear on the water side of the membrane even 
during 8-10 times longer time, than could be 
calculated on the basis of the diffusion coefficient. 

A further observation was, which we made with 
iodide membrane so that we prepared the elec- 
trode in a ‘sandwich’ form. We applied alu- 
minium, platinum or silver, on the two sides 
iodide membrane electrodes. The speed of the 
potential response of such system was the same as 
that of the ‘non-sandwich’ membrane, and the E, 
value of the electrode remained the same. 

We have proved by investigations of late years 
that the type of ions effecting potential of the 
glass electrode does not enter into the glass, but it 
takes part only in chemisorption on its surface [6]. 
Consequently it lies cross very fundamentally to 
the adaptation of analogies with the Donnan re- 
action. 

We made experiments with help of reflection 
infrared spectrum [7], how deep does potassium 
ion penetrate into the potassium electrode. These 
penetration experiments of potassium ion in pres- 
ence of very strongly lyophobic anion the depth 
of penetration is about 5-10 nanometre. Mea- 
surements of glass electrode by SIMS technique 
indicated the same depth adding that the depth 
distribution of gold atomized to the electrode was 
the same as that of the silver ion used at the 
experiment. 
._At the same time, if the lipophilic anion to- 

gether with potassium is present, then the potas- 
sium ion can enter into the inside of the phase 
with help of a complexing agent. In this case at a 
high concentration of lyophobic anions we come 
to a condition, when the electrode is measuring 
the activity data of the lyophilic anions instead of 
that of potassium (Donnan maximum). 

The observations concerning glass electrodes 
and electrodes with complexing agent can be at- 
tributed to the same experimental phenomena, 
namely to the chemisorption. In connection with 
chemisorption first of all the investigations of 
silver halides pointed out that by linkage of own 
ions onto the surface of the crystal a large electric 
field is emerging, which can considerably change 
the characteristics of the molecules adsorbed onto 
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the surface (constants of acid-base equilibrium, 
redox potential, face solubility product) and these 
data are measurable. Similarly the so-called re- 
lated ions also establish adequate electric fields 
after their chemisorption [8]. In case of mem- 
branes with ion structure, the selectivity coeffi- 
cients regarding the electrodes cannot only be 
interpreted, but also numerically defined on this 
basis [9]. 

In the new time of literature some authors are 
following the results described above. I have to 
emphasize the works of Umezawa et al. [IO], P. 
Bilhlmann et al. [ll], who approached by the 
ATR-IR and SHG analyses the same phenomena, 
which we got earlier as results of ATT-IR. 

Another question of ion-selective electrodes was 
analysed by Bakker et al. [12] and he interpreted 
the electrode selectivity coefficient. I would like to 
emphasize, too, that the selectivity coefficient 
bears only in that field an interpretation, where 
the disturbance function of the analysed ions 
arises. Therefore the equation, which can be writ- 
ten down without disturbing ion, can bear an 
interpretation only formally for the whole equa- 
tion. At the same time Bakker et al. [13] analysed 
the interfacial potential method in details, too. 

Specially remarkable is the publication, in 
which Buck et al. [14] deals with the transport 
mechanism. This publication is not understand- 
able, because the potential through the membrane 
was described on a way, which was never con- 
trolled, but it was only assumed without any 
basis. 

The results until now give that chemisorption 
developments on the surface of the membrane on 
the solution side, and hereby charge separation 
comes into being on the electrode and solution 
side. We demonstrated that the resistance of the 
membrane can be even infinitely high, but it 
changes the possibility of polarization only to 
such an extent that the input impedance of the 
measuring instrument will not be lower than the 
value of the measuring electrode system, about a 
10 OOO-fold value. 

Accordingly, the chemisorption will take place 
on the area of interface of the membrane elec- 
trode, the potential will emerge here, and the 
trajectories cannot be given through the mem- 
brane phase. 

3. Interpretation of the phenomena 

Specially remarkable is the result measured by 
us with help of valimomycin and bis crown ether 
membranes. It came out that the measured poten- 
tial data were the same in case of both compo- 
nents. The energetics, which can be determined by 
the complex former, would have been different, if 
it had depended on the two complex formers. The 
energetics function is in connection with the 
charge separation energetics of the salt in the 
solution, and it can be expressed with help of the 
Gibbs function. 

Accordingly, in case of lypophilic anion the 
chemisorption does not allow the penetration of 
the ion determining the potential into the mem- 
brane phase and in case of ion crystals it is from 
the beginning impossible that ion transport ef- 
fected possibly by defect structure of the crystal 
plays a role in formation of electrode potential. 
The reaction itself producing potential is based 
upon charge separation in which the chemisorp- 
tion regarding the given ion is bound on the 
electrode surface and the counter-ion is staying in 
the solution. We have to search for the energetic 
picture belonging to the establishment of the po- 
tential of the ion-selective electrode in the chemi- 
cal potential of the ionic side in the solution, so 
we can put down, as follows: 

- AG=nFE 

where AG is the chemical potential change, n is 
the charge of ion, F is the Faraday constant, E is 
the potential 

The approach of Guggenheim established for 
ion-selective electrodes does not stand the proof. 
On the one hand the Guggenheim equation puts 
down two parameters changing in the same way 
and hereby the equation becomes fundamentally 
indefinable, because innumerable electrochemical 
potentials and galvanopotentials, which are, how- 
ever, connected with each other, belong to the 
same chemical potential. On the other hand at the 
same time, if the components determining the 
potential can be found only on the surface of the 
membrane at the chemisorption, then there is no 
way to count with the potential data in the inside 
of the membrane. 
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The question arises that the Guggenheim 
approach is only then true, when we can put 
down the relation on the external layer of the 
membrane, as well as on the water phase and 
the area of interface closely connected with 
them. 

If the ion determining potential can be forced 
through the membrane to pass the phase in 
form of ion transport, it is natural, if we apply 
an external electric field, which breaks down the 
potentials being established on the surfaces of 
the electrode, in this case the current intensity is 
adequate to the resistance of the electrode. Nat- 
urally, in this case the same component, which 
effects the chemisorption, as reagent can trans- 
port charges through the phase. 
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Abstract 

An overview of major combinations and recent applications of the solids/flow systems/atomic spectroscopy 
trinomial is presented. Several representative examples, classified according to the role played by the solids (sample 
or active component of a chemical reaction or separation) are described. 0 1997 Elsevier Science B.V. 
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1. Introduction 

As in other scientific and technical areas, inter- 
faces play a role of paramount significance in 
contemporary analytical chemistry. Some, includ- 
ing those with separation techniques, instruments 
and computers, and cooperation with other pro- 
fessionals in defining analytical problems, are cru- 
cial in several aspects. It is therefore unsurprising 
that much R&D analytical endeavour is being 
focused on establishing such interfaces. 

This paper deals with different facets of the 
triple association of objects (solids), methodolo- 
gies (continuous flow systems) and techniques 
(atomic spectroscopy); to this end, it discusses the 
double interfaces shown in Fig. 1 and describes 
several representative approaches to the joint use 
of the three elements according to the role played 
by the solid (as sample or an active component in 

the methodology) by way of practical examples. It 
is not the intension of the authors to present a 
review, but to emphasize the importance of this 
topic in today’s and tomorrow’s analytical chem- 
istry. 

* Corresponding author. 
’ To our friend Professor Baiulescu in his 65th anniversary. 

Fig. 1. Double (A, B and C) and triple (e.g., C-B-A) associa- 
tion among solids, flow systems and atomic spectroscopic 
instruments. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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2. Solids/atomic spectroscopy coupling 

This association (Fig. 1A) is gaining increasing 
interest because it can dramatically help improve, 
simplify and automate the preliminary operations 
of the analytical process, a pending goal of to- 
day’s analytical chemistry [1,2]. No doubt, the 
direct introduction of solid samples into atomic 
spectroscopic instrumentation minimizes the num- 
ber of preparation steps involved and hence re- 
duces time, human participation, expenses and 
hazards. Although some analytical properties 
(e.g., accuracy, precision, selectivity) have not 
reached an average high level, the advantages 
involved make this alternative of great practical 
interest. The main problems arise from the sample 
itself. Thus, each type of sample requires distinct 
working conditions; also, there can be significant 
differences even between batches of the same type 
of sample or difficulties to find appropriate stan- 
dards (CRM) for a given methodology. Neverthe- 
less, recent advances in this field warrant 
continuing endeavour. Laser ablation and direct 
sampling of solids and slurries [3] are typical 
examples of the efforts made in this direction. 

FLOW 

SYSTEM 

AUTOSAMPLER 

Fig. 2. Different ways of connecting (on-line or semi-on-line) 
flow systems and atomic spectrometers. For details, see text. 

traduced into the furnace, usually dispensed by a 
pump via a sampling probe [5]. 

3. Flow systems/atomic spectroscopy coupling 

This combination (Fig. 1B) has reached a high 
degree of maturity thanks to both easy implemen- 
tation and the excellent results obtained [4,5]. 
Good proof of the importance of this interface is 
the increasing availability of commercial continu- 
ous-flow modules for implementing a variety of 
functions (e.g., standardization, preconcentration) 
that are being launched by major instrument man- 
ufacturers as a way of boosting sales of atomic 
instruments. Flow systems are being routinely 
used for sample introduction. Several overviews 
of the performance of the FI-FAAS, FI-ICP/AES 
and FI-ICP/MS combinations have been pub- 
lished [6]. However, use of FI with ETAAS dates 
from much later than that with FAA& obviously 
because of the discrete nature of ETAAS opera- 
tions. Currently, semi-on-line techniques where 
the autosampler acts as an interface are gaining 
momentum; with on-line systems, samples are in- 

Fig. 2 shows different ways of connecting a 
continuous-flow system to an atomic spectrometer 
(AS). A direct combination is possible provided 
the two flow-rates involved are compatible. A 
continuous separator (gas-liquid, liquid-liquid, 
soliddliquid) can implement automatic precon- 
centration and interference removal. Somewhat 
more troublesome is connecting a flow system to 
an electrothermal atomization AS owing to the 
discrete functioning of the graphite furnace. Di- 
rectly connecting the introduction arm to the flow 
system entails stopping the flow. On the other 
hand, the autosampler can be used as an interface 
between the continuous and discrete combined 
systems. Both choices can be considered semi-on- 
line connections. 

4. Solids/flow systems coupling 

The hydrodynamic character of flow systems 
make them theoretically incompatible with solids. 
However, solids and flow systems can be com- 
bined in many ways (see Fig. 3) because the 
former can act as samples, active components 
(sorbent, membranes, filters) of separations [7], 
ingredients (reagents, catalysts, products) of 
chemical reactions, and the sensing microzone of 
a flow-through sensor [8]. 

According to role, solids can be placed at dif- 
ferent points in a flow-system, the most usual of 
which are as follows (Fig. 4): 
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Fig. 3. Role of solids in flow systems connected to an atomic 
spectroscopic instrument. 

1. 

2. 

3. 

4. 

5. 

6. 

Before the sample introduction point in order 
to condition the carrier (or reagent); prefilters, 
degassing units and redox minicolumns are 
usually placed in this zone. 
Solid samples can be introduced on-line into a 
flow system in the form of slurries or by 
continuous leaching. 
A minicolumn of sorbent material, and a dial- 
ysis or gas-diffusion unit can be placed in the 
loop of an injection valve through which the 
liquid sample or an accepting stream can be 
circulated. 
A precipitate can be obtained in the reaction 
coil after mixing the analyte and reagent. 
A separation unit (a liquid&liquid extractor, 
dialyser or sorption column, filter) furnished 
with an active solid (e.g., a membrane, sor- 
bent, etc.) can be used between the mixing 
(reaction) coil and a continuous detector. 
Finally, solids can be placed at the detection 
point in flow-through (bio)chemical sensors. 

Fig. 4. Location of solids in flow (injection) manifolds. IV, Aluminium in milk dessert (yoghurt and cus- 
injection valve; W, waste. For details, see text. tard) slurries can be determined by using an injec- 

5. Solids/flow systems/atomic spectroscopy 
coupling 

This triple association offers a great potential 
for solving analytical problems and enhancing 
basic and accessory analytical properties through 
a combination of the two above-described inter- 
faces. Through representative approaches devel- 
oped by our research group and applied to real 
samples, the most significant advances and 
prospects are discussed below, with special em- 
phasis on the relevance of solids in this context. 

5.1. Solids as samples 

There are two general approaches to the direct 
introduction of solids into a coupled flow mani- 
fold/atomic spectrometer system. Continuous 
leaching of the analyte can be accomplished by 
applying electric or ultrasonic energy to a mini-re- 
actor containing the solid sample. On the other 
hand, powdered or disperse solids can be intro- 
duced as slurries into the coupled flow system. It 
should be noted that the second alternative has 
been much more widely exploited. 

Fig. 5 illustrates the ways real sample slurries 
can be introduced into a coupled flow system/elec- 
trothermal atomic absorption spectrometer 
(ETAAS) using an autosampler as interface; so, 
the sample from the flow system was collected in 
the cup of the autosampler instrument. According 
to the sample and analyte properties, a prior 
lyophilization step may be required. After the 
slurry is formed (e.g., by ultrasonic irradiation), a 
volume is introduced into the flow system, which 
can also receive several solution streams (e.g., 
carrier, digesting solution, chemical modifier, 
standards). This flow system can implement in an 
automatic way a variety of functions such as 
sample (slurry) volume measurement, dilution, 
addition of reagents, mixing (homogenization), 
standardization, filtration, and microwave diges- 
tion. The prepared sample is loaded into a cup of 
the ETAAS autosampler, where the metal ion 
concentration is determined in a discrete manner 
as usual. 
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Fig. 5. Introduction of sample slurries into a flow system connected semi-on-line to an electrothermal atomic absorption 
spectrometer (ETAAS). For details, see text. 

tor-commutator that facilitates the simultaneous 
introduction of two microvolumes (sample and 
standard) into two streams of 0.2% (v/v) nitric 
acid carrier that are merged with a chemical 
modifier (magnesium and palladium nitrate). The 
mixed solution (as slurry) is passed through a 
mixing chamber and then loaded into an au- 
tosampler cup for 120 s (2 ml). The turbulence 
arising from continuous dropping of the diluted/ 
homogenized sample into the cups ensured ade- 
quate homogenization of the slurry. The results 
obtained are consistent with those provided by the 
classical dry ashing procedure and better than 
those of the wet ashing method, which exhibits 
severe contamination during sample preparation, 
as well as poor precision. The method was vali- 
dated with a certified reference material (not-fat 
milk powder) from NIST [9]. 

The insertion of a paper disk sandwiched into a 
PTFE filter in the flow system allowed the direct 
speciation of aluminium [lo] and selenium [l I] in 
fruit and tomato juices, (i.e., the determination of 

the distribution of these elements in the suspended 
solids and in the aqueous phase of the foodstuffs). 
The ensuing methods are based on sequential, 
direct introduction of the juice slurry into two 
identical loops. In the first step; the contents of 
one loop are carried by a 0.2% HNO, stream, 
mixed with a magnesium (for Al) or palladium 
(for Se) nitrate chemical modifier solution and 
then filtered, the filtrate being loaded into an 
autosampler cup for determining the metal con- 
tent in the liquid phase. In the second step, the 
contents of the other loop are flushed by the 
carrier and merged with the modifier stream, the 
mixture being loaded into another sample cup for 
the determination of the total metal content in the 
slurry; simultaneously, a stream of nitric acid 
washes the filter in the opposite direction. The 
metal content in the suspended solid is obtained 
by difference. The results obtained in the determi- 
nation of the total metal content agree well with 
those obtained by the dry ashing method. This 
continuous methodology also allows one to dis- 
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criminate between the metal content in the solid 
and liquid phase; aluminium and selenium exist 
largely (60-90%) in combined forms in the liquid 
phase of fruit juices. ’ 

More complex samples entail implementing a 
new step in the flow system: microwave digestion 
of the slurry after mixing with a digesting plug (6 
mol 1 - ’ nitric acid). The use of air streams to 
transfer the sample to the microwave oven and an 
open system to collect the digested sample mini- 
mizes the well-know problems posed by digestion 
fumes. This methodology was successfully applied 
to the determination of aluminium [12] and sele- 
nium [13] in shellfish (mussels, clams, cockles, 
oysters and prawns) with excellent results. A par- 
allel study was performed with lyophilized and 
unlyophilized samples of the same origin in order 
to check whether this typically tedious operation 
was necessary. The consistency between the two 
set of results revealed that the method can be 
directly applied with no lyophilization [13]. For 
aluminium, a correction factor must be used be- 
cause the maximum recovery obtained was about 
90%. 

5.2. Solids as reaction ingredients 

Solids can play an active role in analytical 
reactions taking place in coupled flow system, 
whether as reagents, catalysts or products (e.g., 
precipitates). Thus, they can be a permanent ele- 
ment of the flow system or be formed in situ. 
Analytes can be metal (ions) or organic species 
giving rise to direct or indirect determinations, 
respectively. Several examples illustrating these 
possibilities are described below. 

The indirect determination of various oxidant 
drugs such as methadone [14], chloramphenicol 
[15] and chlordiazepoxide [16] can be accom- 
plished by using a metal such as cadmium (uncop- 
pered or coppered) or zinc packed in a 
minicolumn as reductant for specific organic 
groups such as keto, nitro and N-oxide to form 
alcohol, amine and azo functions, respectively. 
The stoichiometric amount of metal ion produced 
by passing the sample plug through the column is 
determined with an atomic absorption detector 
connected on-line to a straightforward flow injec- 

tion manifold. The ensuing methods offer ade- 
quate sensitivity, selectivity and precision, and can 
thus be applied to pharmaceutical preparations 
and biological fluids. Recoveries range from 97 to 
103%. 

Over 90% of applications involving the forma- 
tion, filtration, washing and dissolution of precip- 
itates in continuous flow systems use an atomic 
absorption detector for direct or indirect determi- 
nations. The first such system was proposed by 
our research team in 1987 [ 171. A variety of 
similar determinations have been reported ever 
since [5,18]. They are based on the reaction of a 
metal ion with an organic or inorganic anion and 
the retention of the precipitate on a filter. The 
continuous determination can be carried out on 
the metal excess in the filtrate (by measuring the 
difference between the initial concentration of the 
metal in the carrier and the concentration in the 
filtrate) or on quantitation of the metal contents 
in the precipitates. Thus, there are two different 
approaches depending on whether or not the pre- 
cipitate is dissolved. Metal ions such copper, 
cobalt, nickel, lead, manganese and calcium, can 
be preconcentrated in these systems by forming a 
precipitate (a basic salt, or a quelate) and rapidly 
dissolving it after filtration; therefore, the proce- 
dure involves at least two steps. The indirect 
determination of halides in a variety of samples 
was achieved using silver ion as reagent; it even 
affords resolving a mixture of chloride and iodide 
ions in foodstuffs by selective dissolution of the 
silver chloride in ammonia [19]. A variety of 
organic anions of great practical interest can be 
indirectly determined in these continuous precipi- 
tation systems; typical examples include the deter- 
mination of alkaloids (papaverine, strychnine and 
cocaine) using Dragendorff s reagent [20]; reduc- 
ing sugars in wines using Fehling’s reagents [21]; 
saccharin in mixtures of sweeteners with silver 
nitrate [22]; and tannins in wines and teas using 
the Folin-Ciocalteu reagent [23]. Coprecipitation 
without filtration was first reported by Fang et al., 
in 1991 [24]; the problems arising from the han- 
dling of a relatively large amount of precipitate in 
a flow system have been overcome by using knot- 
ted reactors as filterless precipitate collectors. 
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Fig. 6. Use of new sorbent materials (fullerenes) for the determination of metal traces by formation of chelates or ion-pairs. (A) 
concentration step; and (B) determination step. MIBK, methyl isobutyl ketone; IV, injection valve; W, waste; AAS, atomic 
absorption spectrometer. For details, see text. (Adapted from [25] and [26], with permission of the American Chemical Society). 

5.3. Solids in continuous separations 

The other way of using solids in flow systems 
coupled on-line to atomic spectroscopic instru- 
ments is by implementing non-chromatographic 
continuous separation techniques [7]. In this con- 
text, solids can act as filters in the above described 
continuous precipitation/dissolution systems; as 
membranes in dialysis, gas- diffusion and liquid- 
liquid extraction procedures; and as sorbents in 
solid-phase extractions. A detailed description of 
these approaches is beyond the scope of this paper 
(there are literally hundreds of publications on 
this topic) [2,5]. A survey of available literature 
can give the impression that innovation in such a 
widely explored field is virtually impossible. How- 
ever, our group recently showed new ways for 
advancement. Thus, the use of new solid materials 
can open previously unexpected prospects. Such is 
the case of fullerenes as new sorbent materials for 
the concentration/determination of metal ions. 
Fig. 6 shows the manifold used for this purpose. 

In the concentration step (Fig. 6A), the sample 
and ligand (and/or counter-ion) streams are con- 
tinuously merged and passed through the loop of 
injection valve IV,, and then sent to waste. A 
neutral chelate or ion-pair is formed in the reac- 
tion coil and retained on the sorbent minicolumn. 
The nebulizer of the atomic absorption spectrom- 

eter is continuously fed with a water stream. The 
loop of the second injection valve, IV,, is loaded 
with methyl isobutyl ketone from a displacement 
flask. In the second step (Fig. 6B), both valves are 
simultaneously switched. The injected organic 
plug is led to the sorbent minicolumn, thereby 
effecting the rapid desorption of the chelate or 
ion-pair, which is directly transported to the neb- 
ulizer. A positive peak proportional to the con- 
centration of the metal ion in the sample is 
obtained as a result. 

Lead traces can be determined in this type of 
continuous manifold by using ammonium pyrro- 
Mine dithiocarbamate (APDC) as ligand. For 
comparison, two systematic studies using C,, 
bonded silica and activated carbon as sorbents 
were also performed [25]. An amount of 50 mg of 
each sorbent material was packed into columns of 
0.7-1.8 cm length (depending of the sorbent) and 
3 mm internal diameter for all the experiments. 
The C,, fullerenes sorbent exhibited the highest 
preconcentration factor, lowest detection limit 
and widest pH range (at pH O-5). The precision 
was similar for the three sorbents. Nevertheless, 
the most interesting feature of the new sorbent 
material is its selectivity. The effect of many com- 
mon metal ions, that can form complexes with the 
chelating reagent (APDC), in the determination of 
cadmium and lead was listed in Table 1. In both 
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determinations the results obtained with C,, 
fullerene were compared with RP-C,, sorbent. As 
can be seen in Table 1, the selectivity was highest 
for C,, fullerene; this may have been the result of 
its larger surface area relative to C,,, in addition 
to its higher interstitial volume. The method is 
more favourable for the determination of cad- 
mium than that for lead [25]. The selectivity of the 
fullerene sorbent was at least twice that of the C,, 
sorbent, for both elements. It is interesting to note 
that aluminium, iron, manganese and nickel are 
tolerated at concentrations thousands of times 
higher than that of lead, in contrast with the more 
modest ratios for RP-C,, [25]. 

6. Final remarks 

1515 

The adsortive potential of C,, and C,, fullere- 
nes for the preconcentration of trace copper from 
aqueous solutions was also examined [26] using 
the formation of a neutral chelate with APDC, 
cationic chelates with 1, lo-phenanthroline and 
neocuproine ligands forming ion-pairs with 
sodium dodecylsulphate, and an anionic complex 
with thiocyanate that in turn forms an ion-pair 
with dodecyltrimethylammonium bromide. The 
best analytical results (sensitivity and selectivity) 
were obtained with the neutral chelate and sorp- 
tion on C,, fullerene thanks to its large surface 
area and high volume relative to C,, fullerene. 

Table 1 
Tolerated ratios of foreign cations to analyte in the determina- 
tion of 10 or 50 ng ml-’ of cadmium or lead, respectively, 
with the APDC method 

Foreign cation Tolerated ratio 

Cd determination Pb determination 

Als+ 
Zn’+ 
Pb2+ 
Mn2+ 
co*+ 
cuz+ 
Fe3+ 
NiZ+ 
Sn’+ 
Hg*+ 
Cd++ 

C 60 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
800 
600 

RP-C,, C,, 

600 1000 
600 400 
600 
500 1000 
400 500 
350 300 
300 1000 
200 1000 
400 400 
400 200 

2 

RP-C,, 

300 
100 

200 
50 
20 
20 

2 
100 

1 
<1 

The examples of the triple combination of 
solids, flow systems and atomic spectrometers 
briefly exposed in this paper, and many others not 
even mentioned for the obvious lack of space, 
demonstrate the possibility of expanding the 
scope of application of both flow systems and 
atomic spectroscopy, and of enhancing basic (sen- 
sitivity, selectivity and precision) and accessory 
analytical properties (expeditiousness, cost-effec- 
tiveness and personnel safety and comfort). The 
methodologies discussed have been validated by 
application to the resolution of real analytical 
problems. 

Acknowledgements 

The Spanish DGICyT is acknowledged for 
financial support awarded (Grant No. PB95- 
0977). 

References 

111 

14 

[31 

141 

[51 

Fl 

[71 

PI 

PI 

UOI 

1111 

WI 

M. Valcarcel, M.T. Tena and M.D. Luque de Castro, 
Anal. Proc., 30 (1993) 276. 
S.J. Hill, J.B. Dawson, W.J. Price, I.L. Shuttler and J.F. 
Tyson, J. Anal. At. Spectrom., 10 (1995) 199R and 11 
(1996) 281R. 
M.A.Z. Arruda, M. Gallego and M. Valcarcel, Quim. 
Anal., 14 (1995) 17. 
J.L. Burguera (Ed.), Flow Injection Atomic Spectroscopy, 
Marcel Dekker, New York, 1989. 
Z. Fang, Flow Injection Atomic Absorption Spectrome- 
try, Wiley, Chichester, 1995. 
Z. Fang, S.K. Hu and G.H. Tao, J. Anal. At. Spectrom., 
11 (1996) 1. 
M. Valcarcel and M.D. Luque de Castro, Non-Chro- 
matographic Continuous Separation Techniques, Royal 
Society of Chemistry, Cambridge, 1991. 
M. Valcarcel and M.D. Luque de Castro, Flow-Through 
(Bio)Chemical Sensors, Elsevier, Amsterdam, 1994. 
M.A.Z. Arruda, M. Gallego and M. Valcarcel, J. Anal. 
At. Spectrom., 10 (1995) 55. 
M.A.Z. Arruda, M. Gallego and M. Valcarcel, Anal. 
Chem., 65 (1993) 3331. 
M.A.Z. Arruda, M. Gallego and M. Valcarcel, J. Anal. 
At. Spectrom., 9 (1994) 657. 
M.A.Z. Arruda, M. Gallego and M. Valcarcel, J. Anal. 
At. Spectrom., 10 (1995) 501. 



1516 M. Valcrircel, M. Gallego / Tulanta 44 (1997) 1509-1516 

[‘31 

u41 

[‘51 

[‘61 

u71 

[‘81 
[‘91 

M.A.Z. Arruda, M. Gallego and M. Valcarcel, J. Anal. 

At. Spectrom., 11 (1996) 169. 
R. Montero, M. Gallego and M. Valcarcel, Anal. Chim. 

Acta, 234 (1990) 433. 
R. Montero, M. Gallego and M. Valcarcel, Talanta, 37 
(1990) 1129. 
R. Montero, M. Gallego and M. Valcarcel, Analyst, 115 
(1990) 943. 
P. Martinez-Jimtnez, M. Gallego and M. Valcarcel, Anal. 
Chem., 59 (1987) 69. 

V. Kuban, Fresenius J. Anal. Chem., 346 (1993) 873. 
P. Martinez-Jimtnez, M. Gallego and M. Valcarcel, Anal. 
Chim. Acta, 193 (1987) 127. 

[20] M. Eisman, M. Gallego and M. Valcarcel, J. Anal. At. 
Spectrom., 8 (1993) 1117. 

[21] M.C. Yebra, M. Gallego and M. Valcarcel, Anal. Chim. 
Acta, 276 (1993) 385. 

[22] M.C. Yebra, M. Gallego and M. Valcarcel, Anal. Chim. 
Acta, 308 (1995) 275. 

[23] M.C. Yebra, M. Gallego and M. Valcarcel, Anal. Chim. 
Acta, 308 (1995) 357. 

[24] Z. Fang, M. Sperling and B. Welz, J. Anal. At. Spec- 
trom., 6 (1991) 301. 

[25] M. Gallego, Y. Petit de Pefia and M. Valcarcel, Anal. 
Chem., 66 (1994) 4074. 

[26] Y. Petit de Peiia, M. Gallego and M. Valcarcel, Anal. 
Chem., 67 (1995) 2524. 



ELSEVIER 

Talanta 
Talanta 44 (1997) 1517-1526 

Drug impurity profiling strategies132 

S. Gijriig *, M. Babjgk, G. Balogh, J. Brlik, A. Csehi, F. Dravecz, M. Gazdag, 
P. Horvhth, A. Lauk6, K. Varga 

Chemical Works of Gedeon Richter Ltd., P.O.B. 27, H-1475 Budapest, Hungary 

Received 16 August 1996; received in revised form 1 October 1996; accepted 2 October 1996 

Abstract 

A general scheme is set up for the estimation of the impurity profile of bulk drug substances by the complex use 
of chromatographic, spectroscopic and hyphenated techniques. Several examples are presented as illustrations to the 
scheme from the authors’ laboratory involving the use of chromatographic methods such as thin-layer-(TLC), 
gas-(GC), analytical and preparative high-performance liquid chromatography (HPLC), spectroscopic methods such 
as mass spectrometry (MS) and NMR spectroscopy as well as hyphenated techniques (HPLC/diode-array UV, 
GC/MS and HPLC/MS). In addition to summarizing earlier work, new examples are also presented: identification of 
an impurity (propyl 4-[diethylcarbamoyl(methoxy)]-3-methoxy phenylglyoxylate, 11) in propanidid (I) and two 
unsaturated impurities in allylestrenol (VII) by GC/MS and HPLC/diode-array UV as well as estimation of the 
impurity profile of mazipredone (III) by HPLC/MS and HPLC/diode-array UV. 0 1997 Elsevier Science B.V. 

Keywords: Impurities; Propanidid; Allylestrenol; Mazipredone 

1. Introduction 

The estimation of the impurity profiles of bulk 
drug substances is one of the most important 
fields of activity in contemporary industrial phar- 
maceutical analysis [2]. In general impurities 
present in excess of 0.1% should be identified and 

quantified by sufficiently selective methods but 
drug registration authorities are increasingly inter- 
ested in impurities in the range O.OIPO.l% [3] The 
main reasons for the increasing interest of drug 
manufacturers and drug registration authorities in 
the impurity profiles of bulk drug substances are 
as follows: 

a. In the course of the development of a new 

* Corresponding author. 
’ Presented at Euroanalysis IX, Bologna, September, 1996. 

This paper is Part 17 in the series ‘Estimation of impurity 
profiles of drugs and related materials’ and Part 52 in the 
series ‘Analysis of Steroids’. For Parts 16 and 51, respectively, 
see Ref. [l]. 

*This paper is dedicated to Prof. G.-E. Baiulescu on the 
occasion of his 65th birthday. 

drug or a new technology for manufacturing an 
existing drug it is essential to know the structures 
of the impurities: by possessing this information 
synthetic organic chemists are often able to 
change the reaction conditions in such a way that 
the formation of the impurity can be avoided or 
its quantity reduced to an acceptable level. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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b. Having suggested structures for the impuri- 
ties, they can be synthesized and thus provide 
final evidence for their structures previously deter- 
mined by spectroscopic methods. 

c. The material synthesized (or in exceptional 
cases isolated by large scale preparative column 
chromatography) can be used as an ‘impurity 
standard’ during the development of a selective 
method for the quantitative determination of the 
impurity and the use of this method as part of the 
quality control testing of every batch. 

d. In the case of major impurities the synthe- 
sized or isolated material can be subjected to 
toxicological studies thus greatly contributing to 
the safety of drug therapy. 

e. The impurity profile of a drug substance 
depends on several factors such as the synthetic 
route, reaction conditions, source and quality of 
the starting materials, reagents and solvents used 
during the synthesis, the purification steps, condi- 
tions of crystallisation, distillation, drying and 
storage of the endproduct, etc. For this reason in 
the hands of drug authorities the impurity profile 
of a drug substance is a good fingerprint to 
indicate the level and constancy of the manufac- 
turing process of the bulk drug substance: even 
minor changes of the above listed factors may 
cause dramatic changes in the impurity profile. 

As a consequence of the above points the impu- 
rity profile of a bulk drug substance has to be 
checked repeatedly not only during the research 
and development period but in addition in all 
cases when changes take place in the factors listed 
under e. above. For this reason the estimation of 
impurity profiles of bulk drug substances is a 
frequent task, especially in industrial analytical 
research and quality control laboratories. Taking 
into account the large time and labour consuming 
nature of these studies it is essential to find a 
strategy which enables the results to be achieved 
within the shortest possible time with the greatest 
possible certainty. The aim of this study is to 
introduce a general scheme for the rational use of 
chromatographic, spectroscopic and hyphenated 
techniques in drug impurity profiling studies and 
to present several examples from the authors’ 
laboratory as illustrations to the scheme. 

2. Experimental 

2.1. Instruments and methods 

UV spectroscopy. Varian Cary 3 double beam 
instrument. 

NMR spectroscopy (‘H and 13C). Varian VXR- 
300 and Varian UNITYplus 500 spectrometers. 
Chemical shifts in the text are relative to &,s = 
0.00. 

Mass spectrometry. VG-TRIO-.2 and Finnigan 
MAT 95 SQ tandem spectrometers. 

Gas chromatography. Hewlett-Packard 5890A 
and Gas chromatography/mass spectrometry 
(CC/MS). Fisons MD-800. Column for GC and 
GC/MS DB-5 MS (J and W) fused silica capillary 
(30 m x 0.32 mm x 1.0 urn). EI+ 70 eV. Ion 
source temperature 240°C. 

Propanidid. Temperatures: column (150°C for 9 
min, 150-260°C at 10°C min-‘, 260°C for 10 
min, 260-300°C at 10°C min-‘, 30 min at 
300”(Z), injector and FID (250 and 300°C re- 
spectively); split ratio 1:50. 
High-performance liquid chromatography 

(HPLC). Hewlett-Packard 1090A equipped with 
an HP 1040 diode-array UV detector. 

Propanidid. Column: 250 mm x 4 mm packed 
with LiChrospher Si-60 5 urn (Merck); eluent: 
hexane-methanol-2-propanol x90:8:2, v/v/v) at 
a flow rate of 1 ml min ~ ’ at ambient tempera- 
ture. Diode array detector set at 210, 282 and 

~ 320 nm or used in the spectrum scanning mode. 
Allylestrenol. Column: 150 mm x 4 mm packed 
with Hypersil ODS 5 urn (Shandon); eluent: 
acetonitrile-methanol-water (64:18:18, v/v/v) 
at a flow rate of 1 ml min - ’ at ambient temper- 
ature. Diode-array detector set at 210 and 240 
nm or used in the spectrum scanning mode. 
High-performance liquid chromatography/mass 

spectrometry (HPLC/MS). Waters 600/ Finnigan 
MAT 95 SQ. 

Mazipredone. Column: 100 x 4.6 mm packed 
with Hypersil BDS C8 3 nm (Shandon); eluent: 
25 mM ammonium acetate-methanol (65:35, 
v/v) at a flow rate of 1 ml min - ’ at ambient 
temperature. Diode-array detector set at 240 
nm or used in the spectrum scanning mode. The 
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Detection by TLC, HPLC, (GC) 

,w, 

Unidentified impurities 

chromatography 
I 

tireflection spArum 
4 

Fig. 1. A general scheme for drug impurity profiling 

mass spectrometer was used in the APCI (atmo- 
spheric pressure chemical ionisation) mode. 
Corona current: 4.8 PA. Temperatures: vapor- 
izer 400°C capillary 200°C. Sheath gas: nitro- 
gen at 5.0 bar. 

2.2. Samples 

The investigated materials were laboratory or 
industrial samples from the Chemical Works of 
Gedeon Richter Ltd., Budapest. 
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Wave 1 ength (nm) 

Fig. 2. Diode-array UV spectra of propanidid (1) and impurity II. See Section 2 for the HPLC conditions. 

3. Results and discussion 

3.1. General scheme for drug impurity profiling 

As seen in Fig. 1 the procedure of impurity 
profiling begins with detecting the impurities on 
the thin-layer chromatograms, high-performance 
liquid chromatograms or gas chromatograms. (In 
the latter case caution is necessary since minor 
peaks originating from the thermal decomposition 
of the investigated drug material can easily be 
confused with real impurities.) The next step is to 
obtain as many potential impurity samples from 
the synthetic organic chemists as possible. These 
include the last intermediate of the synthesis, 
products of predictable side reactions and degra- 
dation reactions (if available). These samples 
should undergo retention matching with the previ- 
ously detected impurities in the chromatographic 
systems where they were detected. The criterion 
for a positive identification is identical R, or reten- 
tion time in at least three different chromato- 
graphic systems selected in such a way that the 
separation mechanisms should be as different as 
possible. (In addition to the agreement of the 
retention data the TLC reflection spectra or the 
colour after visualization as well as the HPLC 
diode-array spectra, etc. should also be identical.) 

In the case of unsuccessful identification with 
standard samples the most reasonable way to 

determine the structure of the impurity starts with 
the investigation of the UV spectra, easily obtain- 
able with the aid of the diode-array detector in 
the case of HPLC and the densitometer with 
reflection spectrum scanning facilities in the case 
of TLC. Although in the majority of cases the UV 
spectra of the impurities do not markedly differ 
from that of the main component, in some in- 
stances even minor differences are of diagnostic 
value and hence because of the ease of obtaining 
the spectra by means of the standard HPLC and 
TLC instrumentation, it is reasonable to try to 
draw as much conclusions from the UV spectra as 
possible. In exceptional cases (with full knowledge 
of the synthesis of the drug material) it is even 
possible to propose a structure for the impurity 
exclusively on the basis of the UV spectrum thus 
saving much time and efforts or at least the 
information thus obtained can be a useful comple- 
ment to those obtained from the mass- and NMR 
spectra [4]. 

If the information obtainable from the UV 
spectrum is not sufficient, the next step in the 
procedure of impurity profiling is usually to take 
the mass spectrum of the impurity. Of course the 
most effective way to do this is to make use of the 
on-line GC/MS or HPLC/MS facilities available 
in the majority of laboratories dealing with impu- 
rity profiling. A great benefit of these techniques 
is that data can be obtained simultaneously on 
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several impurities down to the 0.01% level. An 
advantage of the GC/MS method is that reliable 
molecular weight value is obtainable using chemi- 
cal ionisation and, in addition, information on 
fragmentation necessary for the solution of more 
complicated structure elucidation problems can 
also be obtained using the electron impact ionisa- 
tion technique. A disadvantage is that due to 
volatility and thermal stability problems the possi- 
bilities of this method are limited. (The use of 
derivatization reactions widely used in other fields 
of GC/MS analysis is problematic here because 
the side-products of the derivatization reaction 
can be confused with the impurities.) An advan- 
tage of the HPLC/MS method [5] is its general 
applicability. A disadvantage is, however, that the 
ionisation techniques used in association with the 
generally used instruments (the older thermospray 
and the more up-to-date electrospray and atmo- 
spheric pressure chemical ionisation (APCI) tech- 
niques) usually give only molecular weight 
information. To obtain the fragmentation pattern 
highly sophisticated HPLC/MS/MS facilities are 
necessary. 

It is worth mentioning that capillary elec- 
trophoresis (CE) is increasingly used in drug im- 
purity profiling as an alternative to the above 
chromatographic techniques [6]. This technique 
can also be coupled with mass spectrometry [5]. 

If the hyphenated GC/MS, LC/MS or CE/MS 
facilities are not available, mass spectra can be 
taken on samples obtained from preparative or- 
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Fig. 3. Diode-array UV spectra of mazipredone (III) and 
impurities IV, V, VI. See Section 2 for the HPLC conditions. 

due to the high sensitivity of mass spectrometry- 
analytical TLC or HPLC. 

In the majority of cases the information from 
the mass spectrum (together with the previously 
taken UV spectrum) is sufficient to propose a 
structure for the impurity. If not, NMR spec- 
troscopy is the ultimate method for elucidating 
the structure of the impurity. Due to the limited 
sensitivity of this method NMR spectra are usu- 
ally obtained on samples from preparative HPLC 
(or TLC) separation. Quite recently on-line 
HPLC/NMR instruments became commercially 
available [7]. This new hyphenated technique will 
certainly have a bright future in various fields, 
among them in drug impurity profiling. 

The next step in the impurity profiling is the 
synthesis of the material with the proposed struc- 
ture. The retention and spectral matching of the 
synthesized material (impurity standard) with the 
impurity in question is carried out as outlined 
above. In the case of successful matching the 
procedure of impurity profiling is terminated by 
working out selective quantitative methods for the 
determination of the impurity making use of the 
impurity standard. 
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The possibilities of spectroscopic techniques in 
drug impurity profiling without chromatographic 
separation are also worth mentioning. Spectra 
obtained by using high-resolution, highly sensitive 
NMR spectrometers, and mass spectrometers with 
FAB or electrospray/APCI facilities are suitable 
to provide a fingerprint-like picture regarding the 
purity of the sample. In addition to this, in advan- 
tageous cases (especially if there is only one major 
impurity in the sample), conclusions can be drawn 
from the minor NMR signals regarding the struc- 
ture of the impurity. Making use of the above 
mentioned MS facilities the molecular weight of 
the impurity can be obtained, if it differs from 
that of the main component, and this can also be 
a useful information in the course of the impurity 
profiling procedure. It has to be emphasized, how- 
ever, that investigations of this type by no means 
substitute for the systematic chromatographic 

analysis in the search for the structures of the 
impurities. 

3.2. Practical examples from the authors’ 
laboratory 

Characteristic examples where the UV spectra 
obtained by the HPLC diode-array UV detector 
were of diagnostic value are the structure elucida- 
tion of 3,17a-diethinyl- 13-ethyl-3,5-gonadien- 17- 
01 (an impurity in norgestrel with the 
characteristic trans-dienine UV chromophore) [ 11, 
identification of 9( 1 1)-dehydro derivatives as im- 
purities in oestradiol [8], ethinyloestradiol [9] and 
mestranol [lo], where the difference between the 
spectra of the phenol-type main component and 
its a,/?-unsaturated impurity is remarkable and on 
the basis of the UV spectra even to differentiate 
between the three regioisomers (A6, A8c9) and 
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A9(‘l)) was also possible. The discrimination be- 
tween 4-ene-3-keto- and 1-ene-3-ketosteroids was 
also possible on the. basis of the rather large 
difference between their UV maxima (228 and 237 
nm in the apolar eluent of the normal-phase 
HPLC system used in this study) [I I]. However, 
even minor differences can be of diagnostic value 
such as in the case of the identification of 8(14)- 
dehydronorgestrel as an impurity in norgestrel 
where the slight hypsochromic shift (2 nm) of the 
band of the a&‘-unsaturated 3-keto group to- 
gether with the remarkable band broadening is 
characteristic of ‘through-space’ conjugation with 
the A8(‘4) double bond 191. Another example of this 
type is the identification of 6cr- and ,!?- as well as 
lob-hydroxy derivatives as impurities in 
norgestrel [ 1 I]. 

In the following examples the diode-array UV 
spectra together with the off-line mass spectra 
afforded sufficient evidence for the structure eluci- 
dation of various impurities. In an impurity of 
oestradiol (4-chlorooestradiol) the mass spectrum 
indicated the presence of a chlorine atom in the 
phenolic ring while its position was established on 
the basis of the UV spectrum [8]. Another exam- 

220 240 260 

Wavelength (nm> 

Fig. 4. Diode-array UV spectra of allylestrenol (VII) and 
impurity VIII. See Section 2 for the HPLC conditions. 

ple is the identification of propyl 4-[diethylcar- 
bamoyl(methoxy)]-3-methoxy phenylglyoxylate 
(II) impurity (oxidative degradation product) in 
propanidid (I). The molecule peak of II from a 
GC/MS scan was at m/z 351 (t, = 34.6 min) while 
the molecular weight of I is 337 (tR = 30.5 min). 
In the normal phase high-performance liquid 
chromatogram of propanidid I appears at 11.9 
min, while the peak of II is at 16.4 min. It is 
evident from the diode-array UV spectra of I and 
II in Fig. 2 and Scheme 1 that the reason for the 
difference of 14 units between the molecular 
weights of I and II is that in the latter the active 
methylene group of I between the phenolic ring 
and the propyloxycarbonyl group is oxidized lead- 
ing to a highly conjugated ketone derivative 

In the following the potential of the LC/MS 
technique supplemented with information ob- 
tained from diode-array UV spectra will be 
demonstrated on the example of the impurity 
profiling of mazipredone (21-deoxy-21-N- 
methylpiperazinyl-prednisolone hydrochloride, 
III), the water-soluble prednisolone derivative of 
the Chemical Works of Gedeon Richter Ltd., 
Budapest. Under the HPLC conditions described 
in Section 2 the retention time of mazipredone 
(III) is 30.7 min. In addition to minor trivial 
impurities such as prednisolone (retention time 
24.9 min) and prednisolone-21-mesylate, the last 
intermediate of the synthesis (retention time 48.5 
min) we report on the identification of three main 
impurities present in the range O.l -0.4%. It is to 
be noted that under the APCI conditions de- 
scribed in Section 2 only the molecular weights of 
the protonated compounds are obtainable. The 
molecular weight of III is 442 (MH+ = 443). The 
molecular weight of 440 of impurity IV eluting at 
28.2 min indicates that the 11-hydroxyl group in 
III is replaced by a 11-ketone group.This is sup- 
ported by the full identity of the diode-array UV 
spectra of III and IV [12] (Fig. 3 and Scheme 2). 
Impurity V (29.9 min) has a molecular weight of 
444. It can be seen from its UV spectrum that the 
additional hydrogen atoms are at the 1 and 2 
positions: the absorption maxima of 1,4-diene-3- 
keto and 4-ene-3-keto steroids are known to be at 
nearly the same wavelength but the bandwidth of 
the latter is much smaller [12-151. The molecular 
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Allylesirenol, VII VIII 

OH 

IX 

Scheme 3. 

weight of impurity VI (retention time 41.2 min) is 
424. This indicates the loss of one molecule of 
water from the parent compound: either A” or 
A9(l ‘) derivative. The hypsochromic shift observ- 
able in Fig. 3 is characteristic of the latter [12], the 
structure of which was proved by synthesis, reten- 
tion and spectral matching. It is noteworthy that 
the characteristic molecular weights of the proto- 
nated forms of IV-VI (441,445 and 425) could be 
estimated by direct APCI investigation of the 
contaminated sample of mazipredone without any 
chromatographic separation. 

An example of the use of the GC/MS method is 
the impurity profiling of flumecinol (3-trifl- 
uoromethyl-or-ethyl-benzhydrol) [ 10,16,17]. This 
technique has also been successfully used (usually 
combined with other methods) in the impurity 
profiling of steroids, e.g. the identification of 3-de- 
oxonorgestrel impurity in norgestrel [ 11, several 
impurities in 2-androstene- 17-one (intermediate in 
the synthesis of pipecuronium bromide) [18] and 
in bulk cholesterol [19]. 

A recent example for the use of GC/MS supple- 
mented by other spectroscopic techniques is the 

estimation of impurities VIII-IX in allyloestrenol 
(VII). The gas chromatographic retention times 
were as follows: VII 7.2 min, VIII 7.9 min, IX 6.3 
min. The molecular weight of VII is 300 whereas 
those of VIII and IX, obtained from the GC/MS 
scans, is 298 indicating the presence of one addi- 
tional double bond. The location of this in the 
structures of VIII and IX was estimated on the 
basis of the fragmentation pattern in the mass 
spectra and from NMR spectra obtained on sam- 
ples isolated by preparative HPLC. The location 
of the additional double bond at the 8(14) posi- 
tion in IX is supported by a base peak at m/z 214 
which is due to the cleavage of the C-C7 and 
C,,-C,, bonds (P-cleavage related to the 8(14) 
double bond). Further evidence is furnished by 
the NMR data. The chemical shifts (in CDCl,) of 
the protons and carbons in the environment of 
the two bonds in the steroid nucleus are as fol- 
lows. ‘H NMR: 1.09 (3 H, s, H-18), 5.44 (1 H, m, 
H-4); 13C NMR: 21.7 (q, C-18) 120.1 (d, C-4), 
130.8 (s,C-8), 136.2 (s,C-14), 140.0 (s,C-5). The 
base peak in the mass spectrum of VIII is the 
molecule peak. The intense fragment ion at m/z 
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Pipecuronium bromide, X XI 

Scheme 4 

199 (88%) is due to the cleavage of the C,,-C,, 
and C-C,, double bonds, NMR chemical shifts 
(in DMSO-d,) supporting the 3,5-diene structure 
are as follows. ‘H NMR: 0.81 (3 H, s, H-18), 5.42 
(1 H, m, H-6), 5.64 (1 H, m, H-3), 5.95 (1 H, m, 
H-4); r3C NMR: 14.4 (q, C-18), 122.7 (d, C-6), 
126.4 (d, C-3), 129.5 (d, C-4), 136.2 (s, C-5). In 
the case of VIII the HPLC/diode-array UV spec- 
tral scan (see Fig. 4 and Scheme 3) also con- 
tributed to the structure of this conjugated 
trans-diene type impurity; (retention times: VII 
12.8 min, VIII 8.1, IX 10.0 min). 

Some examples for the complex use of chro- 
matographic and spectroscopic techniques includ- 
ing NMR spectroscopy are, for example, the 
identification of two isomeric impurities (Z and E 
ethynodiol-3-acetate- 17-(3’-acetoxy-2’-butenoate) 
in ethynodiol diacetate [20], epimeric 17a-hy- 
droxy-17p -ethinyl and ethinyl-bridged dimeric 
derivatives in norethisterone [9,17], impurities 
with a methyl group attached to the aromatic ring 
of the main component in hexoestrol [lo] and 
enalapril [20], isodanazol in danazol [21], 3-[2-(di- 
aminomethyleneamino)thiazol-4-ylmethylthio]-N- 
cyano-propionamidine in famotidine [17], 2,5- 
bis-[(N’-cyano-N”-methyl)guanidino-ethyl- thio- 
methyl]-4-methylimidazole and 1,8-bis-[(N’-cyano- 
IV”-methyl)guanidino]-3,6-dithiaoctane in cime- 
tidine [22] as well as 3,17cr-diethinyl-13-ethyl- 
3,5-gonadien-17-01 in norgestrel [ 11. 

The last example merits special attention. NMR 
spectroscopy not only played a predominant role 
in the structure elucidation of 2’-dehy- 
dropipecuronium bromide (XI) impurity in 
pipecuronium bromide (X) but (due to the ab- 
sence of signals in the ‘H-NMR spectrum of the 
latter in the 5.2-6.3 ppm range) the estimation of 
the doublets of the vinylic protons at 5.26 and 
6.29 ppm enabled the impurity to be detected and 
even quantitated (using the internal standard 
method) down to the level of 0.5% in X without 
chromatographic separation [20] (Scheme 4). 
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Abstract 

Fabrication and characterization of miniature, flexible, planar biosensors for monitoring L-lactate accumulation in 
an ischemic myocardium are described. Three configurations of Au-based electrodes were fabricated by a photolitho- 
graphic technique on flexible polyimide Kapton@ foil. All sensors are based on an immobilized lactate oxidase with 
amperometric detection of the enzymatically produced hydrogen peroxide at a platinum-electroplated-gold base 
electrode polarized at 0.5 V versus Ag/AgCl. An inner electropolymeric layer is used to prevent electrode fouling and 
to reject the interference effects of easily oxidizable molecules. In addition, a diffusion controlling outer layer that 
greatly enhances the linear dynamic range of the sensor, is obtained by casting a polyurethane external film. The 
developed sensor was evaluated in vitro and proved to have high selectivity, good operational stability, good accuracy 
and precision (average recovery = 102.3 k 0.4% for control sera), fast response time (t,, = 20 s) and high upper limit 
of the linear dynamic range (25-80 mM, with sensitivity of 1.7-0.4 nA mM-‘, respectively at PO, = 15 mmHg). 
Subsequently, the sensor was brought into direct contact with the surface of the rabbit papillary muscle and used for 
continuous quantitative monitoring of extracellular lactate accumulation during no-flow ischemia. 0 1997 Elsevier 
Science B.V. 

Keywords: Amperometric biosensors; Ischemia; Lactate monitoring; Papillary muscle 

1. Introduction 

Lactic acid is an important metabolic product 
formed during anaerobic glycolysis as glucose is 
used for the generation of ATP [1,2]. Transsar- 

* Corresponding author. 
’ On leave from the Department of Chemistry, Ain Shams 

University, Cairo, Egypt. 

colemmal transport of lactate-anion and diffusion 
of lactic acid are believed to be important mecha- 
nisms regulating intracellular pH during cellular 
metabolic stresses such as anoxia, hypoxia, is- 
chemia and chemical inhibition of mitochondrial 
function. Moreover, lactate anion-dependent 
mechanisms may contribute to cellular potassium 
loss during metabolic stress [3]. An understanding 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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of the relation between lactate and K+ efflux 
during ischemia is particularly important because 
accumulating extracellular K + contributes signifi- 
cantly to the occurrence of lethal ventricular 
arrhythmias during myocardial infarction [4]. Al- 
though extracellular lactate and K+ have been 
measured independently, a notable absence of ap- 
propriate methods for measuring extracellular lac- 
tate accumulation in the absence of myocardial 
perfusion has prevented the study of their interde- 
pendence. Such an interdependence has been pro- 
posed [5] but remains controversial [6-S]. For this 
reason, we have sought a novel sensor to deter- 
mine lactate in an ischemic myocardium with 
sufficient temporal and spatial characteristics as 
to allow the future measurement of extracellular 
K + simultaneously. 

In the last two decades, enzyme-based ampero- 
metric biosensors have played an increasing role 
in solving analytical and clinical problems [9- 111. 
Several enzyme electrodes for the electrochemical 
determination of L-lactate have been developed by 
using immobilized enzymes, such as: lactate dehy- 
drogenase (cytochrome b2) (EC 1.1.2.3) [ 12,131, 
lactate dehydrogenase (EC 1.1.1.27) [ 141, lactate 
2-monooxygenase (EC 1.13.12.4) [ 151 and lactate 
oxidase (EC 1.1.3.2) [16]. 

Lactate oxidase (LOD) has attracted a consid- 
erable degree of attention. It is widely used with 
different immobilization techniques such as 
crosslinking with bovine serum albumin and glu- 
taraldehyde [17,18], entrapment behind a poly- 
meric membrane [19], attachment to a 
preactivated membrane [20], entrapment in an 
electropolymeric film [21,22], entrapment in a 
photopatterned poly-HEMA hydrogel membrane 
[23], entrapment in a polyion complex layer [24], 
and crosslinking with isocyanate [25]. There are 
also several LOD-based sensors that employ non- 
physiological electron acceptors, instead of O,, to 
communicate electrons between the redox center 
of lactate oxidase and the electrode surface [26- 
28]. 

Some of the previously reported lactate biosen- 
sors have been successfully applied in real sam- 
ples. Subcutaneous microdialysis [19], suction 
effusion fluid [18] and double lumen catheter [29] 
are collecting techniques and were coupled with 

lactate probes for lactate monitoring in subcuta- 
neous rabbit tissue, and blood of healthy volun- 
teers, respectively. In addition, some other 
implantable lactate sensors were successfully used 
for lactate monitoring in subcutaneous rat tissue 
[17] and in the blood stream inside the right 
atrium of an anesthetized dog heart [30]. How- 
ever, none of the previously reported sensors can 
be adapted for direct surface monitoring of extra- 
cellular lactate accumulation in ischemic rabbit 
papillary muscle. The needle type sensor described 
by Wilson [17] offers several advantages in terms 
of size, selectivity and stability. However, the 
cylindrical geometry of the needle sensor is not 
suitable for measurement on the muscle surface. 
With the needle type sensor, the active electrode 
area varies widely depending on whether the mus- 
cle is perfused or not. Moreover, the linear dy- 
namic range (20 mM) of the needle sensors may 
be not enough to cover the expected high lactate 
concentration formed during extended periods of 
no-flow ischemia. With direct contact between the 
sensor and myocardium, there is no chance to 
dilute the accumulated lactate with any fluid. This 
is the reason that the expected lactate level is 
significantly higher than the blood lactate. Limita- 
tions associated with the needle sensor were 
solved by constructing the sensor on miniature 
flexible planar substrate with the active part of the 
sensor localized on one side, facing the muscle. 
The flexible nature of the substrate ensured good 
coptact to the muscle surface without interference 
with the rhythmic beating. A sensitive optimized 
enzyme layer, along with efficient diffusion con- 
trol outer layer, significantly enhanced the linear 
range. 

Microfabricated-planar amperometric biosen- 
sors have several advantages over conventional 
enzyme electrodes: small size, low cost and mass 
production capability. Additionally, they can be 
fabricated on flexible substrates. Photolitho- 
graphic technique has been used already in the 
fabrication of many biosensors [18,3 1,321. In the 
present work, three different configurations of 
planar microelectrodes were fabricated on a flex- 
ible polyimide substrate (Kapton@ DuPont) by 
the standard photolithographic technique. Opti- 
mization of the sensor structure will be discussed. 
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The characteristics and the reliability of the sensor 
for lactate monitoring in control sera using both 
batch and flow setup are presented. Finally, mea- 
surements of the accumulation of extracellular 
lactate in rabbit ischemic myocardium are given. 
This study, using the developed sensor, permits 
cardiovascular scientists to gain better under- 
standing of the lactate-dependent mechanisms of 
ionic homeostasis. 

plots, cyclic voltammograms and FIA signals 
were recorded on a Hewlett Packard Model 
7015B X-Y-T recorder. A temperature-controlled 
circulating water bath (Haake B3) was used 
throughout the work. A Rabbit peristaltic pump 
(Rainin Instrument) was used to pump the carrier 
solution through a single flow stream FIA system. 
A manual sample injection valve (Rheodyne, 
Model 7125), fitted with either 50 or 100 ul injec- 
tion loop was used for sample injection. 

2. Experimental 2.3. Sensor fabrication 

2.1. Muteriuls and reagents 2.3.1. Wafer fabrication 

Lyophilized lactate oxidase (LOD), E.C. 
1.1.3.2., from pediococcus species, 34 U mg-‘, 
L-lactic acid (sodium salt), bovine serum albumin 
(BSA, fraction V), glutaraldehyde (GA), 25% 
aqueous solution, L-ascorbic acid, acetaminophen, 
uric acid (sodium salt), were obtained from 
Sigma, St. Louis, MO. Hydrogen hexachloroplati- 
nate (IV) (99.9%), potassium silver cyanide, m- 
phenylenediamine (m-PDA), urea, I-cysteine, and 
1,3-dihydroxyacetone were obtained from Aldrich 
Chemical, Milwaukee, WI. The medical grade 
aliphatic polyurethane (PU, Tecoflex SG-85A) 
was a gift from Thermedics, (Woburn, MA). All 
other chemicals were of analytical reagent grade. 

Stock lactate solutions (0.5 M) were freshly 
prepared every week, in a 0.1 M phosphate buffer 
(PB) of pH 7.2 and stored at 4°C when not in use. 
Lactate standard solutions used in FIA measure- 
ments were prepared in a 0.1 M PB containing 
100 mmole 1-l NaCl. This buffer was used as a 
carrier stream in FIA system as well. All solutions 
were prepared with water from a Barnstead 
Nanopure II system. 

2.2. Apparatus 

All electrochemical experiments were performed 
with a Princeton Applied Research Model 363 
Potentiostat/Galvanostat connected to a Prince- 
ton Applied Research Model 175 Universal pro- 
grammer for potential scanning. The potentiostat 
was modified to measure lower current values 
(sensitivities down to 1 V nA- ‘). Current-time 

Three configurations of planar gold electrodes 
were batch fabricated on a flexible polyimide 
(Kapton,@ DuPont) substrate (125 urn thick) as 
shown in Fig. 1; single site electrodes (area = 0.06 
cm’) (used for all the optimization and characteri- 
zation studies), two-electrode (1.75 x 3.5 mm) and 
three-electrode (3.5 x 4.5 mm) miniature chips, 
respectively. The two-electrode chip consists of a 
working electrode (area = 2.25 mm2) and a refer- 
ence electrode (area = 3.13 mm’). This chip was 
used for all papillary muscle experiments. The 
three-electrode chip consists of a working, counter 
and reference electrodes of areas 3.75, 5.25 and 
0.5 mm*, respectively. This chip was used with the 
wall-jet FI analysis. The fabrication steps were 
described recently in more detail [33]. Two thin 
layers of chromium and gold, respectively were 
sputtered onto the Kapton substrate. The Cr layer 
enhances the adhesion of gold to the substrate. A 
layer of positive photoresist (JSR, 1 x 700 10 CP) 
was applied to the gold layer and then standard 
UV-lithographic technique was used to define the 
desired shape of the electrodes. The photoresist 
was developed, gold and chromium layers were 
etched, and the photoresist was then removed 
from the patterned metal surface. A photodefin- 
able polyimide (Du Pont, P12721) was used to 
define openings for the electrode sites and the 
bonding pads. Finally, each electrode (or cell) was 
cut from the wafer and connected, through the 
bonding pads, to electrical wire by means of Ag 
epoxy (Epoxy Technology,). The electrical con- 
tacts were insulated using silicone rubber coating 
seal (Dow Coming 3140 RTV). The base Au 
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Fig. 1. Kapton-based substrates: single site electrode (A), two-electrode (B), and three-electrode chips. W, R and C refer to 
electrodes used as working, reference, and counter, respectively. 

electrodes were then ready for further modifica- 
tion. 

2.3.2. Electrochemical platinization 
The platinization solution was prepared accord- 

ing to a well known method [34] as follow: 0.65 g 
H,[PtCl,], 2.25 g (NH,),HPO, and 4.73 g 
Na,HPO, were dissolved separately each in N 10 
ml water. The ammonium phosphate was added 
to the chloroplatinic acid with stirring. A yellow 
precipitate of (NH,),PtCl, was formed; without 
filtering this solution, the sodium phosphate was 
added and the mixture was boiled gently with 
stirring for 2 h. The mixture was cooled and 
diluted to 50 ml with water. The electrodes for 
working or counter were electroplated by gal- 
vanostatic platinum deposition. A 5 cm diameter 

Pt mesh electrode was used as anode. Prior to 
plating, the gold electrodes to be platinized were 
cleaned by anodizing at 0.5 mA cm -’ for 25 s. in 
the same platinization solution. This bath was 
recommended for operation at 70°C with a cur- 
rent density of 2-5 mA cmp2 [34]. However, 
bright, smooth, and adherent platinum deposits 
were obtained at room temperature using a cur- 
rent density of lo-12 mA cme2 for 5 min. 

2.3.3. Electrochemical polymerization (inner layer 
formation) 

Poly m-phenylenediamine film was prepared by 
electropolymerization using cyclic voltammetry. 
The film was grown from a gently stirred aqueous 
solution containing 10 mM m-PDA in 0.1 M PB 
pH 7.2. The potential was cycled from + 0.2 to 
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Fig. 2. Layer structure of the lactate biosensor. 

+ 0.8 V versus Ag/AgCl at a scan rate of 2 mV 
S ~’ for 12 cycles (2 h). The modified electrodes 
were washed with water and kept in 0.1 M PB at 
4°C overnight. The selectivities of the electrodes 
towards common biological interferences, i.e., L- 
ascorbic acid, acetaminophen, uric acid, L-cys- 
teine, urea, and 1,3-dihydroxyacetone were tested 
at 0.16, 0.16, 0.3, 0.1, 5.0, and 1 .O mM concentra- 
tion level, respectively. 

2.3.4. Enzyme layer (EL) 
The immobilized enzyme layer was obtained by 

crosslinking LOD with BSA using GA. A’. 3 ul 
aliquot of a specified fresh enzyme mixture solu- 
tion in PB was quickly syringed onto the electrode 
surface using a 5 ul syringe (Hamilton, Reno, 
Nevada). The enzyme layer was allowed to 
crosslink and to dry in air at room temperature 
for 1 h. The sensor was then washed thoroughly 
with water to remove excess reagents. The sensor 
was either stored in buffer at 4°C when not in use 
for EL optimization study, or dried in air for 
further modification with outer layer to complete 
the sensor construction. 

2.3.5. Optimization of the enzyme layer 
This study was done without inner polymeric 

layer. The term G/T was defined to reduce the 

number of variables to be investigated. G refers to 
the w/v% of glutaraldehyde and T refers to the 
total w/v% of LOD and BSA in the enzyme 
mixture solution. Initially, three sets of sensors 
(three in each) were prepared using different en- 
zyme mixture solutions for which LOD was arbi- 
trarily fixed at 6% (2 U ul- ‘) and BSA was fixed 
at 5, 10, and 15% for the three sets, respectively. 
Among each set, G/T was adjusted to 0.03, 0.045 
and 0.06, respectively. To study the effect of 
enzyme content, three different enzyme solutions 
were used containing 2, 4, and 6% LOD, respec- 
tively. BSA/LOD ratio was set at 1.4 and G/T 
ratio was set at 0.05. Finally, to study the effect of 
glutaraldehyde, three different compositions with 
2% LOD-3% BSA and G/T of 0.05, 0.06 and 
0.07, respectively were tested. 

2.3.6. Outer membrane (OM) 
To complete the construction of the sensor, a 3 

ul aliquot of 1% w/v PU in pure THF was de- 
posited above the enzyme layer by a microsyringe. 
The sensor was allowed to dry in air at room 
temperature for 5- 10 min, washed with water and 
stored in PB at 4°C when not in use. A cross 
section of the whole layer structure of the sensor 
is shown in Fig. 2. 
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Fig. 3. The isolated arterially perfused RV rabbit papillary muscle is suspended in an artificial atmosphere and in contact with the 
two-electrode chip (the active part is behind the muscle). Pt counter electrode not shown in the field. The tendonous end of the 
muscle is fixed to a rigid hook with a suture. Electrical stimulation is delivered at twice diastolic threshold through a Pt wire affixed 
to the tendon. The scale bar represents 1 mm. 

2.3.7. Miniature chips fabrication 
The working and counter electrodes were pla- 

tinized as before. The electrode that served as a 
pseudo reference was galvanostatically plated with 
silver from a 1% w/v solution of potassium silver 
cyanide using 5 mA cm -’ for 10 min. About 25% 
of this silver is electrochemically converted to 
AgCl in 0.1 M HCl. The inner polymeric film was 
grown on the working electrode as before. A 2 
and 4 pl aliquot of the enzyme mixture solution 
(2% LOD-3% BSA-0.3%GA) was delivered by 
syringe onto the surface of two- and three-elec- 
trode chips, respectively, and spread with the sy- 
ringe tip to cover all the electrodes. A 5 ul aliquot 
of PU solution was used for outer membrane 
formation. 

2.4. Amperometric measurements 

A conventional three-electrode system was used 
for all amperometric batch measurements. A Pt 
wire served as the counter electrode and a minia- 

turized Ag/AgCl electrode with flexible barrel 
(Cypress System, Lawrence, KS) was used as the 
reference, against which all potentials were re- 
ferred in the present work unless otherwise stated. 
All experiments were performed in a 7 ml double- 
jacket-thermostated cell containing a magnetically 
stirred 4 ml PB at 25.0 _+ O.l”C. The working 
electrode was polarized at 0.5 V in all the mea- 
surement. 

2.5. FIA setup 

A three-electrode miniature chip was used in a 
single channel wall-jet flow injection system. A 
carrier solution consisting of 0.1 M PB containing 
100 mmole 1 - ’ NaCl was propelled by means of a 
peristaltic pump through PTFE tubings (0.8 mm 
i.d.) at the desired flow rate. The tubing ended 
with a horizontally mounted 8 cm glass capillary 
tube (6.6 mm o.d. and 1.0 mm i.d.). The length of 
the tubing from the injection valve to the capillary 
was 25 cm. The free end of the capillary was cut 
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at 90”. This end of the tube was brought into 1 - ‘), albumin (2 g 1~ ‘), and dextran (M, 70 000; 

contact with the cell surface. The miniature chip 40 g l- ‘). The time between cross clamping the 
was mounted in a vertical position with connec- aorta and perfusion was < 5 min in each experi- 
tion wires directed upward. ment. 

2.6. Lactate measurement in control serum 

The human based control sera level I and II 
(Dade@ Moni-Trol@ ES Chemistry Control, Bax- 
ter Diagnostics) were constituted from the 
lyophilized preparation according to the manufac- 
turer’s recommendation. The manufacturer’s 
mean values of lactate concentrations were 1.5 
and 4.9 mM, respectively. A 3 ml PB aliquot was 
placed in the cell. After background current stabi- 
lization, a 0.5 ml aliquot of the serum sample 
without any treatment, was pipetted into the cell. 
When the current reached a steady value, the 
standard addition procedure was used to evaluate 
the lactate concentration level. The obtained re- 
sults were compared with the results obtained 
with the established YSI 2700 SELECT Biochem- 
istry analyzer equipped with YSI 2329 lactate 
membrane. For measurements with flow system, a 
100 ul aliquot of the untreated serum sample was 
injected into the carrier stream and lactate con- 
centrations were evaluated by direct calibration 
method. 

2.7. Arterial perfusion of isolated papillary muscle 

New Zealand white rabbits (n = 5) of either 
gender weighing 2-3 kg were heparinized (200 U 
kg- ‘, i.v) and anesthetized with sodium thiopen- 
tal (50 mg kg-l, i.v.) in accordance with accepted 
guidelines for the care and treatment of experi- 
mental animals at the University of North Caro- 
lina at Chapel Hill. The heart was excised and 
arrested in cold Tyrode’s solution (in mmol 1 - I: 
Na+, 149; K+, 4.5; Mg2+, 0.49; Ca2+, 1.8; Cl-, 
133; HCO,, 25; HPOi-, 0.4; glucose, 20) for 20 
s. The atria and left ventricle (LV) free wall were 
removed. The LV septal surface of the tissue was 
pinned to a wax plate in contact with Ag/AgCl 
ground electrode. The septal artery was visualized 
with a dissection microscope, cannulated and per- 
fused with an perfusate composed of Tyrode’s 
solution plus insulin (1 U 1 - ‘), heparin (400 U 

The cannula was fixed to the septal artery with 
a purse string suture and the septum was secured 
in a custom made experimental chamber [35]. The 
non-perfused portion of the right ventricle (RV) 
was excised and the papillary muscles were ex- 
posed. A long and symmetrical muscle was chosen 
and the tendon was attached to a rigid pin with a 
fine monofilament suture. The perfusate was 
pumped by a peristaltic pump (Digi-Staltic, Mas- 
terflex, Barrington, IL) through a custom made 
membrane gas exchanger in which partial pres- 
sures of O,, N,, and CO, of the perfusate were 
controlled [35]. The chamber was closed and the 
preparation was surrounded by humidified gas 
with the same composition as the perfusate. The 
pH of the perfusate was continuously monitored 
by a glass pH electrode positioned in the perfu- 
sion line before entering the septal artery. The 
amount of CO, was adjusted in the gas exchanger 
to yield a pH of 7.35 f 0.05. The temperature of 
the papillary muscle was maintained between 36 
and 37.5”C by passing the perfusate through a 
thermostated water bath before entering the can- 
nula to the septal artery. The PO,, PCO,, HCO; 
concentration and pH of the perfusate entering 
the cannula were confirmed by blood gas analysis 
(System 1304 pH/Blood Gas Analyzer, Instru- 
mentation Laboratory, Lexington, MA). Intraar- 
terial pressure was measured with a pressure 
transducer (Millar, Houston, TX) and continu- 
ously monitored on a strip chart recorder. The 
septal artery pressure ranged between 35 and 50 
mmHg and was maintained by adjustment of the 
perfusion flow rate (approximately 1.0-1.5 ml 
min - ’ g - ’ tissue). 

2.8. Measurement of extracellular lactate 

Two-electrode chip with working electrode of 
(area 2.25 mm2) and a Ag/AgCl pseudo reference 
electrode (area = 3.12 mm2) was positioned in di- 
rect contact with the suspended muscle as shown 
in Fig. 3. A separate platinum wire, serving as a 
counter electrode, was positioned at the base of 
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the papillary muscle on the septal surface. A 0.7 
Hz 5 pole Butterworth low pass filter was used to 
eliminate the noise resulting from the electrical 
pulse stimulation of the muscle. While the muscle 
is perfused the sensor is polarized at 0.5 V against 
the pseudo reference electrode. The background 
current was allowed to reach a stable value. Is- 
chemia was induced by arresting flow. The vol- 
ume fractions of 0, and CO, in the recording 
chamber were measured using the gas analyzer. 
The magnitude of lactate accumulation was moni- 
tored by recording the change of the sensor out- 
put against the time after arrest of flow. 

Ideally, the sensor should be calibrated under 
the same experimental conditions, namely, arrest 
of flow after infusion of a standard lactate solu- 
tion. However, such a calibration will not be 
reliable because under no-flow conditions the 
muscle will generate lactate. In this way the stan- 
dard value will be completely uncertain. For this 
reason the sensor calibration was performed un- 

20 -I err = 0.05 I 

Fig. 4. (a) Effect of enzyme loading on the sensor response. (b) 
Effect of glutaraldehyde on the sensor response. 

der flow conditions. We believe that such in situ 
calibration is more accurate than the in vitro 
calibration approach which is accepted when a 
calibration under identical condition is not possi- 
ble, e.g., with in vivo measurements. The sensor 
was calibrated in situ, by perfusing the muscle 
with perfusate containing lactate at 10 and 20 
mM concentration levels, respectively. The cur- 
rent responses to the standard solutions were used 
to construct a two point calibration curve. 

3. Results and discussion 

3.1. Optimization of enzyme layer 

Among many papers published for amperomet- 
ric detection of lactic acid, only few papers 
[17,18,26,30,36] have adapted the crosslinking 
with BSA and GA as an immobilization technique 
for LOD. The reported ratios of LOD, BSA, and 
GA are widely varied, unjustified and sometimes 
incompletely mentioned [30]. In addition, Turner 
et al. [37] have published recently a paper on 
lactate, glutamate and glutamine biosensors. They 
immobilized LOD by mixing with hydroxyethyl- 
cellulose, and adapted glutaraldehyde crosslinking 
for the other two sensors. They apparently 
avoided crosslinking with glutaraldehyde as an 
immobilization technique. Moreover, Mulchan- 
dani et al. [38] have reported recently that LOD 
w,as not amenable to glutaraldehyde crosslinking. 
These observations suggested that LOD immobi- 
lization with glutaraldehyde crosslinking is not 
straightforward and requires a proper control of 
the enzyme mixture composition. This is the rea- 
son that the first step in this work was to find out 
the optimum composition of the enzyme layer. 
Enzyme layers obtained with BSA/LOD < 1 were 
found to be mechanically unstable and washed 
out from the electrode surface. BSA/LOD ratios 
in the range 1.4- 1.5 showed very good mechani- 
cal stability and good adhesion to the polyimide 
substrate. With ratios greater than 1.7, the en- 
zyme layer became undesirably thick and the re- 
sponse time became too long (50-60 s). The effect 
of enzyme concentration on the sensor response is 
shown in Fig. 4a. The response sensitivity is al- 
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Fig. 5. Effect of sensitivity on the dependence of the sensor 
response on oxygen tension. 

most halved on increasing the enzyme (and BSA) 
two-fold. This happens because the thickness of 
the enzyme layer is almost doubled as well. The 
decrease in sensitivity due to the increased enzyme 
layer thickness outweighs the increase in sensitiv- 
ity due to the higher enzyme content. As a general 
trend, thicker enzyme layers lead to better linear- 
ity over a wide concentration range, but the re- 
sponse time is longer. A solution composition of 
2% LOD-3% BSA was chosen for further w.ork. 

The effect of GA on the sensor response is 
shown in Fig. 4b. The trend shown in this figure is 
reproducible and G/T = 0.06 revealed the highest 
sensitivity. Smaller G/T ratio may lead to ineffi- 
cient immobilization, while a higher ratio may 
lead to excessive crosslinking and blocking of 
some active sites of the enzyme. The critical de- 
pendence of the sensor response on the glutaralde- 
hyde concentration in the enzyme solution is not a 
surprise if correlated with the above mentioned 
observations. Therefore, an enzyme mixture solu- 
tion of composition 2% LOD-3% BSA-0.3% GA 
was proven to be the best among the ratios stud- 
ied. Enzyme layers obtained with this ratios 
showed good adhesion to the substrate, high sen- 
sitivity ( - 8 uA mM - ‘) and very short response 

time ( < 5 s). These are the reasons that it is used 
throughout the subsequent work. 

3.2. Interference rejection inner layer 

Many approaches have been developed to en- 
hance the selectivity of the H,Oz measuring sys- 
tem [24,39-421 in the presence of interferences. 
However, electropolymeric films provide many at- 
tractive features, such as self-limiting coverage, 
generation of very thin layers, strong adhesion to 
the electrode surface, ease of thickness control by 
changing the polymerization time, and conve- 
nience of automation. m-Phenylenediamine is one 
of the most successful monomers used for this 
purpose. Typical cyclic voltammograms (not 
shown) were obtained for oxidative electropoly- 
merization of m-PDA from stirred 10 mM PB 
solution. The resulting film showed an efficient 
discrimination against ascorbic acid, uric acid, 
acetaminophen, etc., as we will discuss in the 
sensor selectivity section. On the other hand, a 
high permeability (SO-90% of the bare Pt elec- 
trode response) to H,O, was observed in compari- 
son with the films obtained by casting cellulose 
acetate or Nafion solutions. 

3.3. Diffusion control outer layer 

Wilson et al. [17] have used a 5% PU solution 
in 98% tetrahydrofuran (THF)-2% dimethylfor- 
mamide (DMF) and a wire loop technique to coat 
a needle-type lactate sensor with an outer diffu- 
sion layer. The described wire loop technique is 
not suitable for our planar sensors and 5% solu- 
tion is too concentrated for the casting technique. 
The resulting sensor required very long time (lo- 
20 days) to attain stable sensitivity and the upper 
limit of linear range is between 12 and 20 mM 
with sensitivity 2.8 and 1.1 nA mM - l. On the 
other hand, we found that 1% PU solution in 
pure THF gives an efficient diffusion control 
outer layer and the sensor reached stable sensitiv- 
ity in 12 h at 4°C. With almost the same sensitiv- 
ity, the upper limit of the linear range is much 
higher as we will discuss below. 
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3.4. Characteristics of the sensor 

Replicate sensors (n = 30) showed response sen- 
sitivities in the range of 1.5-3.6 nA mM- ’ with a 
background current of 8 f 3 nA. A typical sensor 
with sensitivity of 2.3 nA mM-‘, gave a linear 
dynamic range up to at least 140 mM in air 
equilibrated buffer, r = 0.9997. This high linearity 
is a result of a combination of a very sensitive 
enzyme layer and an efficient diffusion-controlling 
outer layer. The latter greatly reduces the flux of 
lactate ions that reach the enzyme layer. Sensors 
with higher and lower sensitivity ranges were pre- 
pared as well. In these cases, smaller (2 ul) or 
larger (4 ul) aliquots of PU solution (Section 
2.3.6) were used, respectively, to form the outer 
layer. The sensor output is stable for 1 month 
when stored at 4°C when not in use. For longer 
periods, the linear range remains the same, but an 
increased sensitivity was observed due to the in- 
crease of permeability of the outer layer. About 
10% increase in the sensor response was observed 
when the sensor is polarized in phosphate buffer 
at 37°C for 4 h. This is again due to the increased 
permeability of the outer layer. This relatively 
faster increase in the outer layer permeability is 
due to the higher temperature, because other sen- 
sors polarized for more than 8 h at 25°C did not 
show any significant change in the sensitivity. 
Operational stability at 37’C is adequate because 
the duration of the papillary muscle experiments 
does not exceed 2 h. 

3.5. Effect of pH and temperature 

The sensor output (n = 3) is stable to 3 k 0.5% 
over the pH range 6.7-8.2. Outside this range, a 
relatively high background current was observed. 
The sensor showed a gradual increase in the sensi- 
tivity until it reached a maximum at 50°C. Then a 
slight decrease in sensitivity was observed from 50 
to 60°C. The average temperature coefficient is 
5%. 

3.6. Sensor selectivity 

The selectivity of the sensor towards some com- 
mon interferences was tested. Addition of the 

combined maximum biological concentration of 
ascorbic acid, uric acid, acetaminophen, urea, L- 

cysteine and 1,3-dihydroxyacetone results in 6% 
increase of the signal obtained with 5 mM lactate 
solution with a sensor of 3 nA mM ~ ‘. The high 
selectivity of the sensor is believed to be due to 
the combined effect of (1) the outer layer which 
reduces the flux of the analyte and interference 
molecules to the enzyme layer, and (2) the inner 
layer that selectively allows the small hydrogen 
peroxide molecules to reach the electrode surface 
to generate a signal nearly free from interferences. 
The sensor selectivity is maintained for about 12 
days. For longer periods, the sensor started to 
show an increased response to the interferences 
(12-15% after 3 weeks). 

3.7. Effect of oxygen tension 

Since lactate oxidase catalyses the oxidation of 
lactate in the presence of oxygen as shown by the 
following equation: 

L - Lactate + 0, + Pyruvate + H,O, 

the sensor response should be oxygen dependent. 
Fortunately, the dependence of the sensor re- 
sponse on oxygen tension decreases with decrease 
of the sensor sensitivity [17,43,44]. Fig. 5 shows 
the calibration curves of three different sensors 
under high (150 mmHg) and low (15 mmHg) 
oxygen tension. Sensors with sensitivity of 5.1, 1.7 
and 0.40 nA mM- ‘, measured in air saturated 
buffers, showed linear dynamic ranges up to 8, 25, 
and 80 mM (at PO, = 15 mmHg), respectively. 
This is the reason that all the sensors used for 
extracellular lactate accumulation during induced 
ischemia experiments showed sensitivity < 1.7 
mM nA - ’ with linear dynamic ranges up to, at 
least, 25 mM under low oxygen tension required 
for the induced ischemia. Fortunately, such low 
sensitivities still allow successful measurement of 
the high extracellular lactate accumulation during 
no-flow ischemia under low oxygen tension which 
is the main objective of this work. However, 
sensors with reasonably higher sensitivies (5.0- 
1 1 .O nA mM - ‘) obtained by using 2 pl aliquot of 
PU solution, will fit better any other application 
where no or fewer restrictions to the oxygen ten- 
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sion and lactate concentration which is varying 
from sub- to several millimolar levels. 

3.8. Flow injection analysis 

A FIA setup, described in the experimental 
section, was used to evaluate the sensor response 
in a simulated wall-jet experiment similar to the 
setup described for lactate monitoring where the 
sensor is brought into direct contact with the 
muscle surface. A three electrode chip consisting 
of working, counter and reference electrodes was 
used in a single channel wall jet FIA setup. With 
a flow rate of 2 ml min - ‘, and 100 ~1 injection 
loop size and a sensor sensitivity of 8.2 nA rnM_ 

30.0 mM 

Fig. 6. Typical FIA signals 
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1, a linear range up to 30 mM was obtained. The 
sensor showed a good reproducibility (1.5 f 
OS%), fast recovery time, and a very stable back- 
ground current. Typical FIA peaks are shown in 
Fig. 6. 

3.9. Lactate measurement in control sera 

The reliability of the sensor for lactate monitor- 
ing in a biological complex matrix was assessed by 
determining lactic acid in a human based control 
sera which contain 42 constituents. The results 
obtained by both batch and FIA techniques were 
compared with those obtained with the YSI Bio- 
chemistry Analyzer. The excellent agreement (av- 
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Fig. 7. Real time tracings of the sensor response during normal arterial perfusion, no-flow ischemia and reperfusion (A). An in situ 
sensor calibration (B). 

erage recovery = 102.3 + 0.4%) demonstrated that 
the sensor is reliable for simple, accurate, and 
rapid determination of lactic acid in real samples. 

3.10. Time course and magnitude of the 
accumulation of extracellular lactate in rabbit 
ischemic ventricular muscle 

The performance characteristics of the devel- 
oped sensor, such as operational stability, high 
linearity under low oxygen tensions, high selectiv- 
ity, fast response and reliability as a detector in a 
wall-jet flow system, suggest its successful use in 
continuous monitoring of the extracellular lactate 
accumulation in an ischemic rabbit papillary mus- 
cle. According to the authors’ experience, this is 
the first report on continuous lactate monitoring 
using an amperometric sensor located in direct 
contact with the myocardium. 

The layout of the two electrode chip (Fig. 1B) is 
designed to fit the dimensions of the papillary 
muscle. Within the same layout it is possible to 
make a three electrode pattern, however, the addi- 
tion of the third electrode will lead to a smaller 
working and/or reference electrode area. At this 
stage of our work we sought a working electrode 
with a maximized area in order to measure lactate 
accumulation along the length of the entire papil- 
lary muscle. 

The first attempt used the two-electrode chip in 
which the Ag/AgCl electrode served as both refer- 
ence and counter. This configuration gave a very 
noisy and unstable response. However, when a 
separate Pt wire was connected to the muscle 
base, used as a counter, a stable response was 
obtained. The pseudo Ag/AgCl reference elec- 
trode was used successfully because the Cl - ion 
concentration, in the solution perfusing the mus- 
cle, is nearly constant. The advantages of using 
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Fig. 8. Plot showing the accumulation of extracellular lactate during six episodes of 1.5 min of no-flow ischemia in five experimental 
animals. In these experiments PO, ranged from 24 to 250 mmHg but this did not significantly affect the accumulation of 
extracellular lactate. Reperfusion is shown for a single experiment for clarity because the time of repefusion differed among the 
individual experiments. 

this arrangement are: (1) reproducible close posi- 
tion to the working electrode; and (2) saving the 
limited space around the muscle for other sensors 
such as oxygen, potassium sensors, etc., to be 
used for future studies (see Fig. 3). The sensitivity 
of the sensor chip placed on the papillary muscle 
was restricted to values < 1.7 nA mM - ‘. The 
lactate content of the perfusate was measured and 
found to be zero prior to the onset of no-flow 
ischemia. As shown in Fig. 7, the arrest of perfu- 
sion resulted in an immediate shift in the baseline 
measuring 7.5 f 1.5 nA. A new baseline was es- 
tablished within l-l.5 min and this level was 
taken as the starting point for the measurement of 
the change in extracellular lactate concentration. 
Subsequently, lactate increased after a short de- 
lay. As shown in Fig. 8 the accumulation of 
extracellular lactate reached 16.4 f 3.7 mM after 
15 min of no-flow ischemia. 

The maximal extracellular lactate concentration 

measured after 15 min of ischemia with the lactate 
sensor was substantially higher than the concen- 
trations measured by microdialysis technique in 
ischemic canine heart (approximately 5 mM) [45]. 
This difference may be related to the methodolo- 
gies or to the species studied. In contrast to the 
microdialysis technique, the developed lactate sen- 
sor does not damage the tissue and has direct 
contact to the extracellular compartment. 

Reperfusion resulted in the prompt wash-out of 
the extracellular space. A transient increase in the 
current was noted after reperfusion and was simi- 
lar in magnitude to the initial decrease observed 
immediately after arrest of perfusion. A second 
transient increase in current was measured 5- 10 
min after the onset of reperfusion. These phenom- 
ena were observed in each experiment. The mech- 
anisms responsible for the initial decrease in 
current upon arrest of flow and the increase upon 
reperfusion are not fully understood at this time. 
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The second transient increase in current during 
reperfusion may result from washout of the lac- 
tate accumulation in the septum. Future studies 
will be needed to characterize these effects, al- 
though they do not interfere with the lactate 
measurement during the interval of no-flow is- 
chemia. 

4. Conclusion 

The present miniature-three layered lactate 
biosensor, fabricated on a flexible planar sub- 
strate, shows many attractive features, such as 
miniaturization, flexibility, wide linear dynamic 
response range at low oxygen tensions, good sta- 
bility, adequate sensitivity, fast response time and 
good selectivity. It was successfully used to moni- 
tor lactic acid in control sera by both batch and 
flow techniques and to measure extracellular lac- 
tate accumulation during no-flow ischemia. This 
novel lactate sensor will be a useful tool for 
further detailed studies in which both K+ and 
lactate are monitored simultaneously for longer 
periods of ischemia, and to study lactate accumu- 
lation in hypoxic conditions, as well as conditions 
that simulate the boundary between normal and 
ischemic tissue. These conditions are characterized 
by low oxygen tensions and accumulation of 
potassium. 
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Abstract 

A calibration procedure for solid phase microextraction-gas chromatographic (SPME-GC) analysis of organic 
vapours in air was described in which GC detector (MS in this case) signal is directly related to concentration of 
analytes of interest sampled by SPME. Gaseous standard mixtures used for the calibration were generated by means 
of a home-made permeation-type apparatus described elsewhere, W. Janicki et al., Chem. Anal., 38 (1993) 423 and 
modified to permit easy sampling of analytes on an SPME fibre. To establish sampling parameters, times for 
equilibrium partitioning of five selected organic compounds (carbon tetrachloride, toluene, chlorobenzene, p-xylene, 
n-decane) between gaseous mixtures and the fibre (fused silica fibre coated with 100 pm polydimethylsiloxane) were 
determined. For 10 min sampling time, the detector response and hence amount sampled on the fibre were linear 
functions of analytes concentration in a gaseous sample. 0 1997 Elsevier Science B.V. 

Keywords: Calibration; Gas chromatography; Microextraction; Organic vapours 

1. Introduction 

The dominant trend in present day environmen- 
tal analytics can be related to the necessity to 
determine an increasingly wide range of pollutants 
on increasingly lower concentration levels in very 
complex matrices [2]. Hence, isolation and pre- 
concentration of analytes of interest are usually 
necessary steps of the analytical procedure. Re- 
cently, a rapidly developing technique for this 
purpose is solid phase microextration (SPME) 
[3-lo]. In the technique, sampling, isolation and 
enrichment are incorporated into a single step and 

* Corresponding author. 

use of solvents, which can be possible environ- 
mental pollutants, is eliminated. The technique 
can be applied to gases and relatively pure liquids 
by dipping an SPME fibre directly into an 
analysed medium; and to solid matrices and 
wastewater samples with grease, oil, and high 
molecular mass humic acids by analyte sampling 
from the headspace being at equilibrium with an 
original sample. The possible ways of sampling 
from different matrices are shown in Table 1. 

In the case of SPME combined with gas chro- 
matography, the fibre (with analytes extracted 
from the sample into stationary phase coated on 
it) is introduced into an injection port of a gas 
chromatograph. The analytes are thermally des- 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
PllSOO39-9140(96)02176-5 
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Table 1 
Sampling in the case of different matrices 

Sample type Sampling is done 

Gas By fibre exposition directly to an analyzed 
sample 

Liquid By fibre exposition directly to a liquid sam- 

ple 

Solid 

From a gaseous phase being at equilibrium 
with an original sample 
From a gaseous phase at equilibrium with 
an analyzed solid sample 
From a liquid extract 

orbed from the fibre and transferred by a carrier 
gas into a GC column for separation and then 
to a detector for quantitation. 

However, SPME is an equilibrium method 
and analytical methodologies based on it require 
calibration. It seems that the most reliable cali- 
bration approach would be to subject standard 
gaseous mixtures of precisely and accurately 
known analyte concentration to the complete 
analytical procedure (starting from sampling to 
final analysis) identical to the procedure for a 
real sample. 

Standard gaseous mixtures used for calibra- 
tion as well as for studies on isolation and en- 
richment of trace analytes from gases in the 

above approach should satisfy the following re- 
quirements [l 1 - 131: 

concentration of an analyte of interest should 
be constant for a required period of time; 
concentration should be known with an accu- 
racy much better than the accuracy of a cali- 
brated instrument or method; 
mixtures should be available in quantities suffi- 
cient to perform planned studies; 
analyte concentration can preferably be calcu- 
lated from such basic quantities as mass, tem- 
perature, pressure, etc. 

For environmental analytics in general and for 
these studies in particular (mixtures of very low 
analyte concentration: ppm, ppb, ppt levels re- 
quired), dynamic methods based on permeation of 
vapours of volatile organic compounds through 
membranes (mainly PTFE, polyethylene and sili- 
cone rubber) into a stream of diluting gas seem 
the most adequate. In such methods very low 
analyte concentrations can be obtained. These 
concentrations can be varied within a wide range 
by changing such parameters as membrane thick- 
ness and area, flow rate of diluting gas and tem- 
perature of a permeation vessel. The dynamic 
permeation methods has been extensively studied 
and used, among them the apparatus designed in 
our laboratory [ 1,14,15]. 

Fig. 1. The apparatus for generation of gaseous standard mixtures; 1- purifier, 2-drier, 3-generators, 4-preliminary mixing chamber, 
5-teflon 3-way valve, 6-thermostated mixing glass chamber, 7-glass 3-way valve, Mowmeter, 9-rotameter, and lo-suction pump. 
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Fig. 2. SPME apparatus for manual sorption and injection [20]. 

The aim of this work was to develop a reliable 
method of SPME-GC-MS system calibration 
(output signal as a function of analyte concentra- 
tion in gaseous sample) which can be used in 
analysis of different air samples (atmospheric, in- 
door and workplace air) for organic vapours. For 
the purpose we used the apparatus for permeative 
generation of standard gaseous mixtures described 
elsewhere [l] and modified to enable reproducible 
sampling of organic vapours present in the 
gaseous mixtures on an SPME fibre. 

2. Experimental 

2.1. Reagents and materials 

n-Decane (pure) were from Merck, Germany, 
and carbon tetrachloride, chlorobenzene, toluene 
and p-xylene (all reagent grade) were from Polskie 
Odczynniki Chemiczne, Gliwice, Poland. PTFE 
foils of 50, 120 and 220 urn thickness (from Du 
Pont, USA) were used for the preparation of 
permeation membranes. 
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Table 2 
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Concentrations of organic compounds of interest in gaseous standard mixtures (purified air as a diluting gas) 

Compound analyzed Analyte concentration (mg m-‘) for different flow rates of diluting gas 

25 cm3 min-’ 50 cm’ min-’ 100 cm? min’ 150 cm’ min’ 

Carbon tetrachloride 23.45 11.73 5.86 3.91 
Toluene 2.33 1.17 0.58 0.39 
Chlorobenzene 16.84 8.42 4.21 2.81 
p-Xylene 1.22 0.61 0.3 0.2 
n -Decane 0.75 0.38 0.19 0.13 

2.2. Apparatus 2.3. Calihrution of permeation vessels 

The apparatus for the dynamic generation of 
gaseous standard mixtures with stop flow facility 
for sampling is given in Fig. 1. It consists of three 
generators (3) [l]. In each generator two or three 
permeation vessels are placed [1,16- 191. They are 
filled with liquid analytes of interest (carbon tetra- 
chloride, toluene, chlorobenzene, p-xylene, n-de- 
cane). Diluting gas (atmospheric air purified from 
organic compounds) (1) is sucked by a suction 
pump (10) through purifier (1) drier (2) and 
generators (3) containing permeation vessels kept 
at a temperature of 28 k 0.1 “C. The stream of the 
gaseous mixture formed was then passed through 
a preliminary mixing chamber (4) Teflon 3-way 
valve (5), thermostated mixing glass chamber (6) 
glass 3-way valve (7) flowmeter (8) used for an 
accurate measurement of gaseous mixture flow 
rate and rotameter (9) with which flow rate is 
controlled. Mixing chamber (6) is equipped with a 
septum through which a needle of a SPME device 
can be inserted. During exposition the mixture 
flow through chamber (6) is stopped (the gas 
mixture by-passes the chamber). 

Permeation rates were determined by measuring 
vessel mass decrease (weighing) in a given time 
(l-30 days). When permeation rates became con- 
stant, permeation vessels were ready to use, and 
the concentration of a given analyte in a gaseous 
mixture was calculated from the permeation rate 
and diluting gas flow rate [I, 191. The concentra- 
tions of analytes in standard mixtures used in the 
studies are given in Table 2. 
2.4. Analyte extraction (a) and injection into a 
gas chromatographic column (6) 

(a) The membrane of the mixing chamber (Fig. 
1) is pierced with an SPME syringe needle, the 
fibre is pushed out from the needle and exposed to 
a standard mixture for a given time and then 
withdrawn into the needle, whose tip is immedi- 
ately closed by piercing it into a silicone septum 
to prevent the analytes from desorption. 

Table 3 
Parameters of fibre exposition 

GC-MS analysis was carried out with a Fisons 
GC-8000 gas chromatograph coupled with a 
Fisons MD-800 quadrupole mass spectrometer. 

For SPME extraction an SPME holder for 
manual injection (SUPELCO, Bellefonte, PA, 
USA) with a 100 urn polydimethylsiloxane-coated 
fused-silica fibre (SUPELCO, Bellefonte, PA, 
USA) was used (Fig. 2) [20]. 

Exposition parameters 

Stationary phase Polydimethylsiloxa 
ne 

Thickness of stationary phase film 100 pm 
Exposition temperature 25 + 0.2”C 
Mixture relative humidity Dry air 
Exposition time 0.5, 1, 2, 3, 10, 

20 min 
Flow rate of diluting gas (purified and 25, 50, 100, 150 

dried air) cm3 min-’ 
Analyte concentration as given in Table 

2 
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Table 4 
GC-MS parameters 

Injection port 
Injector tempera- 

ture 
Desorption time 
Analytical 

column 
Temperature pro- 

gram 
Type of MS 
Ions for quanti- 

tation 

Splitless, (liner 1.2 mm I.D.) 
250°C 

60 s 
DB 5 MS 30 m x 0.32 mm I.D. 0.25 
km d,. (RESTEC, Bellefonte, USA) 
3O”C-2 min-5°C min-’ SOY-15°C 
min-’ 23O”C-10 min 
SCAN 
Carbon tetrachloride 117, toluene 91, 
chlorobenzene 112, p-xylene 91, n-de- 
cane TIC 

Ionisation electron impact (70 eV) 

from the fibre. In Fig. 3 plots of peak areas versus 
exposition time for different analytes concentra- 
tions are given. Each point is an average of five 
parallel measurements. For carbon tetrachloride, 
toluene, chlorobenzene, p -xylene and n -decane 
equilibration time ranges from 1.0 to 5.0 min 
(Table 5). The equilibration is relatively fast, and 
this step would extend the total time of an analyt- 
ical procedure only slightly. A 10 min extraction 
time was selected for further experiments. For 
sampling at lower temperatures, e.g., outdoor air 
sampling on cold days, slightly longer extraction 
can be needed. 

_ 

(b) The device needle is quickly introduced into 
a splitless injector of a gas chromatograph, the 
fibre extended from the syringe for 20 s. At this 
time the analytes are desorbed and transferred 
into a GC column by carrier gas (parameters 
given in Table 3 and Table 4). 

In the successive step, the relationship between 
SPME-GC-MS response and analyte concentra- 
tion in the gaseous mixture (calibration curves) 
was studied. For each concentration five indepen- 
dent measurements were made. 

2.5. GC and MS parameters 

The parameters of GC-MS are given in Table 4. 

3. Results and discussion 

The relatively high correlation coefficients (r) 
for linear regression ranging from 0.988 to 0.999 
(Table 6) show that, in the examined concentra- 
tion range, calibration curves can be assumed 
linear with high reliability. An example of a cali- 
bration curve is given in Fig. 4. Linearity of 
calibration curves, i.e., independence of partition 
coefficients on concentration, simplifies the ana- 
lytical procedure. This was found for a fibre expo- 
sition temperature of 25”C, but should also be 
valid for other temperatures normally used during 
air sampling for organics. 

Constancy of analyte concentration (after pre- 
conditioning) in gaseous standard mixtures, which 
is a basic requirement of the calibration method 
proposed, has been confirmed earlier [l]. Applica- 
tion of a mixing chamber of a special design 
makes SPME fibre exposition to a standard mix- 
ture simple and easy. Development of a calibra- 
tion method requires the determination of 
minimum time necessary for equilibrium parti- 
tioning of analytes between a gaseous mixture and 
a fibre. For this purpose, the fibre was exposed to 
standard mixtures for different periods (0.5; 1.0; 
2.0; 3.0; 5.0; 10 and 20 min). The fibre was 
exposed in the gaseous mixture at a temperature 
of 25 + 0.2”C. Sorbed analytes were injected into 
a GC column and peak areas measured. It was 
found earlier that the injection parameters used 
(Table 4) ensure complete desorption of analytes 

However, partition coefficients (Kg) between 
the fibre coating and the gaseous phase are tem- 
perature dependent, which was quantitatively de- 
scribed for a number of organic compounds by 
Arthur et al. [8]. Therefore, the temperature of 
fibre extraction from the standard mixture (for 
calibration purposes) should be every time ad- 
justed to a temperature of real sample extraction. 
Such an approach seems simpler and more accu- 
rate than the correction based on previously de- 
termined temperature variability of Kg. With the 
apparatus proposed this is easily done simply by 
changing the temperature of mixing chamber (6). 

Humidity can affect sorption of organic com- 
pounds on the fibre but to small extent. As shown 
by Chai and Pawliszyn [lo], the relative humidity 
reduces the amounts extracted at room tempera- 
ture by less than 10% at up to 75%. The small 
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Fig. 3. Plots of GC-MS response (peak area in arbitrary units-a.u.) versus SPME fibre exposition time for different analyte 
concentrations in gaseous standard mixtures: (a) carbon tetrachloride; (b) toluene; (c) chlorobenzene; (d) p-xylene; and (e) n-decane. 
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Table 5 
SPME equilibrium times for different organic compounds in gaseous mixture 

1549 

Compound Equilibration time [min] (concentration [mg m-‘1) 

Carbon tetrachloride 1.0 (3.91) 1 .O (5.86) 1.0 (11.73) 
Toluene 1.0 (0.39) 1 .O (0.58) 1.5 (1.17) 
Chlorobenzene 1.5 (2.81) 1.5 (4.21) 1.5 (8.42) 
p-Xylene 2.0 (0.20) 2.0 (0.30) 2.0 (0.61) 
n -Decane 2.5 (0.13) 3.0 (0.20) 4.5 (0.38) 

2.5 (23.45) 
5.0 (2.33) 
1.5 (16.84) 
4.5 (1.22) 
4.5 (0.75) 

Table 6 
Characteristics of calibration curves 

Compound a [a.u.] S, [a.u.] b [a.u. mg-’ m’] S, [a.u. mgg’ Correlation coeffi- Concentration range [mg 
ms] cient r rn-‘1 

Carbon tetra- 73 x IO4 7.3 x IO4 7.7 x lo4 0.53 x lo4 0.995 3.91 + 23.45 
chloride 

Toluene 1.0 x lo6 0.17 x IO6 1.2 x lo6 0.13 x lo6 0.988 0.39 + 2.33 
Chlorobenzene 6.1 x IO6 0.29 x 1 O6 1.31 x 106 0.029 x IO6 0.999 2.81 i 16.84 
p-Xylene 1.0x 106 0.1 I x lo6 2.6 x lo6 0.16x lo6 0.996 0.20 + 1.22 
n -Decane 0.3 x IO’ 5.2 x 10’ 8 x IO’ 1.2 x lo7 0.980 0.13 2 0.75 

Each calibration curve consists of four calibration points and each point is an average of five measurements. 
y = bx+a b-peak area in arbitrary unit (a.u.), x-analyte concentration in mg m-‘). 

difference in humidity between a gaseous calibra- 
tion mixture and an air sample analysed would 
influence the results but only slightly. The effect 
of humidity is nearly constant for the relative 
humidity range of 25-75%, which covers majority 
of indoor, outdoor and workplace air cases. 
Maintaining the humidity of standard gaseous 
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2 ; 15,000,000 
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a" 
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Fig. 4. The plot of SPME-GC-MS response versus concentra- 
tion of chlorobenzene in a gaseous standard mixture. 

mixtures within this range is relatively easy with 
the apparatus proposed. 

4. Conclusions 

The apparatus for the generation of standard 
gaseous mixtures with mixing and sampling cham- 
bers gives a mixture of uniform concentration and 
enables easy exposition of an SPME fibre to the 
mixture. Since the concentration can be easily 
controlled and calculated the easy and reliable 
calibration of SPME-GC system versus analyte 
concentration in gaseous sample is feasible. 

The described calibration procedure should 
make the SPME technique a versatile, convenient 
and reliable tool for the determination of organic 
pollutants in various types of gaseous samples, 
such as indoor, atmospheric and workplace air. 
The determination would consist of two series of 
SPME-GC measurements: one for the sample 
studied and one for the standard mixture. 

The analysis of the above types of samples 
using the SPME combined with the proposed 
method of calibration is relatively short and of 
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relatively low costs, since use of very pure solvents 
is eliminated, which is also important from envi- 
ronmental protection viewpoint. 
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Abstract 

The utilization of a multicomponent gaseous standard mixture, containing CO and CO, and obtained by thermal 
decomposition of a so-called immobilized compound, for a single point calibration of a GC/FID system are 
described. The generation of such a mixture takes place as a result of thermal decomposition of a sample of 
chemically modified silica gel placed in a heated chamber of thermal desorber coupled with the device being calibrated 
via a catalytic methanizer. The mean amount of the analyte librated from unit mass of the gel was 0.71 mg g - ’ 
(RSD = 3%) for carbon monoxide and 0.86 mg g-’ (RSD = 3%) for carbon dioxide. 0 1997 Elsevier Science B.V. 

Keywords: Calibration; Carbon dioxide; Carbon monoxide; Modified silica gel; Standard gas mixtures 

1. Introduction 

Outdoor and indoor air, water, soil, food and 
the workplace atmosphere are polluted by an 
enormous number of toxic chemicals. In some 
cases, these hazardous chemicals cannot be de- 
tected by our senses, such as smell or sight. So far, 
Chemical Abstracts list about 13 million anthro- 
pogenic compounds. Of those, at least 100 000 are 
commonly used in various areas of life and tech- 
nology, over 10 000 are considered to be especially 
hazardous, and about 200 are considered to be 

* Corresponding author. 

carcinogenic [ 11. Separation, identification and de- 
termination of such a large number of compounds 
constitutes a difficult analytical problem, particu- 
larly if the analytes are volatile, unstable, toxic or 
malodorous. 

Every analytical process consists of a number 
of steps, including sampling, sample storage and 
workup, calibration and final determination. Each 
of these steps is prone to errors, whose main 
sources are [2-41: 
0 sample contamination, 
0 losses of analytes resulting from analyte evapo- 

ration or adsorption on the surface of a con- 
tainer, 

?? chemical reactions taking place in a sample, 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 

PIISOO39-9140(96)02177-7 
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Table 1 
Summary of studies 
tion of immobilized 

on the method of preparation of gaseous standard mixtures by thermal decomposi- 
compounds 

Type of immobilized 
compound 

Volatile compound 
generated 

Detector 
calibrated 

Amount 
released per 

unit mass of gel 
Img/g gel] 

Reference 

CIISH 

CjHTSH 

C,HvNCS 

CC, 

NH(C?H& 

NH1CH3 

FID 

FID. FPD 

FID 

FID 

NDIR 

NPD 

Photometric 
detector 

(following 
absorption of the 

analyte) 

Photometric 
detector 

(following 
absorption of the 

analyte) 

Photometric 
detector 

(following 
absorption of the 

analyte) 

13.2 18 

17.1’. 15.5* 18 

5.2 19 

6.5 19 

li 20 

3.1 21 

1.2 21 

1.6 

-I.0 

21 

21 

* results obtained for IWO different batches of silica gel 
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1 rf 
Fig. 1. Schematic diagram of the apparatus: 1 -temperature controller, 2-desorber furnace, 3--six-port valve, 4-CC column, 
5-methanizer, 6-FID, 7-recorder, d-tank with carrier gas (nitrogen), 9-hydrogen tank, lo-hydrogen tank, 1 l-air tank. 

0 

0 

interference among trace components or with 
a matrix, 
erroneous measurements (biased), improper 
calibration associated with unacceptable ex- 
trapolation and/or improper or unstable stan- 
dards. 
In order to reduce or eliminate these errors, 

new reliable analytical procedures with an in- 
creasingly greater accuracy and precision are be- 
ing sought. One vital step of these procedures is 
calibration of measuring devices, i.e., determina- 
tion of the relationship between the output signal 
and the quantity being determined. The method 
of calibration depends on a number of factors, 
including [5,6]: 

type of a measuring device, 
number of samples to be analyzed, 
possibility of preparation of a wide range of 
concentrations of standards to check an entire 
measurement range, 
required accuracy of determination, 
degree of matrix complexity of the analyzed 
sample. 
In the analysis of gaseous environmental pollu- 

tants, gaseous standard mixtures play a very im- 
portant role in the calibration of gas analyzers. 

A number of methods of generation of these 
mixtures have been described both in original 
papers [3,7-151 and in reviews [16-191. 

Calibration of analytical measuring devices can 
be accomplished in practice in two ways: 
?? by checking the entire measuring range (in- 

cluding zero point) using a set of gaseous 
standard mixtures with varying concentrations 
of the analyte, including a so-called zero gas 
and, sometimes, also a pure analyte; 

?? by verifying the reliability of an analytical 
device through checking its response at only 
one point within the measuring range (a so- 
called single point calibration). 
The use of thermal decomposition of so-called 

immobilized compounds, chemically bonded to 
the surface of silica gel, is a new approach to the 
problem of preparation of gaseous standard mix- 
tures [20-251. In order to change physico-chemi- 
cal properties of the surface of silica gel, it can 
be modified through the reaction of active sites 
(the -OH groups on the gel surface) with 
modifiers. This procedure is commonly used for 
the preparation of silica gel for liquid chro- 
matography applications [26]. The group bonded 
to the gel surface can in turn become a reactant 
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for subsequent reactions. Using suitable se- 
quences of such reactions, almost any functional 
group can be immobilized on the surface of silica 
gel [27]. Silica gel can be modified with a variety 
of inorganic compounds. Such a modification re- 
sults in the coverage of the gel surface with 
mono- or multimolecular layers of, e.g.: Al,O,, 
Fe,O,, Cr,O,, B,O,, TiO,, etc., [28]. Among 
commonly used organic reagents, one should 
mention amines (resulting in the formation of the 
Si-NR bonds), alcohols (resulting in the forma- 
tion of the Si-OR bonds), and alkyl derivatives 
(resulting in the formation of the Si-C bonds). 
The most stable of the above bonds are Si-C; 
consequently, this kind of modification of the 
silica gel surface is most commonly used as the 
first step in a series of reactions of immobilized 
groups. Alkyl- or arylchlorosilanes and 
alkoxyalkyl- or alkoxyarylsilanes are used most 
frequently to form the Si-C bonds. A specific 
chemical compound bonded to the silica gel sur- 
face (and called an immobilized compound) then 
undergoes chemical rearrangement at an appro- 

C,H,O\ 
C,H,~SiCH.CHTCH,OtH:THmCH. 
C?H$A 'd 1 

24 h 
OH 

~~ICH~CH?CH,OCH,FHCH,OH 

OH 

-1 OH 

OSSICH,CH~CH;OCH,CHCH,OH 
bH 

+ CO+CO, in h!, 

OH 

Fig. 2. Scheme of synthesis of a compound chemically bonded 
to the silica gel surface and its thermal decomposition. 

priate temperature, yielding gaseous analytes 
which combine with a stream of carrier gas gen- 
erating a gaseous standard mixture. The major 
factors influencing the composition of standard 
mixtures are the method of modification of the 
gel surface, the carrier (diluent) gas flow rate, the 
bed temperature, the mass of modified gel and 
the time of the decomposition process. Evident 
advantages of this method of preparation of 
gaseous standard mixtures include: 

high stability of modified gels at, room temper- 
ature as a result of significantly higher temper- 
atures of liberation of analytes, which 
facilitates the storage of batches of modified 
gels without the danger of slow decomposition 
of the immobilized compound resulting in an 
increased background; 
the possibility of preparation of a standard 
mixture immediately before calibration of an 
analytical instrument, thus reducing memory 
effects associated with adsorption of the ana- 
lytes on the inside walls of an experimental 
setup; 
suitability for the generation of standard mix- 
tures containing unstable, toxic or malodorous 
compounds. 
In addition to the above advantages, this ap- 

proach to generation of gaseous standard mix- 
tures has some inconveniences, the most 
important of which is the variability of analyte 
concentration in the diluent gas at the outlet of 
the tube with the modified silica gel. However, 
similarly to the classical exponential dilution 
method, this concentration can be calculated at 
any moment since the beginning of thermal de- 
composition [ 191. 

Table 1 lists the methods of preparation of 
gaseous standard mixtures by thermal decompo- 
sition of chemically modified silica gel that have 
been developed thus, far. 

The present paper describes the results of in- 
vestigations of the possibility of utilization of 
thermal decomposition of samples of chemically 
modified silica gel for the generation of a multi- 
component gaseous standard mixture which can 
be used for the single point calibration of chro- 
matographic detectors. Substituted alkoxyalkylsi- 
lanes were used for chemical modification of 
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Results of determinations of the amount of methane in the primary standard mixture after methanization of carbon dioxide. 
obtained during preliminary studies of the output of an FID 

No. Volume of gaseous mixture in- Peak area for methane (arbitrary Amount of CO, Equivalent amount of CH, 
jetted [ul] units) Pwl [mmol] 

1 50 107175 8.20 x lO-4 1.86 X 1o-5 
2 100 214967 1.64x lo-’ 3.73 x low5 
3 200 432167 3.28 x IO-” 7.45 X lo-’ 
4 400 856133 6.56x lop3 1.49 x low 
5 700 1494667 1.15 x lo-* 2.61 x 10W4 
6 1000 2073000 1.64x 10-2 3.73 X low4 

silica gel. Samples of the modified gel were then 
placed in a sorption tube and inserted into a 
thermal desorber connected on-line with the ana- 
lytical device being calibrated (the detector), and 
the calibration of the detector output at a certain 
point of its measuring range was carried out in 
this way. In this work, thermal decomposition of 
the immobilized compounds yielding carbon 
monoxide and carbon dioxide was used to gener- 
ate a multicomponent gaseous mixture. Utiliza- 
tion of the process of methanization of the two 
components (following their separation on a gas 
chromatographic column) results in the forma- 
tion of two different amounts of methane in one 
cycle, which can be used to calibrate a flame-ion- 
ization detector, a common measuring device in 
a number of analyzers and monitors of gaseous 
mixtures. 

80-100 mesh, (Hewlett Packard). The column 
temperature was 25°C. The carrier gas (nitrogen) 
flow rate was 20 ml min - ’ The gas chro- 
matograph was coupled with a purpose-designed 
tube furnace in which a tube with the modified 
silica gel was placed. The tube (100 x 3.5 mm) 
was previously silanized (to minimize the wall- 
analyte interactions) using the following condi- 
tions [30]: silanizing mixture- 
hexamethyldisilazane: trimethylchlorosilane (5: 1); 
time of silanization: 48 h; silanization tempera- 
ture: 150°C. The apparatus used in the investiga- 
tions is shown in Fig. 1. 

2.2. Reagents 

2. Experimental 

2.1, Apparatus 

An HP 5830 A gas chromatograph equipped 
with a cold on-column, splitless injector, an 
FID detector (T = 1 50°C), and a methanizer 
(T= 400°C catalyst-Raney nickel supported 
on silica gel) were used in the investigations. The 
process of catalytic methanization was carried 
out in a stream of nitrogen (carrier gas) with an 
addition of hydrogen (10 ml min _ ‘). A batch of 
the nickel catalyst was prepared according to the 
literature [29]. Separations were performed in a 
100 x 0.3 cm column packed with Porapak Q, 

Silica gel (MN-Kiesegel 60, 35-70 mesh; spe- 
cific surface area 200 m* g ~ ‘; Macherey, Nagel, 
Germany) was modified using the following pro- 
cedure: a solution of 2 ml of y-glycidoxypropyl- 
triethoxysilane in 30 ml of dried toluene was 
added to 20 g of silica gel dried at 120°C. The 
obtained mixture was refluxed for 6 h. The 
product was filtered, washed successively with 
toluene, acetone, and diethyl ether, and then sus- 
pended in a solution of 1.8 g of oxalic acid in 25 
ml of diethyl ether. After 24 h the obtained 
product was filtered, washed with water and 
methanol, and dried. Fig. 2 shows chemical reac- 
tions used in the modification of silica gel. 

2.3. Calibration of the GCIFID system 

Prior to the investigation proper, the measur- 
ing device to be standardized (FID) was cali- 
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Statistical evaluation of the obtained results using linear regression 

Analyte determined Slope of the line Intercept of the Standard deviation Standard deviation of Correlation co- 
a line b of the slope S, the intercept S, efficient R 

CH, (following meth- 5.59 x IO’ 13975 1236 0.24 
anization of-CO,) 

0.99 

brated by using a so-called primary gas standard 
mixture which was prepared in the laboratory by 
a volumetric method. To a conical flask of an 
exactly known volume (608 ml), which was pre- 
viously purged with pure nitrogen and closed 
tightly, 5.2 ml of pure carbon dioxide was added 
using a gas-tight syringe, followed by 15 ml of 
nitrogen (to obtain overpressure). The primary 
standard mixture prepared in this manner con- 

decomposition of 

immobilized compound 

gaseous standard misture 

1 
cbromatographic 

separation of 

co. co2 

1 
mrthanization 

1 
CH, 

1 
flame-ionization 

detector 

Fig. 3. Procedure used for the calibration of a flame-ionization 
detector employing two different amounts of methane in a 
single point calibration system. 

tained 623 ml of nitrogen and 5.2 ml of CO, 
(10.296 mg). Calibration of the detector was car- 
ried out by a direct injection of a volume of the 
primary standard onto a GC column. After the 
separation and methanization of CO,, a GC de- 
tector signal originating from methane was ac- 
quired. The amount of methane is directly 
proportional and equimolar to the amount of 
carbon dioxide in the primary standard mixture. 
It is not necessary to prepare a primary stan- 
dard mixture for carbon monoxide, because the 
FID signal resulting from methane can be con- 
verted to the amount of carbon monoxide con- 
sidering the fact that 1 mol of CO is also 
equivalent to 1 mol of methane. The results of 
calibration of an FID detector are compiled in 
Table 2. 

Using the least-squares method, the relation- 
ship 0, = ax + 6) between a measured quantity y 
(the peak area) and the amount of methane x 
(mmol) was determined from the I measurements 
carried out for a series of standards (Table 3). 

2.i. Single point calibration of the GCIFID 
system utilizing the decomposition of immobilized 
compounds 

A single point calibration of the GC/FID sys- 
tem was carried out by using methane formed 
from a standard mixture consisting of two 
volatile components: carbon monoxide and car- 
bon dioxide generated in the process of thermal 
decomposition of the immobilized compound 
chemically bonded to the silica gel surface. The 
following procedure was used: a tube containing 
a weighed sample of chemically modified silica 
gel ( f 0.00001 g) was placed in desorber furnace 
(Fig. 1). Airtight connection was ensured by us- 
ing PTFE washers. The tube was purged for 1 
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A 

??Series1 

I Series2 

??Series3 

time of the& decomposition of modified silica gel 
fmw 

B 

m P 0.7 1 
E 0,6 / 
d 0.5 
; 0,4 
E 0.31 

fQ 0,l. 

01 

p sews 1 
E Series 2 

IJ Series 3 

time of thermal decomposition of modified silica gel 
Wnl 

Fig. 4. Results of determination of the amounts of analytes 
liberated in the process of thermal decomposition of samples 
of modified silica gel (per unit mass of gel). Mass of silica gel: 
1st series = 0.00797 g; 2nd series = 0.01302 g; 3rd series = 
0.01247 g. A-determination of methane equivalent to the 
amount of liberated carbon monoxide. B-determination of 
methane equivalent to the amount of liberated carbon dioxide. 

min at ambient temperature with a stream of 
carrier gas (nitrogen at 20 ml min - ‘) to remove 
any air. Next, the furnace was heated electrically 
to a temperature of 300°C ( f l”C), at which 
thermal decomposition of the silica gel sample 
was taking place. The conditions of thermal de- 
composition of the immobilized compound (tem- 
perature, time, and the diluent gas flow rate) 
have been previously determined using the same 
batch of chemically modified silica gel and were 
published elsewhere [22]. The time of thermal 
decomposition was measured from the moment 
of reaching by the bed the preset temperature. 
The measurements were performed by switching 

the position of a six-port valve, which caused the 
resulting standard mixture to be swept in a 
stream of carrier gas to the head of a GC 
column. Following the GC separation, the ana- 
lytes (CO, CO,) were passed in a stream of car- 
rier gas (nitrogen) to a methanizer, where they 
were catalytically reduced in the presence of hy- 
drogen to methane. After GC detection, a chro- 
matogram was obtained which contained two 
peaks corresponding to methane, whose surface 
areas were directly proportional to the amounts 
of liberated analytes (1 mol of CO and 1 mol of 
CO, correspond to 1 mol of methane). A sche- 
matic diagram of the above procedure is shown 
in Fig. 3. 

The described methodology of generation of 
more than one component, measured during 
thermal decomposition of a suitable immobilized 
compound followed by methanization of the ana- 
lytes after their GC separation allows the use of 
single point calibration to check the readout of 
an analytical device simultaneously at two points 
within its measuring range. 

Initially, the kinetics of thermal decomposition 
of chemically modified silica gel was examined, 
and the total amounts of the components gener- 
ated as a result of this process (CO and CO,) 
were determined. The total time of thermal de- 
composition of the immobilized compound at 
300°C was 150 min; the first measurement was 
taken after 10 min from the initiation of the 
process, the next ones-every 20 min using the 
procedure described above. The measurements 
were carried out using three weighed samples of 
the same batch of chemically modified silica gel 
(with masses equal to 0.00797, 0.01302, and 
0.01247 g, respectively). Fig. 4 (A, B, C) illus- 
trates the course of thermal decomposition for 
each sample of the modified silica gel while the 
results of chromatographic determinations of to- 
tal amounts of the liberated analytes (following 
their methanization) are listed in Table 4 and 
Table 5. 

Subsequently, the amounts of analytes gener- 
ated at a specific moment of thermal decomposi- 
tion of the immobilized compound were 
determined. This will be of particular significance 
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Table 4 
Results of determinations of total amounts of compounds liberated from the surface of chemically modified silica gel during its 
thermal decomposition (T= 300°C t = 150 min) 

Mass of gel sample [g] 0.0797 0.01302 0.01247 

Analyte co co, co 
Total amount of the analte lop4 [mmol] 5.71 4.73 8.64 
Amount of the analyte unit mass of per gel [mg g- ’ gel] 2.01 2.61 1.86 
Percentage of the analyte in the mixture [“/sl 47.4 52.6 45.2 

The compounds were determined in the form of equivalent amount of methane. 

co, co CO, 
8.04 8.46 7.43 
2.72 1.82 2.62 

54.8 45.4 54.6 

when using thermal decomposition of the immo- 
bilized compound the for single point calibration 
of an analytical system. Taking into consider- 
ation the fact that the largest amounts of the 
analytes are released in the initial phase of ther- 
mal decomposition (Fig. 4), the first 10 min of 
thermal decomposition were selected to generate 
sufficient quantities of CO and CO, (converted 
to methane) to accomplish a single point calibra- 
tion of a GC/FID system. The objective of this 
investigation was to find the dependence of 
amounts of the analytes liberated from unit mass 
of the modified gel on the total mass of the gel 
used and thus, to determine the degree of homo- 
geneity of coverage of the silica gel surface by 
the immobilized compound. At the same time, 
this is a test of the developed procedure for the 
preparation of modified silica gel. The determi- 
nation of these properties is essential if chemi- 
cally modified silica gels are to be used for the 
generation of standard mixtures employed in the 
calibration of measuring devices. The procedure 
followed was analogous to that used in the initial 
studies (kinetics of thermal decomposition of 

modified silica gel) and the amounts of the ana- 
lytes liberated at 300°C during a 10 min decom- 
position were determined for 25 samples (of 
varying masses) of the same batch of chemically 
modified silica gel. The results of determinations 
of the amounts of liberated standards are listed 
in Table 6 and Table 7. 

3. Discussion 

On the basis of statistical analysis of the re- 
sults of determination of methane formed in the 
process of methanization of carbon dioxide in 
the primary standard mixture (Table 3) it was 
established that the correlation coefficient (R = 
0.99) obtained for a given number of samples 
(n = 6) is not significantly different from the criti- 
cal value of the correlation coefficient (1.00 for 
N = 0.01 which demonstrates a linear dependence 
of the detector output on the amount of the 
analyte. 

The experimentally determined average total 
masses of the analytes liberated in thermal de- 

Table 5 
Statistical evaluation of the results of determination of total amounts of the two analytes obtained during thermal decomposition 
of the immobilized compound (following their methanization) 

Analyte (determined as methane) Confidence limit for the average n = 3, P = 95% 
t.s Relative standard deviation [“/I 

/I=?*; 

mg g-’ gel mm01 gg ’ gel 

co 1.9 * 0.2 0.07 & 0.006 10 
CO* 2.7k0.1 0.06 k 0.003 5 
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Results of determinations of the amount of carbon monoxide and carbon dioxide liberated during the first 10 min of thermal 
decomposition of chemically modified silica gel (following their methanization) 

No. Mass of gal [g] Amount of CO Amount of CO [mg gg’ Amount of CO, Amount of CO2 [mg gP ’ gel] 
[mmol] Ml [mmol] 

1 0.00707 2.13 x 1OV 0.75 1.50 X 1ov 0.90 
2 0.00445 1.15 X 10-4 0.72 9.30 x 1ov5 0.92 
3 0.01302 3.61 x 1O-4 0.78 2.60 x lO-4 0.87 
4 0.01247 3.64 x 10P4 0.82 2.54 x 10m4 0.90 
5 0.01423 4.00 X IO-4 0.78 2.84 x 1O-4 0.88 
6 0.02923 7.43 x 1ov 0.71 5.60 x 10V4 0.84 
7 0.01259 3.15 x 1ov 0.70 2.20 X 1OW 0.76 
8 0.01016 2.46 x lo-“ 0.68 1.95 X 1o-4 0.85 
9 0.01602 3.96 x 1O-4 0.70 2.98 x 10m4 0.82 
10 0.01403 3.52 x lop4 0.70 2.64 x 1O-4 0.83 
11 0.01961 4.64 x 10W4 0.66 3.50 x 1ov 0.79 
12 0.01105 2.76 x 10W4 0.70 2.21 X 1ov 0.88 
13 0.01893 4.57 x 10-h 0.68 3.23 x lO-4 0.75 
14 0.01900 4.75 x 1ov 0.70 3.66 x 10m4 0.85 
15 0.04370 1.04 x 10-X 0.66 7.66 x 1O-4 0.77 
16 0.03049 8.25 x 10W4 0.70 6.18 x 1OW 0.89 
17 0.02454 6.54 x 10W4 0.74 5.16 x 10V4 0.92 
18 0.10937 2.76 x 10-s 0.71 1.93 x 10-s 0.78 
19 0.01145 2.89 x 1O-4 0.71 2.32 x lo-“ 0.90 
20 0.02529 6.11 x lop4 0.68 4.36 x 1O-4 0.76 
21 0.02144 5.46 x lo-=’ 0.71 4.18 x 1O-4 0.86 
22 0.00592 1.48 x 10W4 0.70 1.34x 1ov4 0.99 
23 0.01495 3.61 x 10W4 0.67 3.09 x 1OW 0.91 
24 0.02808 7.46 x 1O-4 0.74 5.86- 10W4 0.92 
25 0.00751 1.88 x 10-d 0.70 1.67 x 1O-4 0.98 

composition of the immobilized compound under 
the following conditions (T= 3OO”C, t = 150 
min) per unit mass of the gel are 1.9 f 0.2 and 
2.7 + 0.1 mg gP ’ for carbon monoxide and car- 
bon dioxide, respectively (Table 4). Relative stan- 
dard deviations of the results for a given 
significance level (LX = 0.05) and n = 3 are about 
10% and less than 5% for CO and COz, respec- 
tively (Table 5) which indicates a good precision. 
Based on the mole amounts of CO and CO, 
formed, which are equal to 0.07 + 0.006 and 
0.06 f 0.003 mmol gg ’ of gel, respectively, it can 
be concluded that in accordance with the reac- 
tions taking place on the silica gel surface, i.e., 
decarbonylation and decarboxylation (Fig. 2), 
equimolar quantities of the analytes are released 
(the experimental error is within 1%). 

The process of thermal decomposition of the 
immobilized compound was found to have the 
highest yield during the first 10 min; afterwards, 
the amounts of the analytes released become pro- 
gressively smaller which is understandable con- 
sidering the finite amount of the immobilized 
compound on the surface of silica gel (Fig. 4). 
Relative standard deviations estimated from 25 
determinations of the analytes liberated during 
the first 10 min of thermal decomposition of 
chemically modified silica gel at a given signifi- 
cance level (LX = 0.05) are within 3% (Table 7). 
The results obtained indicate that the amounts of 
the analytes liberated from unit mass of the gel 
do not depend on the mass of the gel used which 
means that the immobilized compound is bonded 
homogeneously to the surface of silica gel. 
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Statistical analysis of the results of determinations of the amounts of carbon monoxide and carbon dioxide liberated during the first 
10 min of thermal decomposition of samples of chemically modified silica gel expressed per unit mass of gel 

Analyte (determined as methane) Confidence limits for the average n = 25, P = 

95% /l=n*-fs_ 
Relative standard deviation [“h] 

n 

mg gg’ gel mm01 gg’ gel 

co 0.71 * 0.02 

CO, 0.86 * 0.03 

4. Conclusions 

On the basis of experimental results one can 
draw the following conclusions: 

methanization of components following their 
chromatographic separation results in the for- 
mation of two different amounts of methane in 
one measurement cycle, thus yielding two data 
points in a single point calibration of a flame- 
ionization detector; 
a gaseous standard mixture generated through 
thermal decomposition of the immobilized 
compound can be used for the calibration of 
analytical devices in a very wide concentration 
range of the analyte (methane) because the 
amounts of the analytes liberated are directly 
proportional to the amount of silica gel used 
and, 
consequently, the amount of the analyte can be 
varied by changing the amount of modified 
silica gel; 
batches of chemically modified silica gel can be 
used not only as a source of analytesPcompo- 
nents of gaseous standard mixtures but also as 
a source of small amounts of given analytes. 
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Abstract 

The spectrophotometric determination of Cr(V1) and Cr(II1) via sequential injection was used to demonstrate the 
sensitivity enhancement provided by a newly developed wetting film extraction system. The reaction product of 
Cr(V1) with 1,Sdiphenylcarbazide was ion-paired with perchlorate and extracted into an organic wetting film 
consisting of octanol and 4-methyl-2-pentanone on the inner wall of a Teflon tube. The wetting film, with the 
extracted analyte, was then eluted with 100 ul acetonitrile and the analyte determined spectrophotometrically at 546 
nm. Important optimized parameters were the selection of wetting film and elution solvents, the flow rate, the length 
and diameter of the extraction coil and the conditions for the formation of the ion paired chelate. Cr(II1) was 
previously oxidized to Cr(V1) and calculated as the difference between total Cr and Cr(V1). An enrichment factor of 
25 and a detection limit of 2.0 pg 1-l Cr(V1) were achieved with a sampling frequency of 17 h- ‘. The calibration 
curve was linear up to 100 pg 1-l Cr(V1) (r = 0.999). The relative standard deviations were 2.8 and 2.0% at the 25 
and 100 pg 1-l levels. 0 1997 Elsevier Science B.V. 

Keywords: Chromium; Extraction; Sequential injection; Spectrophotometry 

1. Introduction 

Recently, a flow injection extraction technique 
using replaceable organic wetting films on Teflon 
tubing was developed in our laboratory [l]. The 
value of this technique is that it has several key 
advantages over existing extraction methods, and 

* Corresponding author. 

it can be incorporated into many flow injection/ 
sequential injection analyses to enhance sensitivity 
and selectivity. Compared with the long-standing 
segmented flow extraction methods, organic wet- 
ting film extraction is easier to apply because it 
does not involve phase segmentors, phase separa- 
tors or discriminating on-tube detection of seg- 
mented flow streams [2]. Wetting film extraction 
furthermore consumes approximately ten times 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 

PII SOO39-9 140(96)02 180-7 
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less organic solvent. The extracting phase is in- 
jected and discarded during each analysis cycle so 
that regeneration or reuse are not necessary, un- 
like tube wall adsorption [3,4] or reversed perme- 
ation membranes [5]. 

Historically, the development of wetting film 
extraction grew out of Lucy’s segmented method 
of flow injection extraction [6]. Lucy and Yeung 
emphasized the usefulness of stationary organic 
wetting films to delay the average flow rate of 
extracted species in an aqueous/organic seg- 
mented flow system. The delayed flow rate was 
due to the partitioning of extracted analytes be- 
tween the flowing organic segments and the sta- 
tionary film. The differing flow rates achieved a 
separation of the extracted and unextracted spe- 
cies. Previously, stationary films were usually re- 
garded as a source of unwanted dispersion in 
segmented flow systems. A logical extension of 
Lucy and Yueng’s approach was to dispense com- 
pletely with the flowing organic segments and 
attain the full benefit of the stationary wetting 
film. 

In this paper, we demonstrate the use of or- 
ganic wetting film extraction to enhance the sensi- 
tivity and selectivity in the sequential injection 
analysis of Cr(V1) and Cr(II1) in natural waters. 
The calorimetric determination of chromium(V1) 
and (III) in water using 1,5_diphenylcarbazide was 
selected partly because it has been used to demon- 
strate various flow injection configurations [7- 171. 
The enhancement of sensitivity also makes the 
chromium determination more useful for trace 
environmental analysis. Yoshimura enhanced the 
sensitivity of the Cr(V1) determination lo-fold by 
solid phase spectrophotometry using cation ex- 
change beads [18]. A detection limit of 0.5 ng 
ml-’ was achieved. Unfortunately, electrolytes 
present in natural water interfered. The sample 
solution must be passed through a hydrogen-form 
cation-exchange column, or matrix matched stan- 
dard solutions must be used [19]. In this work, 
electrolyte interference is avoided by extracting 
the colored complex quantitatively as an ion pair 
into an organic wetting film, resulting in a similar 
enhancement of sensitivity. 

2. Experimental 

2.1. Apparatus 

Fig. 1 illustrates the sequential injection mani- 
fold for the preconcentration and spectrophoto- 
metric determination of chromium(V1). Solutions 
were driven by two peristaltic pumps (Alitea 
USA, Medina, WA) with Masterflex # 13, # 14 
and # 16 Norprene pump tubes (Cole-Parmer 
Instrument Company, Chicago, IL) for different 
flow rates. A six-port rotary selection valve V, 
(Valco Instrument Co., Houston, TX) was used to 
select the solutions. A 5.0 ml holding coil was 
used as an injection loop on an injection valve, 
V,. The holding coil consisted of 5.6 m of 18 
gauge Teflon tubing, 1.07 mm i.d. (Small Parts, 
Miami Lake, FL). The sample and reagent were 
loaded into the coil by pump P,. Another injec- 
tion valve, V,, was used to inject the eluting 
solution via a Teflon 100 ul injection loop. Both 
injection valves were six-port, two position valves 
(Valco). The eluting solution was loaded into the 
loop manually with a syringe. The extraction coil, 
EC, consisted of a 3.5 m length of thick-walled 
Teflon (PolyTetraFluoroEthylene, PTFE) tubing 
(Small Parts, Miami Lake, FL) with an inner 
diameter of 1.07 mm (18 gauge) coiled on a 20 

Air 

Elute --) - Waste 

Hz0 

Sample 
Reagent 

Air 

2.5 J ml/min 

Waste 

Fig. 1. Scheme of the sequential injection-wetting film extrac- 
tion system. P,, P, = peristaltic pumps, V, = selection valve, 
V,, V, = injection valves, EC = extraction coil, D = detector, 
DB = displacement bottle, Coat = coating solvent, Elute = 
eluting solvent. 
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mm diameter rod. The extraction coil was con- 
nected to the common port of the selection valve, 
Vi. All other tubing connections were made with 
0.8 mm i.d. Teflon tubing and Teflon nuts and 
ferrules (Upchurch, Oak Harbor, WA). A dis- 
placement bottle was placed between the detector 
and the pump P, to protect the pump tube from 
organic solvents. A Brinkmann calorimeter (PC- 
701, Brinkmann Analytical, Wesburg, NY) served 
as both the light source and detector. The trans- 
mittance cell was a sandwich cell with a 2.0 mm 
Teflon spacer [20]. The incident light passing 
through a 546 nm interference filter (Edmund 
Scientific) made two passes through 2.0 mm of 
solution for a total pathlength of 4 mm. Control 
of pump P, and valve V, and collection of data 
were performed with Atlantis software (Lakeshore 
Technologies, Chicago, IL). 

2.2. Reagents and solutions. 

All solutions were prepared in purified water 
(NANOpure II, Sybron Barnstead, Dubuque, 
IA). All chemicals were analytical reagent grade. 
Acetonitrile, acetone and methanol were used as 
received. All organic solvents that were immiscible 
with water were saturated with water before use. 

Standard chromium(V1) solution (500 ug ml - ‘) 
was prepared by dissolving potassium dichromate 
(Mallinchrodt) in water. Working solutions were 
made by step-wise dilution of the stock solution 
with water. 

Standard chromium(II1) solution was obtained 
by reducing 10.0 ml Cr(V1) stock solution with 25 
mg Na,SO, and 10 ml 6 M sulfuric acid. Excess 
sulfite was removed by boiling and then cooling 
the solution to room temperature. The solution 
was diluted to 100 ml with water. Working solu- 
tions were made by dilution of the obtained solu- 
tion with water. 

The calorimetric reagent was 1,5-diphenylcar- 
bazide (DPC), also called 1,5_diphenylcarbohy- 
drazide (Sigma). DPC solution was prepared by 
dissolving 0.1 g DPC in 10 ml acetone (J.T. 
Baker) and storing in a brown bottle at 4°C. 

Sodium perchlorate solution was made by dis- 
solving 61.2 g sodium perchlorate (Aldrich) and 
1.0 ml of 6.0 mol 1-l sulfuric acid in water and 

diluting to 100 ml. Sodium perchlorate contains 
chromate impurities. The solution was purified by 
adding 1.0 ml of DPC solution and washing with 
aliquots of 4-methyl-2-pentanone (Aldrich) until 
the wash solution was colorless. 

A color developing solution was prepared by 
mixing 2.5 ml DPC solution with 100 ml sodium 
perchlorate solution. This solution should be pre- 
pared daily. 

A coating solution was made by mixing 10 ml 
octanol (J.T. Baker) with 20 ml 4-methyl-2-pen- 
tanone. 

An ammonium cerium(IV) sulfate solution was 
made by dissolving 0.20 g ammonium cerium(IV) 
sulfate (Aldrich) in 2.5 mol l- ’ sulfuric acid and 
diluting to 50 ml. 

2.3. Sample preparation 

For the determination of Cr(VI), the untreated, 
unfiltered water sample obtained just prior to 
analysis was loaded into the reaction coil. The 
same sample was then oxidized by Ce(IV) before 
aspirating into the reaction coil so that total Cr 
could be determined as Cr(V1). Samples were 
oxidized by adding 0.10 ml of the Ce(IV) solution 
to 9.9 ml sample then heating the mixture in a 
water bath for 5 min at 45°C. Samples were 
cooled to room temperature before loading. Lake, 
sea (Puget Sound) and drinking waters from Seat- 
tle were used as samples. 

2.4. Procedure 

The procedure, outlined in Table 1, is three 
chemical steps: (1) color development and ion 
pairing; (2) extraction into an organic wetting 
film; and (3) elution of the film to the detector. In 
the first step, the sample solution and reagent 
were merged in a T mixer and passed directly into 
a 5.0 ml reaction coil which was installed as an 
injection loop on valve VZ. The flow manifold and 
flow rates are given in Fig. 1. Before unloading 
the reaction coil into the extraction coil, the ex- 
traction coil, EC, had to be washed with water 
and coated with extraction solvent. A fresh film of 
organic solvent was formed on the extraction coil 
by switching valve V, to port ‘Coat’ and, aspirat- 
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Table 1 
Analysis cycle 

Step Function Time s-i 

I.* Load sample and reagent into the re- 56 
action coil on the injection loop, V, 

2. Aspirate H,O to wash the extraction 
coil 

30 

3 _ Aspirate extraction solvent into the ex- 4 
traction coil 

4. 
5. 

Aspirate air 2 
Aspirate the sample from the reaction 120 
coil 

6.* Aspirate elution solvent from injection 20 

loop, V, 

* Steps 1 and 6 were done concurrently to increase sampling 
efficiency. 

ing with pump P,. Next, a zone of air was aspi- 
rated from valve V, to separate the coating zone 
from the sample solution to follow. With a fresh 
extracting film on EC, the treated sample was 
aspirated from the reaction coil (on V,) into the 
coil ‘EC.’ At this point, the complexed, ion-paired 
analyte was preconcentrated in the wetting film on 
EC. After the sample zone had passed, followed 
by a separating zone of air, the film was eluted to 
the detector by a zone of acetonitrile from the 
injection loop of valve V,. Valve V, was switched 
manually, and pump P, was used to aspirate. 
Data was collected at 2 Hz. 

3. Results and discussion 

3.1. Coating solvent 

Most critical to this work was the development 
of an organic thin film that could be formed and 
removed during each analysis cycle. The develop- 
ment of such a film required that we, firstly, 
identify solvents that extract our analyte well and, 
secondly, blend these solvents to optimize film 
characteristics. Extraction solvents were blended 
in order to satisfy the following necessary film 
characteristics: the film must be adequately insol- 
uble in water, it must have a sufficiently high 
capacity for the analyte, it must be stable during 
extraction, and it must be eluted after sample 
perfusion. 

Solvents containing hydroxyl and ketone func- 
tional groups were found to solvate the ion-paired 
chromium complex effectively. Other solvents 
tested were benzene, toluene, chloroform, carbon 
tetrachloride, dimethylsulfoxide, cyclohexane and 
hexadecane. All of these resulted in signals indis- 
tinguishable from those of blank solutions ( - 
0.003 AU) when a 100 ug 1-l Cr(V1) solution was 
used. Table 2 shows the absorbances resulting 
from various wetting film compositions. 

The extraction solvents were blended to pro- 
duce good wetting film characteristics according 
to some guiding principles. Operating properties 
were adjustable since ketone and alcohol extrac- 
tion solvents have a range of physical properties. 
Film thickness was assumed to be the most criti- 
cal film property. As a result, the strategy for 
finding the optimum mixture was straightforward. 
The solvent mixture was varied in order to vary 
the thickness of the film, while absorbance peak 
area was maximized. Film thickness was a guide- 
line for optimization, but was not actually mea- 
sured. Rather, the viscosity and surface tension of 
the solvent mixture were varied in the experiments 
since the film thickness is related to these, and 
their values are known for the pure solvents. Film 
thickness is directly proportional to viscosity and 
inversely proportional to surface tension [21]. The 
performance of the film was especially sensitive to 
viscosity. 

There is a trade off between the capacity of the 
film for the analyte and the ease with which the 

Table 2 
Effect of coating solvent on the preconcentration of 100 ng 1-l 
Cr(VI) 

Coating solvent Peak height/AU 

No coating < 0.0030 
2-Propanol 0.0055 
I-Butanol 0.2282 
1 -Pentanol 0.2027 
I-Octanol 0.2059 
1 -Decanol 0.1048 
4-Methyl-2-pentanone (MIBK) 0.1515 
75% Octanol+25% MIBK 0.2441 
50% Octanol+ 50% MIBK 0.3213 
33% Octanol+ 67% MIBK 0.3461 
25% Octanol + 75% MIBK 0.3337 



Y. Luo et al. /Talanta 44 (1997) 1563-1571 1561 

film can be eluted to a detector. Both of these 
characteristics depend, predictably, on the thick- 
ness or viscosity of the film: thick films have 
high capacity but are more difficult to elute. As 
a lower limit, the film must be thick enough 
that it does not break up during sample perfu- 
sion. As an upper limit, it must be possible to 
remove the film quantitatively. Between these 
two limits, one should compromise between sen- 
sitivity and dynamic range. Lower capacity re- 
sults in higher sensitivity because a smaller 
volume of extraction solvent yields higher en- 
richment factors. Higher capacity allows for a 
higher breakthrough concentration. A lower film 
thickness was chosen in this work. Although 
sensitivity was favored at the expense of dy- 
namic range, the dynamic range was adequate 
for most water samples. 

Film thickness and ease of elution were 
functions of the number of carbons for pure 
solvents. The solubility in water was a limiting 
factor for 2-propanol, 1-butanol and 4-methyl- 
2-pentanone. At five carbons or higher, alco- 
hols were sufficiently insoluble in water, but 
they were too viscous so that the films were 
too thick. The perchlorate-Cr complex ion pair 
was completely extracted into the films, but the 
films could not be removed by satisfactory 
means. Excessive film thickness also decreased 
the sensitivity and enrichment factor by in- 
creasing the volume of the organic phase: Two 
selected extraction solvents, 1-octanol and 4- 
methyl-2-pentanone, had viscosities around the 
ideal value. These were blended to optimize 
film thickness. The highest sensitivity (peak 
area) was obtained with a mixture of 33% 
(volume) 1-octanol and 67% 4-methyl-2-pen- 
tanone. 

The results shown in Table 2 verify that the 
perchlorate-paired complex did not adsorb onto 
the tubing wall. Without a wetting film, the ab- 
sorbance of a 100 pg l- ’ Cr(V1) standard solu- 
tion was indistinguishable from that of a blank 
solution. Adsorption onto tubing walls has been 
used in the determination of ion-paired dye [3] 
and metal ion chelates [4]. 

0 

0 1 2 3 4 

Concentration (mol/l) 

Fig. 2. Effect of pairing anion concentration on the extraction 
of Cr(VI). 

3.2. Color development and ion-pairing conditions 

Chromium(V1) forms an intensely colored com- 
plex with DPC in acidic solution. The reactions 
occurring were reported to be the simultaneously 
oxidation of DPC to diphenylcarbazone, the re- 
duction of Cr(V1) to Cr(III), and the chelate 
formation of Cr(II1) and diphenylcarbazone 
[22,23]. Although the structure of the chelate is 
still uncertain, it is evidently a cation [22]. The 
chelate can only be extracted into aqueous solu- 
tion as a neutral ion pair in the presence of excess 
anions. Fig. 2 shows the performance of various 
counterions on the extraction of the colored 
chelate. The anion concentrations given are those 
of the extracting solution after flow manifold 
mixing. Thiocyanate and perchlorate were most 
efficient, but perchlorate was preferred based on 
interference studies (discussed later). The recom- 
mended perchlorate concentration, used for stan- 
dards and samples, was 1 mol 1 - ‘. Ion pairing did 
not alter ;1 max (540 nm) or the extinction coeffi- 
cient. 

The effect of sulfuric acid concentration was 
investigated by varying the concentration in the 
reagent solution. The peak heights were found to 
be highest and independent of sulfuric acid con- 
centration over the range 0.005-0.1 mol l- ’ (pH 
0.7 - 2.0). It was also found that the acidity influ- 
enced the color development, but not the forma- 



1568 

Table 3 

Y. Luo et al. / Talanta 44 (1997) 1563-1571 

Elution efficiency of 100 ~1 aliquots of various solvents 

Solvent Viscosityb q(m Pa s) Surface tensionb y(mN m-‘) q/y (Pa s mN-‘) Elution efficiency” (%) 

Methanol 0.544 22.07 0.02465 51.0 
Acetone 0.306 23.46 0.01304 77.5 
Acetonitrile 0.369 28.66 0.01288 92.0 

a The percentage of Cr(VI)-DPC complex eluted in the first aliquot. Complete elution was assumed for three successive aliquots. 
b Data (25°C) from CRC Handbook of Chemistry and Physics, 75th Edition. 

tion of ion paired complex. Sulfuric acid concen- 
trations used for Cr(V1) and total Cr determina- 
tions in the proposed manifold were 0.012 mol 
I- ’ (pH 1.6) and 0.032 mol 1-i (pH 1.2), respec- 
tively. 

3.4. Optimization of the manvold 

Parameters of the manifold that were optimized 
were the flow rate, the sample volume and the length 
and diameter of the extraction coil. The oxidation 
of Cr(II1) was also investigated. 

3.3. Elution solvent 

Once the ion-paired chelate had been ex- 
tracted into the I-octanol 4-methyl-2-pentanone 
film, 100 ul of the elution solvent was injected 
into the extraction coil to disrupt the adhesion 
of the film to the Teflon and to elute it to the 
detector as one homogeneous segment. An ideal 
elution solvent is one which does not form a 
film or forms a very thin and unstable film. 
Such a solvent would be expected to have a low 
viscosity and a high surface tension [24]. The 
elution efficiencies of methanol, acetone and 
acetonitrile were investigated with 100 ug l- ’ 
Cr(V1) standard solution. A small and adequate 
volume of elution solvent, 100 ~1, was used 
throughout. 

Thickness of the wetting film is directly pro- 
portional to the inner diameter of the extraction coil. 
As a result, the extraction capacity (volume of 
the wetting film) is larger for wider and longer 
extraction coils. However, excessive coating sol- 
vent adsorbed on the coil requires excessive elution 
steps. The optimum extraction coil was PTFE tubing 
3.5 m in length and 1.07 mm (18 gauge) inner 
diameter. 

Wetting films formed much more readily on PTFE 
Teflon than on clear FEP Teflon. An equation 
predicting film thickness [21] that has long been cited 
in segmented flow extraction publications [24] ne- 
glects any consideration of the tubing material. 
Nevertheless, this equation was a useful guideline 
for predicting the effects of flow rate, viscosity and 
surface tension on film thickness. 

The efficiency of film elution after extraction Generally, a faster flow rate (pump Pi) results in 
was examined by measuring the peak areas of a thicker film. In the range of 1.0-3.5 ml min- ’ 
three sequential aliquots (100 ul each) of the (1.8-6.5 cm s-l), the peak areas were independent 
elution solvent. Complete elution of the Cr(VI)- of the flow rate. Flow rates lower than 1 .O ml min - ’ 
DPC complex was assumed for three aliquots. resulted in analyte breakthrough due to insufficient 
The percent recovered in the first aliquot is re- capacity because the film was too thin. Flow rates 
ported in Table 3 as the elution efficiency. With higher than 3.5 ml min ~ ’ resulted in thick films with 
the smallest ratio of viscosity to surface tension, high capacity; however, analyte recovery was low 
a single segment of 100 ul acetonitrile can elute partly because the contact time with the extraction 
92% of the extracted analyte. The second and solvent was shortened. Excessively high flow rates 
third aliquots, used for cleaning, eluted 7.4 and allowed even the elution solvent to form a film so 
I .3%, respectively. that the elution of the analyte was incomplete. 



Y. Luo et al. / Talanta 44 (1997) 1563-1571 1569 

To simplify the manifold, attempts were made 
to pump the aqueous sample and reagent directly 
into the extraction coil. The Cr(VI)-DPC reaction 
proved to be too slow [16]. The extraction effi- 
ciency was only 42% of that of the proposed 
system and conditions, as determined from rela- 
tive peak areas. Having a separate reaction coil 
allowed as much time as needed for the ion paired 
chelate to form. 

Different volumes of Cr(V1) standard solutions 
(100 ug l- ‘) were injected into the extraction coil 
by changing the length of the reaction coil on 
valve V,. The absorbances increased linearly with 
the injected sample volumes up to 6.0 ml (the 
total volume of sample plus reagent is 7.5 ml). 
Breakthrough occurred beyond 6.0 ml. A good 
compromise between sensitivity and sampling fre- 
quency was a sample volume of 4.0 ml. 

The on-line oxidation of Cr(II1) to Cr(V1) with 
Ce(IV) was reported to be incomplete [&lo]. The 
yield of Cr(V1) depended on the temperature, 
length of the reaction coil, flow rate, the concen- 
trations of Ce(IV) and sulfuric acid, and the FIA 
manifold configuration. Coupling an oxidation 
system to the extraction system would make the 
manifold exceedingly complex. Therefore, water 
samples were pretreated. The oxidation was easily 
achieved by heating a mixture of 0.1 ml of Ce(IV) 
solution and 9.9 ml of water sample in a 45°C 
water bath for 5 min. Chromium(II1) can be 
quantitatively oxidized to Cr(V1) and only one 
calibration curve is needed for the measurement 
of both Cr(V1) and total Cr. 

3.5. System performance 

Fig. 3A is a set of peaks observed for 25 and 
100 ug 1~ ’ Cr(V1) standard solutions as the eluted 
wetting film passed through the detector. The 
eluted film was preceded and followed by air. In 
contrast to most flow injection applications, the 
analyte signal was nearly constant as the zone 
passed through the detection cell. Extraction into 
a single homogeneous zone replaced the usual 
dispersion mixing. The irregular shoulders on the 
leading and following edges of the rectangular 
elution peak were due to light scattering at the 
solution/air interfaces. The light scattering was 

excluded by using only the absorbance measure- 
ments between 3.5 and 5 s, as in Fig. 3B. Fig. 3B 
shows absorbance versus time data of 27 runs of 
standard solutions ranging from 5 to 100 ng l- ’ 
and two blanks. 

The data shown in Fig. 3B was used to calcu- 
late a calibration curve. The average absorbance 
for each run was used. The data demonstrates a 
linear response to concentrations up to 100 ug 
1-l. The y-intercept of the calibration line is 
indistinguishable from the blank absorbance 
value. The least squares line is absorbance = 
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Fig. 3. (A) Observed peaks of 25 and 100 pg 1-l Cr(V1) 
standard solutions. (B) Absorbance vs. time for eluted wetting 
films between 3.5 and 5 s elapse times. Concentrations of 
Cr(V1) are indicated with the number of replications in paren- 
theses. 
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Table 4 
Effects of various pairing ions on the determination of 100 pg 
1-l Cr(VI) 

* In the presence of 0.02 mol I-’ EDTA. 

Ion 

None 

Hg(II) 
Fe(III) 

Cu(I1) 

Co(H) 

V(V) 

Mo(V1) 

Concentration Cr(VI) found (pg I-‘) 

(mg 1-l) 

10 
100 

10 
10* 

1 
100 
100* 

10 
100 

10 
10* 

1 
10 

1 
100 

10 
5 
2.5 
1.0 

with SCN- with ClO, 

100 100 
98 102 

99 
449 
104 
243 
246 103 

98 
98 

336 97 
143 98 
98 

112 
57 70 
94 91 

336 
96 

322 102 
243 
166 

(3.913 x 10-3)C-5.5 x 10-3, R2 = 0.998, where 
C is concentration in ug 1 - ‘. The limit of detec- 
tion, calculated on a 30 basis, was 2.0 ug 1-l 
Cr(V1). The relative standard deviations of 25 
ug 1~ ’ and 100 pg l_ ’ Cr(V1) solutions were 
2.8% (n = 10) and 2.0% (n = lo), respectively. 
The analysis can be performed at a rate of 17 
h-l. 

3.6. Interference studies 

Various ions were tested for interference in 
the determination of Cr(V1). No interference 
was observed for at least 1000 mg l- ’ of Na(I), 
K(I), Ca(II), Mg(II), NH,+, Cl - , NO,, SOi - , 
PO:-, and 50 mg I- ’ of Ni(II), Mn(II), Zn(II), 
Cd(II), Pb(I1) on the determination of 100 ug 
1-l Cr(V1). Analyses were performed using both 

thiocyanate and perchlorate as ion-pairing an- 
ions. However, thiocyanate resulted in positive 
interferences from Fe(III), Cu(II), Co(I1) and 
Mo(V1). With perchlorate as the ion-pairing an- 
ion, all of the interferences were satisfactorily 
tolerated (Table 4) except V(V). Fortunately, 
V(V) is not likely to be encountered at such 
levels in most water samples. 

3.7. Application 

The method was applied to the determination 
of Cr(V1) and Cr(II1) in tap water, lake water 
and Seattle area sea water samples. No interfer- 
ences were found in three water samples tested 
by standard additions. The results of standard 
additions are given in Table 5. 

4. Conclusion 

The described wetting film extraction system 
is suitable for on-line preconcentration and 
separation. The method avoids the complica- 
tions and performance limitations of segmented 
flow extraction which has been extensively stud- 
ied for over two decades. With only ul scale 
organic solvent consumption, the sensitivity of 
an assay is enhanced in proportion to the en- 
richment factor. This extraction system can eas- 
ily be coupled to detectors or subsequent 
analyzers because the analyte is uniformly dis- 
tributed in a single segment of extraction sol- 
vent. Thus, it is possible to determine chromium 
at ug l- l levels using simple spectrophotometric 
detection. 
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Table 5 
Standard addition analysis of natural water samples 

Sample Added @g 1-l) Found (pg 1-l) Percent found* 

Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(V1) Cr(II1) 

Tap water 0 0 3.5 4.2 
10 50 12.3 49.2 88 90 
50 10 55.0 15.0 103 108 

Lake water 0 0 < LOD 9.2 
10 10 10.8 19.3 108 101 
25 75 25.8 15.7 103 89 
50 50 48.8 55.1 98 92 
75 25 69.8 30.2 93 84 

Sea water 0 0 < LOD 6.0 
10 10 9.3 14.2 93 82 
25 15 22.5 84.0 90 104 
50 50 45.3 48.6 91 85 
75 25 75.8 30.2 101 97 

* (Ds,xked-Dsample ) x lOO%/(amount added) where Dspiked and D,,,,,, are amounts found in the spiked sample and sample. 
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Abstract 

The development of a glucose sensor suitable for use with whole blood is described. It is based on anodic oxidation 
at + 700 mV of hydrogen peroxide with a platinum electrode covered with a gas permeable membrane. Glucose 
reacts with glucose oxidase immobilised on the external side of the membrane, and forms hydrogen peroxide which 
is able to cross the gas permeable membrane due to its high vapour tension, while other electroactive substances that 
are important interferents are completely blocked. This principle was discovered several years ago but no practical 
application was presented up to now. Therefore in this work a number of different commercial membranes were 
tested, in order to obtain a resistant, rapidly responding and interference free sensor to be used in conjunction with 
a blood gas measurement apparatus. Coimmobilisation of glucose oxidase and catalase was found to be useful for fast 
response and recovery of the electrode. Using some of the tested membranes, the linearity range is 1 - 15 mM, CV 5X, 
response time 90 s, recovery time for the next sample 120 s. The membrane’s working life is 2-3 weeks. 0 1997 
Elsevier Science B.V. 

Keywords: Biosensors; Glucose determination; Glucose oxidase; Gas permeable membranes 

1. Introduction 

Enzymes have been exploited for diagnostic 
purposes in several formats. In recent years en- 
zymes have been coupled to electrochemical trans- 
ducers, optical fibres, piezoelectric quartz and 
calorimetric devices in order to obtain biosensors 
for different chemical substances [l-3]. Great ef- 
forts have been made to find a glucose sensor for 
use in medical diagnosis. Most of the systems 
developed measure glucose by means of the an- 

* Corresponding author. e-mail: Mascini@cesit 1 .unifi.it 

odic oxidation of hydrogen peroxide at + 600 mV 
with a platinum electrode. However, several prob- 
lems arise when the sample is whole blood. Glu- 
cose concentration can be up to 20 mM while the 
&,,, of the glucose oxidase is around 1 mM, and 
the presence of other electrochemical active sub- 
stances, like acetaminophen, ascorbic or uric acid 
are often important interferents in such samples 
[4-71. Moreover, there is a pressing need in the 
medical community for an instrument which can 
measure glucose in whole blood at the same time 
as the blood gas parameters, like pH, pCO,, p0, 
and electrolytes. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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One recent approach proposed [8] a new ver- 
sion of glucose sensor exploiting the vapour ten- 
sion of hydrogen peroxide. In this case a gas 
permeable membrane was placed in front of the 
platinum electrode where oxidation takes place. 
The principle is simple. Glucose reacts with glu- 
cose oxidase and forms hydrogen peroxide which, 
due to its high vapour tension, is able to cross a 
gas permeable membrane and is oxidised at the 
platinum electrode. 

The interest in this approach arises because the 
electroactive compounds generally present in 
whole blood (or serum), like ascorbic acid, uric 
acid or acetaminophen, are thus completely 
blocked and the sensor is completely interference- 
free. However, the teflon membrane proposed in 
the original paper was very fragile and only a few 
measurements could be obtained by the experi- 
mental apparatus described [8]. More recently the 
same principle was exploited for hydrogen perox- 
ide determinations [9]. 

This paper reports the results of research to 
find a composite membrane formed of three lay- 
ers, the first a gas permeable membrane supported 
in order to be strong enough to last several days 
without loss of selectivity, the second contains the 
immobilised enzyme and the third is an external 
membrane which protects the enzyme from micro- 
bial attack. Therefore the purpose of this work 
was very practical: to try to find a suitable mem- 
brane working on the principle of interference- 
free hydrogen peroxide diffusion by exploiting 
membrane materials that are commercially avail- 
able. 

The assembly of the biosensor was designed to 
be used in conjunction with blood gas measure- 
ment and the experiments were carried out in 
order to obtain reliable results within the analysis 
time of such parameters (120 s). This requirement 
was essential because the medical request was to 
measure glucose in whole blood during blood gas 
measurements. Therefore we tried to optimise the 
glucose sensor using the same cell and procedure 
of a well known commercial clinical chemistry 
analyzer. 

It is reported that the immobilised enzyme layer 
should be formed with glucose oxidase and cata- 
lase directly coupled on the gas permeable mem- 

brane. The catalase catalyses the oxidation of 
hydrogen peroxide. The enzymatic decomposition 
of H,O, is then a mean to consume less oxygen 
during the glucose oxidation (which is a limiting 
factor) and to decrease the response time. 

2. Experimental 

2.1. Reagents 

Glucose oxidase (GOD, EC 1.1.3.4) from As- 
pergillus Niger (grade VII-s, 100 U rng- ‘) and 
catalase (EC 1.11 .1.6) from bovine liver (2800 U 

mg-‘) were from Sigma (Italy). Polycarbonate 
membranes (pore size 0.03 urn) were obtained 
from Nuclepore (Costar, Milan, Italy). Polycar- 
bonate membranes (pore size 0.015 urn) were a 
gift from Poretics (PBI International, Milan, 
Italy). Polytetrafluoroethylene membranes (pore 
size 0.5 urn) with and without a polyethylene 
backing (Fluoropore), polyvinilydene difluoride 
membranes (Durapore hydrophobic, pore size 
0.45 urn) and polypropylene membranes (AN hy- 
drophobic prefilters, pore size 0.6 urn) were from 
Millipore (Vimodrone, Italy). Polyte- 
trafluoroethylene membranes, backed with 
polypropylene (0.5 urn) were from Whatman 
(Springfield Mill, UK). Polypropylene membranes 
(Metricel, pore size 0.1 urn) were from Dasit 
(Milan, Italy). Nylon membranes (Magna SH, 
pore size 0.45 urn) were from MS1 (Micron Sepa- 
ration, Inc., Bologna, Italy). Urethane/fluoropoly- 
mer membranes, backed with polyester (Repel 
100, pore size 0.1 urn; these membranes are no 
longer commercially available), modified acrylic 
copolymer membranes backed with nylon (Versa- 
por-200R, pore size 0.2 urn) and with polyester 
(Versapor-200TR, pore size 0.2 urn) were ob- 
tained from Gelman Sciences (Milan, Italy). All 
other reagents used were of analytical reagent 
grade. 

2.2. Enzyme membranes 

2.2.1. GOD membrane 
1 mg of lyophilised glucose oxidase (GOD) was 

dissolved in 100 ul Dulbecco buffer (pH 7.04, with 
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Imm internal solution gas permeable 
membrane 

J 

Lo.5 mm 

\ 
AglAgCl ‘Pt 

Plastic ring 

Fig. 1. A schematic representation of the I.L. modified oxygen electrode used as a glucose sensor. 

composition 10 mM Na,HPO,, 1 mM KH,PO,, 
2.7 mM KCl, 0.13 M NaCl). 5 ul of this solu- 
tion were spread over a disk, 0.7 cm diameter, 
of gas permeable membrane. Immediately after, 
a solution of glutaraldehyde 2.5% in Dulbecco 
buffer was mixed over the same membrane. The 
membrane was left to dry at room temperature, 
then stored at 5°C. 

2.2.2. Godjcatalase membrane 
The membrane with coimmobilized GOD and 

catalase was prepared by spreading together 
over the disk 5 ul of GOD solution as described 
above, and 5 ul of a catalase solution in Dul- 
becco buffer, with an enzymatic activity equal to 
(or five times) the activity of the GOD solution. 
The same procedure as for the GOD membrane 
was followed. 

2.3. Apparatus 

The base sensor was an I.L. (Instrumentation 
Laboratory) modified oxygen sensor (P/N 70961- 
00), with the working electrode (platinum, di- 
ameter 0.5 mm) and the reference (Ag-AgCl) 
contained in the same jacket which was filled 
with Dulbecco buffer (Fig. 1). The electrode was 
used in the cell of a BGElectrolytes System, that 
is an automatic, microprocessor controlled, 
blood gas, electrolytes and hematocrit analyzer. 
Usually it is possible to measure pH, PO,, 
pC02, Na+, K+,Cl+, Ca2+ and hematocrit. 
The system has a constant temperature of 37°C. 
When a sampling cycle is initiated, the system 
aspires, preheats and analyses the blood sample. 
In our experimental work the glucose electrode 

replaced the calcium electrode, (Fig. 2) and was 
connected to an EG and G Electrochemical de- 
tector model 400. It was used for constant po- 
tential studies performed anodically at + 700 
mV. 

2.3.1. Electrode assembly 
The electrode jacket was closed by a plastic 

ring. The ring was used to keep the composite 
membrane in tight contact with the platinum 
surface. The composite membrane was formed 
of three layers, the inner layer was the gas per- 
meable membrane, the second layer was the im- 

\ 
_I 

\ 

‘, 

Sample pathway 

Fig. 2. Representation of the sample pathway. The glucose 
electrode substitutes for the calcium electrode of the original 
cell. 
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mobilised enzyme, and the outer layer was a 
polycarbonate membrane (pore size 0.03 pm). 
The side of the gas membrane on which the 
enzyme was layered and immobilised was 
mounted facing the outside of the electrode, in 
contact with the polycarbonate. 

2.4. Measuring procedure 

The apparatus had an automatic sampling cy- 
cle and it was started by the operator. About 
240 ul of sample were aspirated into the cell 
(Fig. 2). Then the flow stopped and the sample 
remained in contact with the electrodes until the 
measurement was completed. The signals of the 
various electrodes were analysed by internal soft- 
ware. The glucose electrode in our system re- 
placed the original calcium electrode and it was 
connected with the EG & G Electrochemical de- 
tector. 

After 120 s, or before if all the standard elec- 
trodes reached an end point value or a peak 
value, the software started the washing cycle. 
The original washing solution, which contained 
a proteolytic enzyme, was substituted with Dul- 
becco buffer to protect the enzyme on the glu- 
cose sensor. The longest measurement, pCO,, 
required about 2 min, and during this period the 
performance of the glucose sensor was evalu- 
ated. During this time the output current was 
recorded and the current values after 60, 90 and 
120 s from the introduction of the sample into 
the cell were evaluated. 

After washing a calibrating solution was aspi- 
rated into the cell and it was ready for a new 
sampling cycle. The time for washing and cali- 
bration is about 2 min. Therefore the glucose 
electrode had to revert to the base line during 
this time. The sensor was calibrated with 2-25 
mM glucose concentration in Dulbecco buffer. 
The solutions were prepared daily from a 1 M 
stock solution. To check the integrity of the 
membrane we used a solution of 1 mM ascorbic 
acid in Dulbecco buffer. If the membrane was 
broken or impaired a high current value was 
obtained. An unimpaired membrane did not 
show any current increase with this ascorbic acid 
solution. 

3. Results and discussion 

3.1. Membranes 

The aim of our research was to find commercial 
membranes with some ideal characteristics: a high 
permeability to H,O, in order to give a high and 
quick response; good mechanical resistance, partic- 
ularly required by the use of the electrode in the cell; 
and a surface on which the enzyme layer can link 
strongly (e.g. a certain roughness was found to be 
useful). For these reasons we tested various mem- 
branes, immobilising the enzyme glucose oxidase 
layer on them. The chosen membranes were all 
described as hydrophobic, water impermeable and 
only gas permeable. 

For this kind of measurement it is essential to ob- 
tain a rapid return to base line during the washing 
step. To improve the behaviour of the tested mem- 
branes, we added catalase to the enzyme layer. The 
experiments were carried out with three types of 
membranes: Repel, Versapor-R and Versapor-TR. 

Membranes with different GOD:catalase ratios 
were prepared, but we did not notice any significant 
difference, either in the signal intensity or in the 
response speed. In the experiments described we 
only used a 1: 1 ratio. 

3.1.1. Polytetrafluoroethylene membrane 
(Fluoropore, pore size 0.5 ,um) 

These membranes had a low mechanical resis- 
tance. They broke during assembly on the elec- 
trode, so they had a high response to ascorbic acid, 
and could not be used to measure glucose. (These 
membranes were the ones used in the original work 

M.1 

3.1.2. Polytetrajluoroethylene with polypropylene 
backing (Whatman, pore size 0.5 ,um) 

These membranes, too, had a low mechanical 
resistance. Generally the response to ascorbic acid 
rose after a few hours. None of these membranes 
could be used for more than a day. The response 
to glucose was high (5 mM of glucose gave, after 
120 s, a current of 7.5 nA) but it rapidly reduced 
after a few hours. They gave a linear response over 
a 2- 10 mM range. The return to base line after 
washing was rather poor (more than 5 min). 
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3.1.3. Polytetrufluoroethylene with polyethylene 
backing (Fluoropore, pore size 0.5 ,am) 

These membranes were very similar to the ones 
backed with polypropylene. Only few membranes 
were tested because of their low mechanical resis- 
tance. 

3.1.4. Polypropylene membranes (AN hydrophobic 
pre$lters, pore size 0.6 pm) 

These membranes were not permeable to hy- 
drogen peroxide so we were unable to take any 
measurement. 

3.1.5. Nylon (Magna SH, pore size 0.45 pm) 
Only a few membranes were tested. The re- 

sponse to glucose was good for intensity and 
reproducibility (the medium response to 5 mM 
glucose after 120 s was 1.99 nA, CV 1%) but the 
response was slow and the return to base line was 
very poor (more than 5 min, and longer times for 
high glucose concentrations). After only one day 
of use the membrane became sensitive to ascorbic 
acid. 

3.1.6. Polyvinilydene d$uoride membranes 
(Durapore hydrophobic, 0.45 ,um) 

These membranes had a good mechanical resis- 
tance so they did not have problems with interfer- 
ences. They had good linearity in the range 2-10 
mM. The response, however, decreases rapidly 
through the day resulting in very low reproduci- 
bility. On the second day of use there was no 
response to glucose. 

3.1.7. Polypropylene membranes (Metricel, pore 
size 0.1 pm) 

These membranes had a rather good mechani- 
cal resistance, and could be used for 2-4 days. 
The intensity of the response was quite variable 
between different membranes, going from 5 to 10 
nA for a 5 mM glucose solution after 120 s. The 
CV was about 8%, but on the first day it could be 
under 1%. On the following days the response was 
reduced and the reproducibility got worse. The 
sensors were linear in the range 2-10 mM. The 
current did not reach a stable value in 120 s (Fig. 
3) and the return to base line after washing was 
quite slow (more than 5 min). 

I” 

-.-60s 
-.-90s 

8 
--r-120s 

Fig. 3. Calibration curves after 60 (W), 90 (0) and 120 s (A) 
from the introduction of the sample into the cell. The curves 
were obtained from a Metricel membrane with a GOD layer. 

3.1.8. UrethanelJEuoropolymer membranes, backed 
with polyester (Repel 100, pore size 0.1 pm) 

This membrane was composed of two layers. 
The polyester had a backing function and it con- 
sisted of a felt adherent to the gas permeable part. 
This assured better mechanical stability. The en- 
zyme solution was applied to the polyester side 
during immobilisation, and the roughness of the 
surface favoured the adsorption of the protein. 
Care was needed in mounting the membrane on 
the jacket. If the membrane was excessively drawn 
we got a small but measurable response to ascor- 
bic acid (about a tenth for the same concentration 
of glucose). If the assembly was correct the mem- 
brane could usually be used for several days (7- 
15). 

3.1.9. Experiments with GOD layer 
The intensity of the current was variable from 

membrane to membrane (about 1 nA for a solu- 
tion of 5 mM glucose after 120 s). The currents on 
the same day had good reproducibility with a CV 
of about 1.5%. The response rate was quite high, 
(Fig. 4a) and at low concentrations a plateau 
current was rapidly reached. The return to base 
line was rather quick (less than 5 min) but worse 
at higher concentrations (Fig. 4a). The current 
was linear up to 15 mM glucose. 

3.1.10. Experiments with GOD jcatalase layer 
The membrane performance was improved us- 

ing this layer. In Fig. 5 it is possible to see how 
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the response after 90 s was about the same as the 
one at 120 s, thus indicating reaching a plateau. 
The washing step was also quick at high concen- 
tration (return to base line was during the calibra- 
tion step, i.e. about 2 min) while the sensitivity 
was similar to those for the corresponding GOD 
membrane. Fig. 4 compares a typical signal shape 
without (a) and with (b) the addition of catalase. 
As regards as the membrane working life, it 
ranged between 2-3 weeks. After some days we 
noticed a loss in linearity at concentrations over 
10 mM, but return to the baseline remained good. 

(4 

2 mM 5 mM IOmM 

3nA 

L 
I min. 

d 

I 

;: 

2 mM 5 mM IOmM I5 mM 

Fig. 4. Typical chart recordings obtained from a Repel mem- 
brane with: a, a GOD enzyme layer; b, a GOD/catalase 
enzyme layer. 

Fig. 5. Calibration curves after 60 (W), 90 (0) and 120 s (A) 
from the introduction of the sample into the cell. The curves 
were obtained from a Repel membrane with a GOD/catalase 
enzyme layer. 

3.1.11. ModiJied acrylic copolymer backed with 
nylon (Versapor-200R, pore size 0.2 pm) and 
with polyester (Versapor-200TR, pore size 0.2 
pm) 

We discuss the results for these two membranes 
together as they did not show any difference in 
behaviour. The structure was similar to the Repel 
membrane, with a hydrophobic polymer sup- 
ported by polyester or nylon, but in this case, the 
hydrophobic layer was polymerised on both sides 
of the support, i.e. not separable. Both sides were 
treated to be hydrophobic. These results were 
with the enzyme layer composed of GOD/cata- 

20 r’=o 994 

-9-60s 
18 

p*-90s 
16 --rp120s 

Fig. 6. Calibration curves after 60 (m), 90 (0) and 120 s (A) 
from the introduction of the sample into the cell. The curves 
were obtained from a Versapor membrane with a GOD/cata- 
lase enzyme layer. 
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2mM 5mM IOmM 15mM 

Fig. 7. Typical chart recording obtained from a Versapor 
membrane with a GOD/catalase enzyme layer. 

lase. The signal was linear up to 15 mM (Fig. 6). 
The response rate was quite good, but return to 
baseline was worse than the Repel (compare Fig. 
4b with Fig. 7). The medium intensity of the 
response was 10 nA for a solution 5 mM of 

(4 r’=u 99” 

Fig. 8. Calibration curves after 60 (B), 90 (0) and 120 s (A) 
from the introduction of the sample into the cell. The curves 
were obtained from a Repel membrane with a GOD enzyme 
layer. a, The external membrane was polycarbonate with a 
pore size of 0.03 pm; b, it was polycarbonate with a pore size 
of 0.015 pm. 

glucose after 120 s, with a CV of about 5%. The 
calibration curve was constant for at least 2 
weeks. 

4. Use of different polycarbonate membranes 

Fig. 8 shows the results obtained with polycar- 
bonate external membranes with pore size 0.03 
urn and 0.015 urn. Using the 0.015 urn we noticed 
an increase in linearity (Fig. 8a) but at the same 
time the response rate and the washing rate 
greatly increased. Attention is drawn to the differ- 
ence between the recorded current at 60, 90 and 
120 s in Fig. 8a and b. With a 0.03 ym polycar- 
bonate membrane, the current measured after 90 
or 120 s were also very similar for the highest 
concentration, i.e. a plateau was reached. With 
the 0.015 urn, on the other hand, there was a large 
current variation during all the measuring inter- 
vals (Fig. 8a). 

5. Conclusions 

This research has shown that it is possible to 
obtain reliable results using the vapour tension of 
hydrogen peroxide and then completely eliminat- 
ing interferences by any electrochemically active 
compound, namely ascorbic acid or ace- 
toaminophen. However commercial membranes, 
generally used for separation purposes, are not 
completely suited for such a purpose. Thickness, 
pore size and hydrophobic treatment are very 
important features of the final membrane. In the 
composite membrane the presence of catalase 
mixed with glucose oxidase is of great importance 
for a practical glucose biosensor. The presence of 
it accelerates the response and return to base line. 
The results reported show it is possible to use this 
electrode in conjunction with and according to the 
measuring cycle of a well known commercial in- 
strument developed for blood gas and electrolyte 
contents measurement of whole blood. Thus it is 
possible to answer the pressing medical need to 
develop an unique instrument measuring both 
blood gas parameters and glucose with a single 



1580 T. Santoni et al. / Talanta 44 (1997) 1.573-1580 

sample. It is our hope that in the near future such 
a sensor could be integrated into the same cell and 
exploited for glucose measurements in whole 
blood. 
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Abstract 

A literature search on the speciation of arsenic in environmental and biological samples shows an increasing interest 
of many researchers in the subject. Because of the low level of arsenic species in real samples, many problems related 
with its speciation remain unresolved: species instability during sampling, storage and sample treatment, incomplete 
recovery of all species, matrix interferences, lack of appropriate certified reference materials and of sensitive analytical 
methods, etc. These aspects are underlined in this paper. The continued development of new analytical procedures 
pretending to solve some of these problems claim for an up-to-date knowledge of the recent publications. Therefore, 
this paper pretends to review the latest publications on the chemical speciation of arsenic, emphasizing the increasing 
activity in the development of accurate and precise analytical methods. In most of the cases, separation and 
preconcentration is necessary, followed by element-specific detection for sensitivity improvement. Hydride generation 
following separation procedures (e.g., ion-exchange or high performance liquid chromatography) coupled to atomic 
absorption or atomic emission detectors proved to have sufficient sensitivity to monitor arsenic exposure, although 
restricts the analysis to hydride-forming species. Modified procedures including some kind of heating in the presence 
of highly oxidizing agents have proved successful to completely decompose the arsenic containing compounds to 
arsenate and so to extend the range of compounds which can be determined by these methods. On-line arrangements 
have the additional advantage of avoiding excessive sample handling, although some of them involve numerous steps 
and others are too costly to be recommended for routine use. The analytical figures of merits, specially detection 
limits are given for most of the methods in order to afford comparison and judge possible applicability. These studies, 
which have been approached in many different ways, would lead to knowledge that are determinant in the 
understanding of the cycle of this element in environment and of its physiological and toxicological behavior in the 
living organisms. 0 1997 Elsevier Science B.V. 

Keywords: Arsenic speciation; Environmental and biological samples; Analytical methodology 

1. Introduction 

* Corresponding author. 
The term ‘speciation’ in analytical chemistry, 

refers to the determination of different oxidation 
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states of an element that prevail in a certain 
specimen or to the identification and quantifica- 
tion of the biologically active compounds to 
which the element is bound. Sparingly, in the 
investigation of toxic effects, the speciation of 
small molecules (organometallic compounds) is of 
concern, while for the study of the biological 
functions, the determination of large molecules 
has priority. This knowledge could help to explain 
the mobility, storage, retention and toxicity of the 
different species in different environments includ- 
ing the human body. The planning of the entire 
work, from sampling to the interpretation of data 
claim for an interdisciplinary research. Such stud- 
ies require knowledge in the field of trace element 
analysis combined with experience in environmen- 
tal and/or biochemical analysis [l]. 

Previously, the determination of total element 
concentrations was considered to be sufficient for 
clinical and environmental considerations. Al- 
though the total concentration of an element is 
still useful to know, and indeed is essential in 
many analytical schemes, the determination of 
species is an important task. The concentration of 
a toxic species is more relevant in the setting of 
environmental and biological standards than is 
the total elemental concentration. The collection, 
treatment and preservation of samples for quanti- 
tative analysis of species require careful consider- 
ation and planning. The nature of this task is very 
different from procedures for ‘total’ element de- 
termination, therefore analytical chemists are 
faced with very difficult problems in the acquisi- 
tion of accurate data. Obviously, any procedure 
and apparatus adopted for sampling and the 
preservation of samples between the time of col- 
lection and the opportunity for analysis, should 
not disturb the equilibrium established among the 
species [2-41. The introduction of biological con- 
tamination is equally undesirable, specially if the 
samples have to be stored for long periods; the 
presence of microorganisms and traces of oxygen 
might accelerate the deterioration of the sample, 
producing changes between species [4]. A holistic 
approach, which takes into consideration the vari- 
ous factors that influence the distribution of spe- 
cies of a given element before, during and after 
sampling is very much required. This is indeed 

essential if the results of experiments are to 
provide meaningful information that is indispens- 
able for various studies. Speciation analysis in- 
volves a complex scheme of operations designed 
to simplify the analytical procedures to be imple- 
mented, but all, consist, in a way or another, in a 
separation step followed by the determination of 
the element in the different fractions. Despite the 
fact that the topic on speciation has been exten- 
sively documented in recent years in numerous 
publications, so far, there is no ideal method for 
any element speciation that unequivocally ensure 
high accuracy of the results. A closed look to the 
available literature on this subject shows the need 
for the availability of reference materials for qual- 
ity control of particular species. Until now, most 
of the reference materials available for trace ele- 
ment determination in biological and environmen- 
tal samples are only certified for the total element 
content [5,6]. 

A very tempting case to study for speciation is 
arsenic, which has an interesting behavior since: 
(1) it has different valence states, [As(III)/As(V)], 
interchangeable under certain conditions; (2) form 
small organometallic molecules which are 
biomarkers of exposure because, it is well known 
that in the mechanism of detoxification, inorganic 
arsenic is metabolized to monomethylarsonic acid 
(MMAA) and dimethylarsinic acid (DMAA); (3) 
is part of other organic compounds which remain 
unchanged in the body, like arsenobetaine (AsB), 
arsenocholine (AsC), arseno-sugars (ASS), arseno- 
lipids (AsL), etc.; (4) form macromolecular 
biomolecules, like those of arsenate bound to 
transferrin and hemoglobin [7]. The increasing 
interest in this topic is reflected in more than 500 
papers, exhaustive reviews [8,9] and comprehen- 
sive monographs [3,10-121 published in recent 
years. 

2. Concentration of arsenic species in biological 
and environmental samples 

Arsenic is widely distributed in biosphere, thus 
the mobilization of the element by human activi- 
ties (mining, smelting, glass making, refineries or 
pesticide manufacture) is estimated to exceed the 
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Table 1 
Common arsenicals and their uses 

Compound Formula Uses 

Lead arsenate 
Cupric arsenite (Schoele’s green) 
Cupric acetoarsenate (Paris green) 
3-nitro-4-hydroxy phenylarsonic acid 
Arsenilic acid 
Arsenic oxides 
Metallic arsenic 
Arsenamide 
Potassium arsenite (Fowler’s solution) 
Arsenic sulfide 
Gallium arsenide 
Diphenylchlorarsines (blue cross) 
Alkyldichlorarsines (mustard gas) 
Melarsoprol 

PbHAsO, 

Cu(AsO,), 
Cu(C,H,O,)f3Cu(AsO,), 
C,H,AsNO, 
C,H,AsNO, 
As,O, and As,O, 
As 

C,,H,,AsNO,S, 
KASO, (1%) 

As& 
GaAs 

(C,H,),AsCl 
RAsCl, 

insecticide 
pigment 
insecticide 
animal growth 
animal growth and veterinary medicine 
glass industry 
metallurgy 
veterinary medicine 
medicine 
fireworks 
semiconductors 
chemical weapons 
chemical weapons 
Medicine (sleeping sickness) 

Carbarsone 

natural rate (from marine sedimentary rocks, 
weathering volcanic rocks or fossil fuels) by three- 
fold; hence it might be anticipated that the distri- 
bution of the element in aquatic ecosystems and 
body fluids and tissues would be closely related to 
antropogenic activities [13,14]. As a result of the 
extensive use of the numerous arsenic compounds 
(Table l), the element is found in a large variety 
of samples (fresh and sea waters, sediments, soils, 
plants, marine organisms, body fluids and tissues, 
etc.), in variable amounts and in a great variety of 
species. 

In ground water, for instance, the levels of 
arsenic could exceed 20 mg 1~ ‘, while in drinking 
water the concentrations may vary from 0.05 to 

Medicine (intestinal amebiasis) 

over 60 mg 1 - ‘. In some cases, these levels are 
two and even three orders of magnitude higher 
than those of most natural waters consumed by 
man [15,22]. Contamination of water and air near 
copper smelters in Argentina [15], Chile [16], USA 
[17] and Sweden [18] as well as the contamination 
of drinking water in Taiwan [19] and India [20- 
23] have been reported in numerous papers. In 
such samples, As(II1) concentrations are normally 
only a small proportion of the total dissolved 
arsenic [24]. In an attempt to protect aquatic life 
as well as to establish a control over the implica- 
tions of arsenic concentrations for public health, 
several international organizations [25-271, have 
prescribed a permissible dissolved, total arsenic 
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concentration in potable water between 0.008 and 
0.05 mg l- ‘. Despite the fact that it was known 
that different arsenicals exhibit very distinct toxi- 
cological properties, all regulations and reports 
related only to total arsenic and none differenti- 
ates between the toxic impacts of the various 
chemical species of arsenic [ 131. Ingestion of con- 
taminated ground water (containing arsenic of 
geological origin well above the maximum permis- 
sible limit), by people from several districts of 
West Bengal, India, resulted in excretion of inor- 
ganic arsenic and its metabolites in a proportion 
of more than 90%. It was reported that a daily 
intake of 1500 ug of inorganic arsenic (equivalent 
to drinking 1.5 1 of water with an inorganic 
arsenic concentration of 1 mg 1~ ‘) could produce 
signs of overt chronic arsenicism in some individ- 
uals [22]. Many of the affected people from India, 
usually drink more than 5 1 per day and they 
showed serious signs of long-term arsenic expo- 
sure [20-231. 

The concentration of arsenic in sea water is 
generally around 2 ug 1 - l with the trivalent spe- 
cies being less than 10% of this level, while in 
normal soils the total arsenic concentration usu- 
ally ranges from 1 to 40 ug g _ ‘, with higher levels 
in places where arsenicals are used for insect 
control or on disused mines tips. Certain plants 
growing on arsenic-enriched soils accumulate ex- 
tremely high amounts of the element. Most hu- 
man foods contain less than 0.5 ug g-i arsenic, 
except those of marine origin which are more 
richer in arsenic than others. In marine animals 
and algae, because of biotransformation and ac- 
cumulation, arsenic is present in organic forms 
and its concentration typically ranges from 1 to 
100 ug g-1. So, the total amount of arsenic 
ingested daily would be influenced by the amount 
and type of food included in the diet [28]. For 
instance, in rivers and soils it is present as arsen- 
ate, As(V), and arsenite, As(II1); both inorganic 
species might be subjected to chemically and/or 
microbiologically mediated oxidation/reduction 
and methylation reactions, resulting in the trans- 
formation of inorganic arsenic in organic deriva- 
tives; simple methylated species (MMAA and 
DMAA) or more complex compounds (AsB, 
AsC, ASS, AsL, etc.) [29]. It is now certain that 

phytoplankton take up arsenate from aquatic en- 
vironments, reduce it to arsenite and methylate 
the arsenite to produce MMAA and DMAA 
which are then excreted. This represents a mecha- 
nism of detoxification. Arsenobetaine, first re- 
ported as a major constituent of total arsenic in 
the tail muscle of the western rock lobster [30], the 
most frequently encountered water-soluble form 
of arsenic in higher aquatic organisms, is gener- 
ally highly stable and is heavily bioaccumulated. 
This compound is believed not to be metabolized; 
after ingestion it is rapidly excreted unchanged in 
the urine [31]. Some studies, have however, 
demonstrated that arsenobetaine is unstable when 
irradiated with ultraviolet light alone [32] or in 
combination with an oxidizing agent [33]. Higher 
organisms also contain trimethylarsine oxide 
[29,34] and tetramethylarsonium ion [35,36]. 
There are also evidences of the presence of ar- 
senocholine in seafood from polluted areas [37] 
and in dogfish reference material [38], although in 
lower concentrations than arsenobetaine. While 
some authors believe that this compound is also 
absorbed from the diet and it is partially trans- 
formed in arsenobetaine and trimethylarsine oxide 
[39], Shibata and Morita [36] demonstrated that 
trimethylarsonium ion and not arsenocholine was 
present in dog&h reference material. Undoubt- 
edly, more work is necessary to solve these con- 
troversies. Arseno-sugars are others arsenic 
compounds in edible seaweed; there are evidences 
that the ingestion of seaweed may increase the 
urinary concentration of arsenic metabolites, one 
of which is DMAA [40]. Also the existence of 
arseno-lipids in marine and estuarine biota may 
be explained by the esterification of arseno-sugars. 
Although there is lack of evidence that the arseni- 
cals present in foodstuff of marine origin do not 
cause any hazard to human health, the transfor- 
mation among species might be taken into ac- 
count and for reasons of toxicological reassurance 
should be determined by methods which can be 
routinely applied. From these statements, it seems 
clear that consumption of different kinds of food, 
water or beverages, as well as the amounts in- 
gested, will affect differently the concentration of 
the different arsenic species in urine [34]. 
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Arsenic is also present in the air at trace 
amounts, specially in the areas where its com- 
pounds are industrially used or where coal is 
burned. Its atmospheric concentration ranges 
from about 0.01 to 0.1 ng m ~ 3 in clean areas such 
as Antarctica [41] and up to 500 ng m - 3 near 
certain industrial environments such as copper 
smelters 1421. Particular attention must be paid to 
the measurement of these species while maintain- 
ing the initial As(III)/As(V) ratio during the sam- 
ple collection, preparation and analysis steps. The 
average atmospheric concentrations of As(II1) 
and As(V) were about 1.6 f 1.4 and 5.4 + 3.3 ng 
m -3, respectively, in urban area of Los Angeles. 
Size-fractionated samples of atmospheric particu- 
late matter were obtained employing a high-vol- 
ume dichotomous virtual impactor as a sampler 
which allowed for the collection of a sufficient 
amount of sample so that both species could be 
routinely detected by HGAAS technique. Fine 
( < 2.5 urn aerodynamic diameter) and coarse ( > 
2.5 urn) particles were collected employing differ- 
ent size filters with emphasis on the first fraction 
which is most efficiently collected in the lungs. 
This would help assess the impact of the poten- 
tially toxic species on human health. The data 
obtained indicate that both As(II1) and As(V) 
species are present in ambient aerosol and that 
most of both species (about 75%) were found in 
the fine particle fraction. The primary source of 
arsenic in air is assumed to be As,O,, formed by 
the sublimation of As,O, emitted from stationary 
high-temperature combustion processes (e.g., 
glass furnaces, primary metallurgical processes 
and fuel oil combustion) [43,44]. 

There are only limited studies on the arsenic 
distribution among different organs and body 
fluids. For example, the concentration of arsenic 
in urine of subjects without known exposure to 
arsenic is generally in the order of lo-20 ug l- ’ 
while in the blood averages O-12 ug l- ‘, but 
intake of a meal of fish or shellfish may increase 
the total arsenic concentration to more than 50- 
fold, with no [45] or only two-fold [46] increase in 
excretion of methylated arsenic species. This in- 
validates the use of total urinary arsenic as an 
indicator of exposure to inorganic arsenic. In 
these cases it is advantageous to supplement the 

analysis with a more selective speciation. The 
results obtained by the application of such a 
method might be of interest if a person is sus- 
pected of being unable to methylate inorganic 
arsenic or of having a reduced ability to do so. 
One of the first studies of this kind determined the 
arsenic species (As(III), As(V), MMAA and 
DMAA) in urine of volunteers after ingestion of 
arsenite-rich wine (50 ug As), arsenate-rich drink- 
ing water (200 ug As) and crab meat (340 g) 
containing organo-arsenic compounds (about 
2000 ug) [47]. Resulted that 10% of the arsenite 
was excreted as As(III), but the majority was 
methylated and excreted as MMAA and DMAA, 
5 h after ingestion. Most of the arsenate was 
rapidly excreted without noticeable changes and 
only a small proportion was methylated, while the 
organic arsenic from the crab meat was quickly 
excreted without any change. Exposure to As,O, 
in different industrial situations, results in in- 
creased urine arsenic concentrations, being inor- 
ganic arsenic, MMAA and DMAA the only 
relevant chemical forms; DMAA represented 60- 
70% of the total urinary arsenic elimination when 
comparing with the results from a reference popu- 
lation [45]. However, ingestion of seafood, even in 
such low amounts as 100 g, brings about a sharp 
increase in the total arsenic excretion; this is only 
confined to organic forms others than MMAA 
and DMAA. The time course of elimination of 
this dietary arsenic from the organism varies ac- 
cording to the load, but does not take more than 
35-48 h. These results provide a simple tool to 
differentiate increases in urinary arsenic due to 
occupational or environmental exposure to inor- 
ganic arsenic from increases due to dietary intake 
of organic arsenic. 

Some organic arsenicals have been extensively 
used as herbicides; it is likely to be present, to- 
gether with inorganic arsenic species in soil sam- 
ples. Extraction methods followed by 
spectroscopic detection have been applied with 
certain degree of success [48,49]. However, the 
differences between the soil types as well as the 
tedious clean-up of the arsenic residues are re- 
sponsible for the low recoveries obtained. 

The major problems in speciation studies are 
the immense hazards that exist due to contamina- 
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lion and losses of the element in the preparative 
steps of the sample for analysis. As these proce- 
dures require the use of various materials and 
reagents, highly pure materials and chemicals 
have to be made commercially available in order 
to exclude errors due to contamination. Large 
discrepancies are noted when comparing the data 
reported in the literature by different workers. 
The variations among workers may be due to two 
reasons: differences among the populations stud- 
ied or inadequacy of the analytical methodology 
applied to the preparation of the samples for 
analysis. Although the first cause must be seri- 
ously taken into account, the latter seems more 
convincing; many researchers have experienced 
difficulties in the quantitative extraction of arsenic 
from the samples [13] while others claimed losses 
of volatile arsenic compounds during dry-ashing 
or heating with mineral acids [50]. To avoid these 
difficulties, investigators have also used nitric/sul- 
furic acids, both without catalysts [49] or in the 
presence of strong oxidizing agents like V,O, 
[51,521, W&O, [511, WP,, WL K2CW7, 
KMnO,, V,O,, alone or in a mixture [53], claim- 
ing full recovery for all the species. Ultraviolet 
[33,39,53-561 or microwave [57-591 radiation and 
base hydrolysis 1601 of the sample in highly oxidiz- 
ing solutions have proved successful to completely 
decompose the arsenic containing compounds to 
arsenate. As photo-oxidation could result in the 
loss of potentially significant speciation informa- 
tion, less severe photolysis must be applied so that 
the presence of methylated arsenic compounds in 
marine waters could be detected in aqueous artifi- 
cial samples [33,54], serum of uremic patients [55] 
or marine waters [56]. Also, to avoid the use of 
strongly reactive media resulted from digestion 
procedures, investigators developed methods for 
rapid solid-phase extraction of the non-toxic ar- 
senic compounds from the matrix and the deter- 
mination of the other arsenic species in the 
remaining portion [40,47]. 

Unless convincing evidence is given on the ac- 
curacy tests, the data obtained by any procedure 
could be dubious. Also it will be possible to reach 
solid conclusions only when sufficiently sensitive 
and selective analytical methods are developed. 
These methods must be capable to accurately 

distinguish between several forms of arsenic in 
different samples. 

3. Analytical methodology for arsenic speciation 

The numerous arsenic forms (Table 2) present 
in the environment and living organisms show 
large differences in their metabolism and toxicity 
[61]. Therefore, speciation studies are of critical 
importance. Also the arsenic species occur at very 
low concentrations so that reliable results are 
achieved only by means of very sensitive methods 
of analysis. 

Table 2 
Arsenicals of environmental and biological importance 

Compound Formula 

Arsenious acid; arsen- HAsO, 
ites: AsfIII) 

\ I  

Arsenic acid; arsen- 
ates; As(V) 

Monomethylarsonic 
acid; (MMAA)” 

Dimethylarsinic acid; 
(DMAA)” 

Trimethilarsineoxide; 
(TMAO) 

Tetramethylarsonium 
ion 

Arsenobetaine; (AsB) 
Arsenobetaine; (AsC) 
Arsenolipids; (AsL) 

Arsenosugars, (Ass)” 

H&O, 

(CH,),As+O- 

(CH,L&’ 

(CH,),As+CH,COOH 
(CH,),As+CH,CH,OH 
(CH,),As+CH,CHOHCOOH 
(trimethylarsoniumlactate) 

CH3 

O=A, 

0 ClHJ 
0--&---x 

HO OH 

a Compounds forming gaseous species: As(III) and As(V) form 
ASH, (B.P. = -55’C); MMAA forms monomethylarsine 
(CH,AsH, with B.P. = 2°C); DMAA forms dimethylarsine 
((CH,),AsH with B.P. = 36°C); TMAO form trimethylarsine 

((CH,),As). 
b R, = OH, R, = OH (Giant clams and algae); R, = OH, R, = 
SO?H (Macroalgae); R, = NH,, R, = SO,H (Brown algae). 
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Arsenic (III) and (V) are the most often deter- 
mined species in environmental waters, soils and 
sediments, while organic arsenic species are com- 
mon constituents of biological tissues and fluids. 
Usually the concentration of these species is at 
low ranges and necessitates a preconcentration 
step because most of the available detectors still 
lack the sensitivity for direct determination. 
Moreover, these detectors are also deficient in 
selectivity, thus a separation step is required prior 
to determination. The most popular analytical 
methods used for arsenic speciation are based on 
a combination of a powerful separation process 
with an adequate element-specific detector. The 
methods frequently used for separation and pre- 
concentration are solvent extraction, precipitation 
and coprecipitation, ion-exchange chromatogra- 
phy (IEC), gas chromatography (GC) and high 
performance liquid chromatography (HPLC). 

Numerous instrumental methods have been de- 
veloped either for the determination of total ar- 
senic or its methylated and inorganic forms in 
soils and sediments, water, air and biological 
fluids and tissues. Among them, the most com- 
monly used include ultraviolet spectrometry [62- 
671, electrochemical methods (EQ) [68-741, 
atomic absorption spectrometry (AAS) mainly 
coupled to hydride generation (HG-AAS) [75- 
1111, in continuous flows or flow injection systems 
(FI), atomic emission spectrometry (AES), gener- 
ally with inductively coupled plasma (ICP-AES) 
[l 11~ 1301, ICP-mass spectrometry (ICI?-MS) 
[l 1 1 - 114,124- 13011, electrothermal-AAS in 
graphite furnace (ETAAS) [ 13 1~ 1461, X-ray spec- 
trometry [ 149,150], neutron activation analysis 
(NAA) [ 150,15 11, atomic fluorescence spectrome- 
try (AFS) [ 152,153], capillary electrophoresis 
[155- 1571, etc. On-line combinations of some sep- 
aration techniques (e.g., HPLC or IEC) with the 
most sensitive detection methods (AAS or ICP- 
AES) seem to be highly successful and lower 
detection limits are obtained, specially if HG is 
performed before detection. 

3.1. Spectrophotometric and electroanalytical 
methods 

The spectrophotometric methods used for the 

selective determination of arsenic, are usually ap- 
plicable only to inorganic arsenic. They are based 
on the formation of colored complexes with cer- 
tain ligands. For example, arsenic(II1) forms a 
colored complex with silver diethylditiocarbamate 
[62-641 while As(V) forms arseno-molybdenum 
blue complex [65,66]. Based on the pH control 
and on the reduction characteristics of the boro- 
hydride ion, the former method was modified so 
that arsine was generated at pH 4.5 [63] or 6 [64] 
from As(II1) and at lower pH from As(V) [63,64]. 
The resultant gaseous compound was quantita- 
tively absorbed in silver diethylditiocarbamate so- 
lution and the molecular absorbance of the red 
complex was measured at 525 nm. This procedure 
is appropriate to determine 0.1 mg l_ ’ of arsenic, 
but it is susceptible to interferences from both, 
trace elements and methylated species. The latter 
method consists in the use of an oxidizing agent 
like permanganate [65] or iodate [66] to convert 
all arsenic present in the sample to As(V) used to 
form the blue compound and then measure the 
absorbance at 865 nm. As little as 0.005 mg 1~ ’ of 
each species can be detected. Selectivity is 
achieved by on-line separation of the main inter- 
ference phosphate, arsenate and silicate using a 
strong anion-exchange microcolumn located in 
the aspiration line of the FI system [65]. 

Also As(II1) reacts quantitatively with potas- 
sium iodate in the presence of sulfuric acid releas- 
ing an equivalent amount of iodine which imparts 
a pink color to a carbon tetrachloride extract [67]. 
The absorbance is measured at 520 nm. The last 
procedure is more sensitive than the previously 
two already mentioned above; the amount of 
arsenic detected is 0.002 mg 1 - ‘. Besides that the 
spectrophotometric procedures are less sensitive 
than other alternatives, they only apply to inor- 
ganic species, require long reaction times, and the 
procedures involve reduction, oxidation, chelation 
and sometimes extraction and evaporation steps 
which might disturb the equilibrium between spe- 
cies in the original sample leading to erroneous 
results and interpretations. 

Among the electrochemical methods, differen- 
tial pulse polarography seems to offer possibilities 
for quantifying arsenic in both oxidation states. 
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The procedure is based on the fact that only 
As(II1) is electroactive and directly determined in 
perchloric or hydrochloric acids as supporting 
electrolytes [68,69], while total inorganic arsenic 
was determined after reduction with aqueous sul- 
fur dioxide. As(V) was evaluated by difference. 
Sulfur dioxide was selected as reducing agent 
because it reduces As(V) rapidly and quantita- 
tively and the excess reagent is readily removed 
from the reaction mixture. At low arsenic concen- 
trations, which is really the case for environmen- 
tal and clinical samples, the procedure is subjected 
to interferences from some elements present in the 
matrix {Fe(II) and Cu(II)}, therefore a separation 
step might be necessary; distillation of As(II1) as 
AsCl, in concentrated HCl has proved appropri- 
ate [70]. Determination of methylated species is 
also possible by voltametric methods after separa- 
tion by ion-exchange chromatography [68]. The 
detection limits of 18 and 8 ug l- ’ obtained for 
MMAA and DMAA, respectively, are far from 
being sufficiently low so that the procedure be 
applied for the direct determination of the arseni- 
cals in natural waters. Additionally, before ob- 
taining the analytical signal and after the 
separation of the species, there are other steps like 
digestion of each fraction in hot, concentrated 
perchloric acid, reduction with sulfur dioxide and 
removal of the excess reagent, each being a pow- 
erful source of errors. As As(V) is the stable 
oxidation state in natural waters and in biological 
digests, its reduction, at very low concentrations 
to the trivalent state is difficult and the use of 
reducing agents like iodide, hydrazine, Cu(I), etc., 
interfere with the stripping process. Therefore, 
oxidation of As(II1) which takes place sponta- 
neously in the presence of dissolved oxygen is 
preferred since some investigations on gold-coated 
platinum-fiber electrodes have shown that As(V) 
can also be reduced to elemental arsenic provided 
that extremely low reduction potentials are used 
( - 1.60 V versus Ag/AgCl electrode) [71]. So, as 
As(II1) is easily reduced at a gold electrode, it 
ought to be possible to determine As(II1) in the 
presence of As(V) by suitable choice of the elec- 
trolysis potential. Some voltametric procedures 
for the determination of As(II1) and As(V) have 
been considered in an expert system developed 
using KES (knowledge engineering system) [72]. 

However, given all the difficulties mentioned 
above, specially those concerning interferences 
due to complex matrixes or to the presence of 
certain reagents, the electrochemical methods are 
not used for routine analysis in the speciation and 
determination of arsenic in complex matrices sam- 
ples. 

A combination of electrochemical and spec- 
trophotometrical detection for As(II1) and As(V) 
following ion chromatographic separation, respec- 
tively, permitted the sequential determination of 
arsenite and arsenate in water samples [73]. The 
detection limits were found to be 2.9 and 13 ug 
l- ’ while the recoveries for spiked waste water 
samples were in the ranges 97.5-104% and 93.5- 
103% for As(II1) and As(V), respectively. In a 
recent work, Boucher et al. [74] succeeded to 
differentiate six arsenic species (As(III), As(V), 
MMAA, DMAA, AsB and AsC) by ion-pair re- 
versed-phase liquid chromatography coupled with 
amperometric and ultraviolet detection. Arseno- 
betaine and As(II1) were not separated and only 
As(II1) is amperometrically active. The limits of 
detection ranged from 0.1 uM for As(II1) to 1 .O 
uM for As(V), the method being adequate for the 
detection of typical arsenical concentrations of 
20-50 ug I- ’ in normal urine. 

3.2. Hydride generation-atomic absorption 
spectrometry. 

The most widely accepted procedures for the 
analysis of arsenic at ug l- ’ level exploit the 
reduction of some arsenic compounds to gaseous 
arsines (Table 2). The gas is then thermally de- 
composed to give elemental arsenic for atomic 
detectors like AAS, or ICP-AES. Early methods 
for arsine generation involved the dissolution of 
metals (Zn, Mg, Al) in mineral acids to form 
nascent hydrogen which reacts with As(II1) to 
form ASH,. Other hydride ion precursors that 
have found use in generating hydrides are TiCl, 
[75], SnCl, in concentrated HCl [76] or Al in basic 
medium known as Fleitmann reaction [77,78]. The 
effective reaction with NaBH, gained acceptance 
and is now almost universally used for the genera- 
tion of hydrides ever since its introduced into 
analytical chemistry [79]. It is well known that 
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trivalent and pentavalent arsenic show different 
behavior in the generation process, although it 
was claimed that some procedures only measure 
the total content of As in the sample. However, it 
was demonstrated that even at high concentra- 
tions of borohydride and at optimized acid con- 
centrations, the response obtained from As(V) is 
10% lower than that of As(II1) [80]. The process 
of formation of arsine from As(V) suggests that 
there are two steps in the reaction: the reduction 
of As(V) to As(II1) and the subsequent formation 
of ASH,. The rates of the redox reaction that 
involve electrons transfer are rather slow and pH 
dependent, therefore it appeared that it might be 
possible to differentiate between the two species 
provided that the first stage of the reaction is 
slower than the second at high pH values. There- 
fore, differentiation is made possible using pH-se- 
lective arsine generation technique, in which, for 
As(V) strongly acidic solutions are required 
(pH I l), while for As(II1) hydride formation oc- 
curs in solutions up to pH 5 [81-871. MMAA and 
DMAA are also reduced to the corresponding 
hydrides at pH 1. Furthermore, it is not only the 
pH that affects the speciation, but other factors 
such as kinetics and complexation are also in- 
volved [88,89]. Several researchers, each using 
their own procedure, came to different conclu- 
sions concerning the redox stability of aqueous 
solutions containing arsenic species and the time 
scale on which spontaneous changes in species 
distribution occurred [83,88]. 

There are two major operation modes of hy- 
dride generation systems, batch and continuous 
modes; both involve reduction of an acidic sample 
followed by the transport of the hydride to the 
atomizer. In the batch mode, acidified sample and 
reducing reagent are injected into a reaction vessel 
and any hydride produced is purged and carried 
by a stream of an inert gas. while in continuous 
systems, acidified sample solution and reductant 
are continuously delivered for the production of 
hydride and the gas is separated from the liquid 
waste in a gas-liquid separator (GPS) also with 
the aid of a carrier gas. The last mode has two 
versions: continuous flow and FI. 

The hydrides generated in batch systems are 
either directly delivered to the detector or col- 

lected either in a container under pressure to- 
gether with the hydrogen gas produced in the 
reaction or in a cold trap for preconcentration 
when high sensitivity is required. Then, are di- 
rectly swept into the atomizer or are released via 
a chromatographic column which separates the 
products [81-851. In such systems, peak height 
and shape are critically dependent on some fac- 
tors which are difficult to control. However, each 
instrumental setup can be optimized either to 
yield a high hydride concentration to attain a high 
sensitivity or to provide the appropriate condi- 
tions to eliminate or at least to suppress the effect 
of varying matrix components, A strict control of 
the experimental conditions permits the volatiliza- 
tion of hydrides from As(II1) and from the methy- 
lated species in a single sample aliquot due to the 
differences in their boiling points (Table 2). The 
arsines, together with water vapors, carbon diox- 
ide and any other vapor generated during the 
reduction reaction are freezed-trapped and se- 
quentially volatilized for elemental determination 
by AAS. These features have been described by 
several researchers [81-871. The use of liquid ni- 
trogen traps has greatly improved the sensitivity 
of the technique since the volatile arsines are 
preconcentrated over a period of 5 - 10 min from a 
large volume of sample and ultimately passed as a 
‘plug’ of analyte to the detector. Temperature- 
controlled selective volatilization from the trap 
makes it possible to differentiate between the dif- 
ferent arsenic species, but the other frozen gasses 
are also released. To prevent freezing of the water 
vapors in the cold trap, some hygroscopic materi- 
als are used to dry the gases. Calcium chloride 
was mostly used but after several determinations 
become wet and thus impermeable to argon. This 
often causes a back-pressure which can blew off 
the system [90]. Frequent replacement is therefore 
necessary and loss of arsines is reported. Van 
Elteren et al. [82] interfaced a novel drying system 
composed by a commercially available hygro- 
scopic ion exchange membrane and separates the 
organic compounds without losses of the arsines. 
The separation of the trapped compounds is car- 
ried out under non-isothermic conditions and the 
low-boiling gases volatilize out of the trap in 
lo-30 s. A slow heating rate is optimum since at 



1590 M. Burguera, J.L. Burpera / Talanta 44 (1997) 1581-1604 

high heating rates the separation can become 
poorer and thermal decomposition might take 
place with subsequent loss in sensitivity [91]. 
However, the heating rate is greater than 100°C 
min - ’ in any case, since the trap is heated from 
- 195 to approximately 60°C in l-2 min. Apart 
from being less precise than the selective reduc- 
tion procedures, these approaches have other 
problems associated, like the molecular rearrange- 
ment during HG and incomplete collection of the 
hydrides. Insufficient selectivity during the reduc- 
tion step is another drawback; at pH 5 only 
As(II1) is reduced but MMAA and DMAA to a 
certain degree as well [82]. The complexity of the 
system makes on site speciation impossible which 
implies storage of sample prior to analysis; specia- 
tion alteration has to be faced then, in particular 
for As(II1). The generally applied cold trap is 
U-shaped and made of glass; the relatively high 
thermal resistance of glass makes cooling and 
especially heating a slow process at room temper- 
ature. In order to achieve better trapping, the tube 
was half-filled with glass beads, although it was 
reported that arsines are irreversibly captured by 
this material [83,92]. Better, more efficient and 
more reproducible arsines separation was 
achieved when using the U-tube packed with a 
gas chromatographic support. The use of a 
Teflon-lined stainless steel U-tube with a gas chro- 
matographic solid phase permits faster cooling 
and heating [82-851. Some kind of electrical heat- 
ing was also applied to volatilize the species. 
These systems are also subjected to interference 
effects and their precision and recovery are 
strongly dependent on the experimental condi- 
tions such as flow of carrier gas, rate of thermal 
desorption, type of absorbing phase and size of 
column. Most of these difficulties have been over- 
come by using an automated and on-line HG- 
cryogenic trapping followed by MW irradiation to 
release the hydrides for AAS detection [93]. 

The use of continuous systems allow minimum 
sample handling, being less likely to suffer from 
the problems of contamination or alteration of 
arsenic speciation. Also continuous flow methods, 
mainly flow injection, appear to be more tolerant 
to the presence of nitric acid and to be less prone 
to transition elements interferences. This effect, at 

least in part, is due to kinetic discrimination; the 
reduction of the element to its hydride is com- 
pleted before reduction of the transition metal 
ion. The kinetic discrimination in flow systems is 
responsible for the pronounced difference in sensi- 
tivity between the two oxidation states (at least 
one order of magnitude), so that a pre-reduction 
step is mandatory. In some procedures, As(V) is 
reduced to As(II1) prior to HG by the use of 
reducing reagents like: KI [94], thiosulphate [95], 
or mixtures of KI-ascorbic acid [95] and L-Cys- 
teine [96-991 to achieve pre-reduction for the 
determination of total arsenic. L-Cysteine was 
found to be clearly superior as reductant and 
releaser since provides greater freedom from inter- 
ference and much better stability of solutions with 
low concentrations of analyte. The reagent con- 
sumption and particularly the acid concentration 
are significantly lower, which permits the change 
from use of highly corrosive solutions to solutions 
of low acidity and low toxicity. This is of advan- 
tage for the operator and for the instrumentation, 
it reduces the cost per determination and pro- 
duces less hazardous waste. However, controlling 
the acid nature and concentration, no prereduc- 
tion is necessary to improve the kinetics of hy- 
dride from As(V) [93,100,101]. Such procedures 
were used to determine As(III), As(V), MMAA 
and DMAA [93,100], as well as total arsenic and 
inorganic As(II1) and As(V) by either FI or con- 
tinuous flow HG-AAS in water samples [loll. 
Although simpler to operate and easier to auto- 
mate, these systems are limited in their ability to 
obtain a correct speciation of As. In the presence 
of MMAA and/or DMAA, As(II1) or As(V) will 
be overestimated. The error will be function of the 
pH values chosen for the selective volatilization of 
the inorganic arsenic species and of the amount of 
organic arsenicals present. 

Brannon and Patrick [IO21 inserted a H,S04 
trap between the hydride generator and the AAS 
to separate alkylarsines from inorganic arsines. 
While ASH, passed through, the alkylarsines were 
trapped. However efficient, this system does not 
allow for the identification of the organic arseni- 
cals present. Improved sensitivity was obtained 
for all the arsine forming species after IEC separa- 
tion [33,103-1051. The fractions containing ar- 
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senic species were submitted to hydride generation 
in batch [33], in a FI system [102,103] or in an 
on-line arrangement [104]. Although the detection 
limits, in all cases, are ‘in the range of the ng 
levels, the methods are only applicable to studies 
related to arsenic exposure and its monitoring, 

Determination of ultra-trace amounts of As(II1) 
(detection limit = 0.003 ug 1 - ‘)was recently 
achieved by FI-HGAAS prior on-line preconcen- 
tration by coprecipitation with lanthanum hy- 
droxide or hafnium hydroxide [ 1061. 

During the last decade HPLC methods have 
been reported to be capable of separating the 
most commonly found arsenic species in samples 
of different types. They offer the advantage of 
minimizing chemical interferences and rearrange- 
ment reactions. However, the time required for 
the overall analysis is in the range lo&300 min, 
limiting their usefulness for routine applications. 
Furthermore, due to the high dilution factors 
always associated with conventional chromato- 
graphic separations, the most sensitive and spe- 
cific detection techniques such as HG coupled to 
Flame-AA& ICP-AES or ETAAS are needed to 
compensate for dilution. Also the eluents typically 
contain high concentration of salts which quickly 
build up on the nebulizer, ICP torch and/or sam- 
pling cones of the ICP-MS interface, leading to 
instrumental drift. HG following HPLC separa- 
tion, eliminates this problem because the arsenic is 
converted to its gaseous hydride which is sepa- 
rated without the associated dissolved solids._ In 
the application of coupled techniques care must 
be taken in the design of the interface, so that the 
flow rate of a gas or liquid through the chromato- 
graphic column must be matched or adjusted in 
some manner to the gas or liquid uptake rate of a 
particular detector [2]. 

Several systems have been developed, based on 
post-column HG for the determination of the four 
arsine-forming species in natural waters [107], 
brawn algae [108], urine [109,1 lo], etc. Hakala 
and Pyy [109] used an HPLC coupled to a contin- 
uous flow system for HG and tetrabuthylammo- 
nium ion in phosphate buffer as the ion-pairing 
agent in the Cl8 reversed-phase column to deter- 
mine arsenic metabolites in urine. Matrix interfer- 
ences from urine samples with different salt 

content occurring in the separation of arsenic 
species can be reduced by matching the samples 
with the mobile phase and by using a relatively 
low injection volume. The detection limits were 
1.0, 1.6, 1.2 and 4.7 ug 1-l for As(III), As(V), 
MMAA and DMAA, respectively. An automated 
and direct HPLC-FI-HG-AAS method was devel- 
oped and statistically validated for the assessment 
of inorganic arsenic and its metabolites in urine 
[l lo]. The detection limits of this procedure were 
compared with those obtained by directly cou- 
pling the HPLC column to an ICP spectrometer. 
The limit of detection of the FI-AAS system is 
approximately 35 times lower than that of the 
ICP-AES system, but still not low enough to be 
able to detect arsenic compounds in urine from 
non-exposed persons. Therefore, these methods 
are not applicable to the analysis of urine from 
normal persons, but could be useful in analysis 
for arsenic species in urine from highly exposed 
persons, or persons suspected of being unable to, 
or having a reduced ability to methylate inorganic 
arsenic compounds. The major limitation in using 
HG as a part of the HPLC separation-element 
specific detector is that many environmentally and 
biologically important organoarsenic compounds 
such as AsB, AsC, tetramethylarsonium ion, ASS, 
etc., do not form volatile arsines and would not 
be detected. To solve this problem, an appropriate 
decomposition procedure is required. 

An on-line HPLC-microwave-oven (MWO) ox- 
idation with persulphate and HGAAS detection 
has been successfully applied for the determina- 
tion of arsenite, arsenate, MMAA, DMAA, AsB 
and AsC in environmental samples [55]. An an- 
ionic cartridge located before the HPLC anionic 
column, quantitatively retained arsenite, arsenate, 
MMAA and DMAA. The AsB and AsC which 
passed through, were separated in the HPLC 
column, eluted and, each fraction, microwave ir- 
radiated after mixing with persulfate for their 
oxidation to arsenate. The conversion efficiency 
was reported to be closed to 100%. The solution 
from the MWO was cooled in an ice bath and 
mixed downstream with acid and borohydride to 
form the arsine which was swept into an AAS 
atomization cell. To determine the anionic species, 
the same procedure was followed, except that the 
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anionic cartridge was removed, and water was 
introduced instead of persulfate. The detection 
limits were between 0.3 and 0.9 ng (for 100 ul 
sample). A similar procedure was developed by Le 
et al. [ll l] except that they used a dual system to 
avoid removal of the cartridge during the proce- 
dure. Comparable resolution was obtained by us- 
ing HPLC-separation-MW-digestion with 
HGAAS or ICP-MS detection. Complete separa- 
tion of five arsenicals was achieved on a reversed 
phase Cl8 column by using sodium heptanesul- 
fonate as ion pair reagent and the detection limits 
were for example 10 ug 1 - ’ for arsenite, DMAA 
and AsB, 15 ug 1 - ’ for MMAA and 20 ug 1 - ’ for 
arsenate. 

3.3. Inductively coupled plasma-atomic emission 
spectrometry 

The detection limits achieved in an ICP-AES 
system are far too high to allow detection of the 
low concentration of arsenic species present in 
urine of normal persons. Additionally, when ICP- 
AES is used for detection, a severe interference by 
background ions strongly degrades the detection 
limits. The single 75As isotope has an interference 
from 40Ar35C1 species which has the same mass-to- 
charge ratio as that of monoisotopic arsenic [112- 
1141. The extent of this interference is such that 
the direct determination of the analyte is impossi- 
ble. In the determination of total arsenic this 
interference has been eliminated by the addition 
of nitrogen to the argon carrier gas [115]. Nitro- 
gen addition was found to reduce analyte sensitiv- 
ity, which made the technique unsuitable for 
analysis at the required levels. A substantial in- 
crease in sensitivity has been reported when using 
HPLC in combination with HG-ICP-AES 
[I 12,116,117]. In the HG step, the concentration 
of the HCl used is relatively high; as a result, the 
conventional GLS produces a ‘residual aerosol’ 
which is transported to the torch and converted 
into the interferent. Therefore, HCl should be 
replaced by mild HNO, and L-Cysteine be used as 
reductant and releasing agent. In that way, the 
interference from Ar +Cl is avoided and, based 
on the kinetical reduction, simultaneous determi- 
nation of As(II1) and As(V) in waters was possi- 

ble without interferences from transition elements 
[99]. The detection limit for As(V) was 3.4 ug 1~ ’ 
and for As(lI1) 0.7 ug 1~ ‘. Also the effect of the 
‘residual aerosol’ can be eliminated by using mi- 
croporous membranes as GLS [ 118,119]. Some 
workers suggested that selectivity could be im- 
proved by an initial separation ,of the analyte 
from the matrix (e.g., solvent extraction) followed 
by the generation of the hydride directly from 
non-aqueous media and the detection of the ana- 
lyte by ICP-AES [120,121]. There are some ad- 
vantages of these applications: (i) a 
straightforward combination of liquid-liquid ex- 
traction with HG to overcome matrix interfer- 
ences and (ii) the opportunity to determine 
hydride forming elements in organic samples and 
solvents directly, without resorting to lengthy re- 
extraction procedures. The introduction of or- 
ganic solvents into ICP presents particular 
difficulties and therefore, the use of miscelles and 
other organized media with a hybrid aqueous/or- 
ganic character, could prove advantageous. Ar- 
sine can be generated with sodium borohydride 
from a didodecyldimethylammonium bromide 
(DDBA) vesicular medium [122]. It was found 
that the analytical performance of this vesicles-en- 
hanced method is superior to the HG from 
aqueous media. No speciation studies have been 
reported, although the detection limits were im- 
proved by a factor of two compared with those 
observed when arsine was generated from 
aqueous medium, and greater tolerance to inter- 
ferences was observed [121,122]. 

However, the most direct method for dealing 
with this interference is to use a high resolution 
mass spectrometer. Since the advent of the combi- 
nation of ICP with MS, exceptionally low detec- 
tion limits have been achieved 
[99,111-114,124-1271. Coupling HPLC to ICP- 
MS, the simultaneous determination of up to six 
compounds was possible in about 10 min with 
detection limits in the range few picograms. These 
values are sufficiently low to study the chemical 
species at their naturally occurring concentration 
levels. Also the speciation of arsenosugars in 
marine reference materials by HPLC-ICP-MS has 
been recently reported [127]. 
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The cost of an existing commercial ICP-MS 
instrument makes it one of the most expensive 
HPLC detector and it may not be realistic to use 
it in routine analysis or’ for environmental moni- 
toring. Unless a previous separation technique is 
used prior to the detection by ICP-AES, the use 
of HG is mandatory, limiting the method, as in 
the case of HGAAS, to the speciation of arsine- 
forming compounds, thus leaving valuable infor- 
mation behind. So, coupling IEC with ICP-AES 
simplified the process and overcame the interfer- 
ence of Ar + Cl -, as it does when coupled to 
ICP-MS [128]. Optimizing the two systems and 
using an ultrasonic nebulizer, it was possible to 
reach detection limits in the range of ng 1 - ’ for 
As(V) and MMAA [ 1291. The procedure was 
completely automated for sample retention, elu- 
tion and regeneration of the resin. 

3.4. Atomic absorption spectrometry with 
electrothermal atomization (ETAAS) 

Although the detection of the separated species 
using on-line techniques, like those described 
above is ideal, ETAAS is still advantageous be- 
cause of its sensitivity (two orders of magnitude 
higher when compared with flame-AAS) and ease 
of operation. Furthermore, the instrumentation is 
available in many laboratories. However, this 
technique has proved limited potential for specia- 
tion, apart from being prone to errors owing to 
pre-atomization losses and to the fact that differ- 
ent arsenic compounds produce different ETAAS 
responses. Larsen found that using conventional 
STPF furnace program, calibration for all species 
was possible with standards prepared from only 
one calibrant, e.g., arsenate, but the operation of 
the instrument is relatively slow [131]. He studied 
the conditions under which ETAAS gives equal 
and optimum sensitivities for all the arsenic spe- 
cies under study. To improve sample throughput, 
a fast furnace program that includes the use of a 
chemical modifier, shorten the time needed for 
analysis and makes calibration of all species possi- 
ble using two arsenic species as calibrants, i.e., 
one for the quaternary arsonium compounds and 
one for the other species. However, systematic 
investigations on the behavior of arsenic species in 

graphite furnace are lacking. Krivan and Arpad- 
jan [132] studied the influence of different ma- 
trices (HCl, NaCl, HNO, and urine) and of 
various chemical modifiers (W, Pd and a mixture 
of W + Pd + citric acid) on the behavior of 
As(II1) and As(V) in the graphite furnace by 
means of an 75As radiotracer. Different treat- 
ments of the pyrocoated tubes showed to ther- 
mally stabilize the arsenic species. Such is the case 
of Ce(IV) [133] and tungsten-carbide coated tubes 
[ 1341 which improved the responses from arsenite, 
arsenate, MMAA, DMAA. No pronounced stabi- 
lizing effect was observed for AsB and AsC with- 
out the addition of palladium chloride to the 
treated tubes [134]. Aqueous and methanolic solu- 
tions of these species were studied because they 
are the main components of the various extraction 
systems and HPLC effluents. Attention was di- 
rected to a detailed investigation of the pyrolisis 
stage, which is the most critical step for the 
analysis of highly volatile species. An attempt to 
separate in situ As(II1) from AsB in W-treated 
tubes failed because, the authors claim, of the 
presence of significant amounts of AsB under the 
conditions used for As(II1) determination. 

Nevertheless some of the arsenic species occur 
in some samples at such low concentrations that 
even ETAAS cannot provide sufficient sensitivity, 
so that preconcentration procedures have to be 
combined in order to achieve the required detec- 
tion power. Attempts to preconcentrate water 
samples by evaporation before injection onto the 
furnace have resulted in losses of arsenic and in 
redox reactions affecting the ratio of species. 
Many separation-preconcentration schemes, fol- 
lowed by ETAAS detection, include thin-layer 
chromatography [ 135,136], or coordination of the 
species to organic molecules and extraction in 
organic solvents [ 137- 1411, precipitation or co- 
precipitation [ 1421, adsorption on surfaces like 
those of ion-exchange resins [143,144] or HPLC 
columns [145,146]. 

Extraction as a means of separation and pre- 
concentration of species has been applied most 
often to solids such as soils, sediments, particulate 
matter filtered from water and air or biological 
tissues. A number of extractants have been used 
by many researchers as a means of selectively 
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removing the species from the bulk of the sample 
and also as a means of preconcentration prior to 
the quantification by ETAAS. Since As(V) cannot 
be extracted from acidic media, only As(II1) could 
form the ammonium tetramethylenedithiocarba- 
mate complex which is extracted into chloroform 
and then, is selectively quantified. Prior to the 
extraction, however, As(V) can be reduced with 
potassium iodide, thiosulfate, L-Cysteine, or mix- 
tures of hydrogensulfite-thiosulfdte and iodide- 
ascorbic acid. In this case, both oxidation states 
are determined simultaneously and the As(V) con- 
centration is quantified by difference. Ammonium 
pyrrolidinedithiocarbamate (APDC) and o,o-di- 
ethylditiophosphate have been also used as chelat- 
ing agents for the extraction of As(II1) into 
chloroform followed by back-extraction into an 
aqueous phase [ 1371. 

As(II1) is also separated by solid-liquid extrac- 
tion with sodium diethylditiocarbamate (NaDDC) 
into methyl isobuthyl ketone (MIBK). Aliquots of 
the organic phase are determined by ETAAS us- 
ing palladium in MIBK as chemical modifier. 
Total arsenic is determined using slurry sampling 
and Pd-Mg(NO,), to stabilize the arsenic [138]. 
Extraction of arsenite with set-butyl dithiophos- 
phate followed by the determination of arsenic in 
the extract by ETAAS [139] is another mean of 
inorganic arsenic speciation. These procedures are 
time consuming because they involve multi-step 
procedures and usually permit only a moderate 
preconcentration because there is a limited ratio 
of organic to aqueous phase that can be reliably 
handled. The on-line combination of liquid-liq- 
uid extraction principles with sorption on a solid 
phase column material permits the use of a wide 
selection of functional groups. Rapid and com- 
plete elution prevents extensive dispersion of the 
sample, such as in chromatographic systems. The 
use of a flow injection on-line separation of 
As(III)-diethylditiocarbamate complex sorbed on 
a Cl8 reversed phase packing (bonded silica with 
octadecyl functional groups), reduction of As(V) 
with a sulfite-thiosulfate-iodide solution and pre- 
concentration for ETAAS allows the determina- 
tion of As(II1) and total arsenic in a short time 
[89]. The fast complexation and sorption (approx. 
100 ms) maintain the natural equilibrium between 

species and prevents their shift during the analy- 
sis. One of the main advantages of the on-line 
technique is that preconcentration takes place in a 
closed system, avoiding any exposure of the sam- 
ple to atmosphere. Because of this greatly reduced 
risk of contamination, very low and reproducible 
blank values can be obtained. Sample loading, 
column washing, elution and sample transfer are 
operations on-line which leads to enhanced preci- 
sion and accuracy compared with manual batch 
procedures for sample treatment. Equilibrium 
needs not be attained because of the exact timing 
of all process. The strict reproducibility of the 
process excludes interferences due to kinetic ef- 
fects. The total time for sample treatment fits well 
into the running time of a standard graphite 
furnace program. 

A reliable analytical procedure aimed to sepa- 
rate arsenic species in waste and potable waters: it 
involves a separation step on an extraction chro- 
matographic column filled with a support 
modified with dioctyltin dichloride [140]. This ar- 
rangement selectively extracts As(V) which is 
eluted from the column with HCl. The effluate 
containing As(II1) and the eluate containing 
As(V) are then determined by ETAAS in the 
presence of a mixed modifier of Pd, W and citric 
acid. 

It can be concluded that the extraction proce- 
dures mentioned above apply only to inorganic 
arsenic species. A recent work [141], however, 
confirmed the suitability of the application of an 
extractive procedure to the methylated arsenic 
species. Only inorganic arsenic, MMAA and 
DMAA were quantitatively extracted in toluene 
from acidified urine samples, then were stripped 
from the organic solvent with diluted nitric acid 
and detected by ETAAS in the range lo-50 ug 
1-l. None of the other known organic arsenicals 
were extracted. The results were in good agree- 
ment when compared with those obtained by 
HPLC-ICP-MS and the extractive procedure was 
recommended for the evaluation of occupational 
exposure to inorganic arsenic. 

Chen et al. [142] determined As(V) and As(III) 
species in environmental samples by ETAAS after 
coprecipitation with zirconium hydroxide and 
were able to differentiate between As(II1) and 
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As(V) by using different temperature programs in 
the graphite furnace. 

Pacey and Ford [143] and Grabinski [144] used 
the strong affinity of arsenic species for certain 
ion-exchange resins to completely separate four 
arsenic species and measure the analyte content in 
each fraction by ETAAS. These systems gave 
better detection limits and/or shorter analysis 
times than the extraction procedures. 

The fairly long time required for the analysis of 
a series of collected fractions may be inconvenient 
for practical analytical work. More work is 
needed in this direction to fully exploit the poten- 
tiality of ETAAS for speciation. Probably cou- 
pling ETAAS directly with HPLC might be the 
answer; interfacing a stepwise operational proce- 
dure (ETAAS) with a continuously flowing 
effluent from the HPLC column is a real analyti- 
cal challenge. Although the work reported until 
now [145,146], do not give experimental details on 
the instrumental arrangement, making this type of 
coupling it is not impossible [147,148]. 

3.5, Other methods 

Apart from the procedures described above, 
and which are massively studied, there are scarce 
data in the literature about other potential tech- 
niques, like neutron activation analysis, mass 
spectrometry, X-ray crystallography, NMR and 
IR spectroscopy, etc., which can be used in ar- 
senic speciation. This is probably because the 
amount of sample per analysis for some of them, 
as well as the availability of sophisticated and 
costly instruments in many laboratories are the 
limiting factors. 

Coprecipitation with dibenzildithiocarbamat- 
e(DBDTC) and hydrated iron(II1) oxide for 
As(II1) and As(V), respectively, followed by the 
determination of arsenic by X-ray spectrometry 
was reported [149,150]. Detection limits as low as 
0.02 ug 1-l have been obtained. These procedures 
are also limited to the inorganic species only, 
although investigations on the behavior of some 
other arsenic species, e.g., MMAA and DMAA, 
showed that MMAA is coprecipitated quantita- 
tively with DBDTC when a strong reducing mix- 
ture of iodide and thiosulfate was used to reduce 

As(V) to As(III), while DMAA is not coprecipi- 
tated at all. This implies that MMAA interferes in 
the determination of As(V) [150]. The precipitates 
were collected successively on membrane filters 
and arsenic determined by NAA of the filters and 
subsequent y-spectrometry. 

Extraction and preconcentration of arsenic spe- 
cies prior to irradiation were deemed necessary in 
NAA methodology, because firstly, the oxidation 
states of arsenic in the original samples irradiated 
cannot be distinguished after radiochemical sepa- 
ration and secondly the use of large volumes of 
samples for irradiation without preconcentration 
is unsuitable due to the small concentration factor 
involved. The separation step is also ideal to 
create an interference-free environment in the ma- 
trix during the activation period. The selective 
extraction of the ammonium te- 
tramethylenedithiocarbamate complex of As(II1) 
into chloroform and the detection of arsenic by 
NAA after back-extraction was reported by 
Yusuf et al. [151]. Reduction of As(V) to As(II1) 
was achieved with thiosulfate. Marine samples 
were subjected to microwave radiation choosing a 
suitable program to prevent the change in oxida- 
tion states of arsenic species during the heating 
process. 

Contrary to AAS, AFS has not been widely 
used in speciation studies because of its low sensi- 
tivity when HG is coupled to introduce the ana- 
lyte in the diffusion flames normally employed as 
atom cells for this technique. However, the detec- 
tion limits have been recently improved, because 
high-intensity excitation sources e.g., boosted-dis- 
charge hollow cathode lamps, have become com- 
mercially available [152]. When coupled with 
HPLC, the fractions could be efficiently nebulized 
into the flame, and so, AFS becomes a powerful 
tool for arsenic speciation, achieving detection 
limits as low as 35, 50, 20 and 20 ng for As(III), 
As(V), DMAA and MMAA, respectively, in 250 
ul of volume injected [153]. The analytical poten- 
tial of such hybrid techniques has been recently 
illustrated on coupling vesicle-mediated HPLC to 
low-power argon microwave-induced plasma 
(MIP) for mercury and arsenic speciation. A HG 
technique was used as interface between the exit 
of the HPLC column and the MIP held in a 
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surfatron at reduced pressure. Enhancements in 
the emission signals of about 100% were found in 
miscelles of cetyltrimethylammonium bromide 
and the detection limits for the arsenic species 
investigated (arseneous, arsenic, monomethylar- 
sonic and dimethylarsinic acids) were in the range 
l-6 ng l- ‘. This novel methodology has been 
successfully applied for arsenic speciation in tap 
and sea waters and in human urine [154]. 

Also direct current plasma (DCP) atomic emis- 
sion spectrometry coupled to a modified HG sys- 
tem proved successful for the determination of 
As(II1) and As(V) [90]. Both species could be 
determined as total arsenic without the need for 
any prereduction step. 

Mohan et al. [59] evaluated the capability of 
HG-DC helium emission spectrometry as an ana- 
lytical tool in the speciation of arsenic in soils 
treated with arsenical herbicides. Due to differ- 
ences in soil type and samples pore size, the 
method only permitted semicuantitative specia- 
tion. 

The separation power of capillary electrophore- 
sis has been widely demonstrated, most of the 
studies being focused on the optimization of sepa- 
ration parameters for complex mixtures of com- 
pounds of biochemical interest. Little effort has 
been devoted to quantitative studies and less to 
arsenic speciation. Lopez-Sanchez et al. [155] sep- 
arate arsenite, arsenate, MMAA, DMAA and 
phenilarsonic acid in a fused silica capillary filled 
with a phosphate buffer and detected the signals 
with an on-column UV detector operated at 190 
nm. Capillary electrophoresis with conductivity 
[156] or AAS [157] detection was also used to 
speciate arsenic and selenium compounds in wa- 
ter. The samples were injected electrokinetically at 
25 mbar for 12 s on to a pretreated fused silica 
column. The separation was carried out at 25 KV 
with triton X-100 and cyclohexil-amine-ethanesul- 
fonic acid at pH = 9.4. The detection limit was 40 
ug I- ’ for As(V). 

4. Conclusion 

From this survey it can be concluded that the 
analytical techniques available for the detection 

Fig. 1. Procedures for arsenic speciation in different matrixes. 
(UV-vis. = spectrophotometry; EQ = electrochemical methods; 
AAS = atomic absorption spectrometry; ICP-AES = induc- 
tively coupled plasma atomic emission spectrometry; ICP- 
MS = inductively coupled plasma mass spectrometry; 
HG = hydride generation; FAAS = flame atomic absorption 
spectrometry; CT = cryogenic trapping; CC = gas chromatog- 
raphy; HPLC = high performance liquid chromatography; 
IEC = ion exchange chromatography; ETAAS = electrother- 
mal atomic absorption spectrometry; NAA = neutron activa- 
tion analysis; DCP = direct current plasma; AFS = atomic 
fluorescence spectrometry; MIP = microwave induced 
plasma;and CE = capillary electrophoresis). 

and speciation of arsenic are diverse. A schematic 
diagram summarizing the different techniques and 
some of the most relevant information, such as 
samples type, procedure and detection limits, are 
given in Fig. 1 and Table 3, respectively. Each 
approach possesses both advantages and disad- 
vantages that must be considered with respect to 
the scope of the study and also the laboratory 
facilities available. Adequate quantitative determi- 
nation of complex matrices require the establish- 
ment of efficient separation and preconcentration 
processes, good recovery in clean-up procedures 
and precision and accuracy controls. All these 
problems can be partly solved by performing spe- 
ciation studies with in vivo and in vitro labeled 
radioactive compounds followed by gamma or 
beta measurements. This would greatly eliminate 
the hazard of distorted results due to exogenous 
amounts of the element; which are not radioactive 
and will escape detection. 
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When environmental monitoring is used to as- 
ses the exposure to toxic compounds, it is impor- 
tant to be able to distinguish between the toxic 
species (arsenite, arsenate and the metabolites) 
and the non-toxic species (AsB and AsC). How- 
ever, most of the methods outlined in this paper 
are unsuitable for routine analysis of real samples, 
although HPLC-HG-AAS, HPLC-ICP and 
HPLC-ICP-MS would appear to be a good choice 
in terms of sensitivity, selectivity and ease of 
operation. Their only disadvantage is that the 
instruments are expensive and not available in 
many laboratories. 
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Much work has to be conducted in order to 
understand first the natural distribution cycle of 
the element (the dynamics of its mobility through 
ecosystems) and to compare it with documented 
perturbations stemming from man’s technological 
inputs and their impact on the public health. A 
balanced interdisciplinary approach is necessary, 
formed by analytical chemists, specialists in life 
sciences, statisticians, ecologists, etc. These multi- 
faceted efforts would be able to respond questions 
regarding the biotransformation and redox reac- 
tions occurring in biological media as well as the 
interactions that could take place in the environ- 
ment between arsenic compounds and other natu- 
ral products to produce new organoarsenicals of 
perhaps totally different toxicity. 
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Abstract 

An electrothermal vaporization (ETV) sample introduction device tantalum filament was combined with microwave 
plasma torch atomic emission spectrometry (MPT-AES) for determination of several trace elements. Some operating 
parameters of the system were optimized. The effects of easily ionized elements (EIEs) on the emission intensities of 
the tested elements were studied in detail. It was revealed that there was no interference resulting from small amount 
of sample matrix; while with the existence of large amount of sample matrix, the method of standard addition could 
be used to determine trace elements in samples. So, no modifier was required in this method. The results indicated 
that ETV-MPT-AES not only has the advantage of micro sample consumption (a volume of 3 ~1 for each injection), 
but also offers high sensitivities for the determination of Ag, Au, Ge, Pb, Sn and Te as compared with those obtained 
with pneumatic nebulization (PN) MPT-AES. 0 1997 Elsevier Science B.V. 

Keywords: Atomic emission spectrometry; Electrothermal vaporization; Microwave plasma torch 

1. Introduction 

Because electrothermal vaporization (ETV) has 
some distinct advantages over solution nebuliza- 
tion as a means of sample introduction in plasma 
atomic spectrometry the ETV method has been 
investigated extensively. The ETV sample intro- 
duction systems have been applied to inductively 
coupled plasma atomic emission spectrometry 
(ICP-AES) [l-3], ICP-mass spectrometry (ICP- 
MS) [3], direct current plasma-AES (DCP-AES) 

* Corresponding author 

[3], microwave induced plasma-AES (MIP-AES) 
[1,3,4] and MIP-MS [5,6]. Due to the inability of 
the low-powered microwave plasma (MWP) to 
readily tolerate the introduction of large amount 
of foreign materials, one of the most common and 
nearly optimal techniques for converting liquid 
samples into dry aerosols and introducing them 
into MWPs is the ETV. Graphite [7-141 and 
metals (tungsten, tantalum, platinum) [ 15 -271 
have been used as furnace materials for ETV 
devices in MIP-AES. Compared with graphite 
furnace manufactured for graphite furnace atomic 
absorption spectrometry, metal vaporizers are of 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
PII SOO39-9140(97)00065-9 
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low-cost and can work at low-power. Though in 
the development of ETV-MWP-AES, platinum 
filament was firstly used as a vaporizer [15], tung- 
sten and tantalum were most often employed in 
latter studies [16-251. The metal vaporizers used 
include tungsten loop [ 16,171, tungsten filament 
[18], tungsten boat [19,20], tantalum loop [21], 
tantalum filament [22], tantalum boat [23], and 
tantalum strip [24,15]. Brooks and Timmins 
[26,27] described a miniature device based on a 
heated tantalum filament which eliminated the 
dead volume and turbulence of the plasma gas 
was kept to minimum. Evans et al. [6] utilized a 
tantalum-tip electrothermal vaporizer. The vapor- 
izer is such that the analyte is vaporized in the 
MIP, there by eliminating the dead volume. 

Microwave plasma torch (MPT) was first devel- 
oped by Jin et al. [28] as a new, attractive excita- 
tion source. The tolerance of it to the wet aerosols 
and molecular species is significantly improved as 
compared with conventional MWPs for the 
plasma formed with MPT is flame-like and has a 
central channel. Since the analyte is forced to pass 
through the central channel of the discharge, it is 
efficiently vaporized, atomized, excited and ion- 
ized, and causes minimal perturbation to the 
plasma [29]. MPT has been used as an excitation 
source for AES coupled with ultrasonic [30] or 
pneumatic [3 l] nebulization sample introduction 
system. Although these sample introduction sys- 
tems are efficient, they consume relatively large 
amount of sample solution. In this work, a minia- 
ture ETV unit, based on a heated tantalum 
filament, has been designed to introduce micro 
aqueous samples into an MPT-AES system. The 
design of ETV was similar to that of Brooks et al. 
[26]. A desolvation system similar to that of Que 
et al. [32] was also set between the ETV unit and 
the MPT. The tantalum filament was surrounded 
by Ar carrier gas to avoid its exposure to the air. 
In addition, the drying time and drying tempera- 
ture of the sample were strictly controlled to 
reduce or eliminate interferences caused by the 
matrix (it is especially important to remove water 
in samples at drying stage, because during vapor- 
ization stage the water can oxidize the tantalum 
filament at high temperature) and to minimize the 
vaporization of the tantalum. By doing so, no 

interference resulting from small amount of sam- 
ple matrix was observed and no matrix modifier 
was needed. However, very large amount of the 
matrix did affect the emission intensities of the 
elements tested. In this case, the method of stan- 
dard addition was necessary to be adapted. 

Results obtained from our ETV-MPT-AES sys- 
tem proved that the method is not only sensitive, 
but also of low matrix effect, as well as less time 
and sample consuming. What is more, the whole 
instrumentation is compact and inexpensive. 

2. Experimental 

2.1. Apparatus 

The MPT-AES system used is the same as 
described in our previous work [33]. The ETV 
system consists of a d.c. voltage stabilizer (maxi- 
mum output voltage 10 V, laboratory built), a 
rheochord (maximum resistance 100 ohms) and 
an ETV atomizer (laboratory built, as shown in 
Fig. 1). Table 1 lists the operating conditions of 
the ETV-MPT-AES system used in this study. 

2.2. Procedures 

After ignition and stabilization of the plasma, 3 
ul sample solution was injected onto the tantalum 
filament loop by using a micro-syringe through 
the sample inlet on the ETV introduction system. 
By applying different d.c. voltages across the ter- 
minals of tantalum filament, the sample was first 
dried for a while, and then vaporized and trans- 
ported into the plasma by an Ar carrier gas. The 
emission intensity of the analyte was measured 
with a PMT (lP28) by the recorded peak height. 

Fig. 1. Schematic diagram of ETV sample introduction system. 
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Table 1 
Operating parameters of the ETV-MPT-AES system 

MPT Carrier and sup- Ar 
port gas 
Microwave fre- 2450 
quency, MHz 
Forward power, 60 
W 
Support gas flow 400 
rate, mL/min 
Carrier gas flow 650 
rate, mL/min 
Plasma viewing Side-on 
mode 
Plasma viewing 6-8 mm above the 
position top of the torch 

Monochroma- Slit-width, urn 25 
tor 

Slit height, mm 2 
ETV system Drying time, s 35-80 

Drying voltage, 0.21-0.63 
V 
Vaporizing time, 3 
S 

Vaporizing 2.28-3.00 
voltage, V 

2.3. Sample preparation 

Sediment sample, 0.5 g, was placed into a poly- 
tetrafluorethylene crucible. HF, 15 ml, and 8 ml 
of concentrated HBO, were slowly added in the 
crucible while it was being heated. When the 
sample was dissolved completely, 2 ml of HC104 
was added into the crucible to get rid of the 
retained HF. Heated the solution till it was almost 
dry, then transported it to a 10 ml volumetric 
flask and diluted with de-ionized water to the 
mark. 

3. Results and discussion 

3.1. Solution medium 

HCl, H,SO,, HNO,, H,PO, at various concen- 
trations were used separately as the solution 
medium. It was observed that when the concen- 
tration of H,SO,, HNO, or H,PO, exceeded 0.1 
mol l_ ’ all emission intensities measured de- 

creased, while the addition of HCl could increase 
the emission intensities of analytes. 

The effects of HCl concentration on the emis- 
sion intensities of different analytes are shown in 
Fig. 2. It seems that the enhancement effects of 
HCl are different for different elements. It was 
found that when the HCl concentration was in the 
range of 0.01 - 0.2 mol l- ‘, the relative intensities 
reached a plateau. However, when the HCl con- 
centration exceeded 0.2 mol 1 - ‘, the enhancement 
effect began to reduce. It was also found experi- 
mentally that the background emission did not 
depend on the concentration of HCl. Thus, 0.1 
mol 1~ ’ HCl was selected as the solution medium 
in this work. 

3.2. Flow rate of carrier gas 

Fig. 3 shows the effects of flow rate of carrier 
gas on the emission intensities, which involves 
three aspects: (1) the carrier gas flow rate affects 
the residence times of the analytes in the plasma. 
The lower the carrier gas flow rate, the longer the 
residence time. As far as this aspect is concerned, 
low flow rate of carrier gas is better; (2) the 
process of the sample transportation to the 
plasma is also a process of sample diffusing in the 
carrier gas and depositing to the walls of vapor- 
izer and transportation tube. The carrier gas flow 
rate affects the sample transportation and hence 

0” ” ““’ ‘,,,,I,,,’ 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

Concentration of HCI, mol/L 

Fig. 2. Effect of HCI concentration on the emission intensities 
of different elements. 
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Fig. 3. Effect of carrier gas flow rate on the emission intensi- 
ties. 

the sample diffusion and deposition; (3) the 
change of the carrier gas flow rate results in a 
change of the plasma discharge status. It was 
observed that when the flow rate was relative low 
( < 500 N 600 ml min- ‘), the emission intensities 
increased with the flow rate; when the flow rate 
went up to 600 N 700 ml min - ‘, the emission 
intensities reached maxima; however, with the 
further increase of the flow rate ( > 700 ml min - 
l), the emission intensities decreased or un- 
changed. Therefore, in this study a 650 ml min - ’ 
carrier gas flow rate was chosen. 

3.3. Flow rate of support gas 

The effect of the flow rate of the support gas on 
the emission is shown in Fig. 4. For all elements 
tested the emission intensities reached maxima 
when the support gas flow rate goes up to about 
400 ml min-‘. 

3.4. Drying time and drying voltage 

Water vapour can significantly absorb mi- 
crowave at 2450 MHz, so if water in a sample is 
not removed, the excitation capability of the 
plasma will be affected. In addition, oxygen in 
water can oxidize tantalum filament under high 
temperature during the vaporization stage and 
hence reduce the lifetime of the ETV device. So it 

is necessary to remove water in samples as com- 
pletely as possible during the drying stage. 

Drying time and drying temperature are two 
correlative factors (the drying temperature was 
controlled by drying voltage). It was noticed that 
with the increase of the drying voltage, the opti- 
mum drying time became shorter. If drying 
voltage used is too high or drying time is too low, 
it will take longer time to remove water and takes 
longer time to complete the analysis. 

For the determination of Te, a certain amount 
of reductant SnCl, was added into the sample 
solution (0.1% SnCl,), thus Te will exist in Tea 
form. Since the boiling points of TeCl, and Tea 
are 390 and 990°C, respectively, the addition of 
SnCl, can minimize the loss of Te during drying 
stage. Fig. 5 shows the effect of drying time on 
the emission intensities of Te at different drying 
voltages. 

Drying times and drying voltages of Sn, Ge, 
Ag, Au were also investigated and the optimum 
values are listed in Table 2. 

3.5. Vaporization time and voltage 

The sensitivities of ETV system for elements 
studied are better than that of PN system for the 
reason of higher solute transportation efficiency 
of the former. With the ETV system samples can 

0’ 
0 1w2003004005006cCJ700 

Flow rate of support gas, mL/min 

Fig. 4. Effect of support gas flow rate on the emission intensi- 
ties. 
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Fig. 5. Effect of drying time on the emission intensities of Te 
at different drying voltages. 

be almost completely vaporized in a short time 
and transported into the excitation source by the 
carrier gas. In this study, to guarantee a complete 
vaporization of the element studied and an 
enough long lifetime of the tantalum filament, 
3 - 4 s was generally selected as the vaporization 
time. Fig. 6 presents the effect of vaporization 
voltages on the emission intensities. It is observed 
experimentally that the emission intensities in- 
crease with the mounting of the vaporization 
voltages when the vaporization voltages are low, 
while the vaporization temperatures (correspond- 
ing to the vaporization voltages) reach or exceed 
the boiling points of tested elements (their com- 
pounds), the emission intensities reach the max- 
ima, and no more increase with the further 
increase of vaporization voltages will be observed 
because the analytes have been vaporized com- 
pletely. What is more, too high vaporizing tem- 
perature can also shorten the lifetime of the 
tantalum filament. Therefore, to meet both re- 
quirements of vaporizing efficiency and lifetime of 
the tantalum filament, the vaporization voltages 
of different elements were optimized and shown in 
Table 2. 

3.6. Effects of concomitant elements 

3.6.1. Easily ionized element (EIE) 
Since alkali metal elements, which are easily 

ionized elements (EIEs), especially Na and K are 
present in a wide variety of natural materials, the 
influence of EIEs upon the emission of analytes in 
the ETV-MPT-AES technique is of significant 
practical relevance. Fig. 7 illustrates the effects of 
some EIEs on the emission behaviour of the 
elements studied. Though the influences of the 
same EIE on the elements studied are not quite 
the same, they follow such general trends: (1) no 
obvious changes of emission intensities of the 
tested element occur with relatively low quantities 
of EIE (20 mg 1-l and less). (2) EIEs can cause 
either an emission enhancements (or suppressions) 
depending on EIE and element tested. The maxi- 
mal emission enhancements (or suppressions) oc- 
cur at EIE concentrations reaching around 500 
mg 1 - l. (3) When EIE concentrations go over 
about 500 mg 1 - ’ the emission enhancements (or 
suppressions) reach plateaus. (4) The effects of 
EIEs on the emission intensities decrease when the 
concentrations of EIEs increase further to over 
about 1000 mg l- ‘. (5) It is also observed that the 
extent of either suppression or enhancement cor- 
relates with the ionization potential(IP) of the 
EIE, i.e., Li>Na> K>Rb>Cs. This order is 
contrary to that reported by Matousek et al. [19] 
while is the same as that showed by our previous 
work (with PN introduction system) [17]. This 
phenomenon indicates that the mechanism of the 
effects of the same EIE on different line emission 
intensities may be similar. The mechanism involv- 
ing enhanced collisional excitation was the most 
plausible explanation of the enhancement effect, 
and that the addition of EIEs may shrink the 
plasma and thus decrease the efficiency with 
which microwave energy is coupled to the plasma 
was said to be the reason for the suppression in 
the former work [30]. 

Effects of Na and K on the emission intensities 
of Sn with different sample introduction systems 
are shown in Fig. 8. It is observed that on the 
contrary to results obtained with ETV, the intro- 
duction of alkali metals will suppress rather than 
enhance the emission signals of Pb when a PN 
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Table 2 
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Drying time and voltage as well as vaporizing voltage for different analytes 

Analyte Ag AU Ge Pb Sn Te 

Drying time (s) 50-60 35-45 35-45 80-90 40-50 40-50 
Drying voltage (V) 0.42 0.63 0.60 0.21 0.52 0.52 
Vaporising voltage (V) 2.82 2.82 2.82 2.28 2.82 2.82 

system is employed. The possible explanation for the only difference between the two modes was 
this may be that in the case of ETV the analyte is that the analyte was vaporized separately from 
not transported into the plasma at the time while the EIE in the former while were vaporized to- 
K and Na is vaporizing, and thus the effect gether in the latter. The experimental results are 
caused by Na or K is reduced. shown in Fig. 9 and can be narrated as follows: 

Some workers have investigated the mecha- 
nisms of EIE effect in an MIP with ETV sample 
introduction device [34,35]. In this work two ex- 
periments were performed to investigate the 
mechanism. Firstly, two different vaporization 
modes were employed. In the first mode, a 1.5 ul 
analyte solution and 1.5 ~1 of EXE (K) solution 
(both with 0.1 mol l- ’ HCl) were injected onto 
two different sites of the tantalum filament loop, 
respectively. By this way the volatilization pro- 
cesses of the analyte and EIE were independent 
on each other. In the second mode, a 1.5 ul 
analyte solution containing EIE and a 1.5 ul HCl 
solution (0.1 mol l- ‘) were injected onto the 
tantalum filament loop at the two sites the same 
as those in the former mode, respectively. Thus 

Generally speaking, EIEs can affect not only 
the vaporization behaviour but also the trans- 
portation process and the excitation behaviour of 
the analyte. When the concentration of EIEs are 
low, the results obtained from different vaporiza- 
tion modes are quite different. This indicated that, 
in this case, the EIE effects depends mainly on the 
vaporization process while the interference of EIE 
in excitation process in plasma is minor; with the 
increase of the concentration of EIEs, the two 
groups of results began to approach with each 
other (especially when the concentration of EIEs 
goes over 1000 mg 1 - ‘). This reveals that when a 
large amount of EIEs is introduced into the sys- 
tem, their effects on transportation process and 
excitation process of the analytes will contribute 
more to the total EIE effect. 

.- 

OL 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 

Vapoimtiin voltage, V 

Fig. 6. Effect of vaporization voltage on the emission intensi- 
ties. 

To understand the effect of EIE on vaporiza- 
t&r, the time-resolved profiles of emissions for 
analyte and EIE were investigated. Curve 1 in 
Fig. 10 is the time-resolved profile of K obtained 
with KCl. Curves 2 and 3 in Fig. 10 are the 
time-resolved profiles of analyte Te obtained with 
a mixture solution of analyte TeCl, and KU, and 
analyte (TeCl,) alone, respectively. It is indicated 
from Fig. 10 that the addition of KC1 shortened 
the time needed for the vaporization of analyte 
and the introduction of a certain amount of EIE 
can affect the vaporization of the element tested. 

Over all, the EIE effect is a negative effect on 
the analyte determination and extremely compli- 
cated. It is related with many factors such as kind 
and amount of the analyte and EIEs themselves. 
However, EIE effect can also be making use of in 
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Fig. 7. Effect of EIEs on the emission intensities of (a)Te; 
(b)Sn; (c)Ge. 

overcoming the matrix effects (including EIE 
effects themselves). For example, those EIEs 
with enhancement effects in a relatively wide con- 
centration range can be used as matrix 
modifiers. 

0’ 
0 200 400 600 8cKl 1000 

Concentration of EIE, mg/L 

Fig. 8. Effect of Na and K on the emission intensity of Sn with 
two different sample introduction systems. 

3.6.2. Alkaline earth metal element 
For comparison, the effect of the alkaline earth 

metal element on the emission of analyte was also 
studied in the same manner as the above-men- 
tioned method used in the studies for the effect of 
alkali metal elements. The effect of Mg, Ca, Sr 
and Ba on emission of Te, Mg, Ca and Ba on Sn 
as well as Mg and Ca on Ge are shown in Fig. 

3 

/---- 
2.5 

m / 

k 2 

! 15 

I / 
E . ._ 
g .- 
tii 1 
z 

0.5 

0 
0 200 400 600 800 loo0 

Concentration of EIE. mg/L 

Fig. 9. Effects of Ca and K on the emission intensity of Te 
with different vaporization modes. *EIE and Te vaporized 
separately; the others, EIE and Te vaporized together. 
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Fig. 10. Time-resolved profiles for K and Te. 1, 500 mg I_ ’ K, 
at K 404.72 nm; 2,2 mg 1-l Te + 500 mg I-’ K, at Te 214.28 
nm; 3, 1 mg I-’ Te, at Te 214.28 nm. 

7(a, b and c), respectively. When two different 
vaporization modes were empolyed the effect of 
Ca on emission of Te was shown in Fig. 9. It was 
obvious from Fig. 7 and Fig. 9 that the effect of 
alkaline earth metal element on the same analyte 
is similar to that of alkali metal element. 

3.6.3. Effect caused by other concomitant 
elements 

Some concomitant element effects were ob- 
served. Table 3 shows some maximum concentra- 
tions values of coexistent elements including 
aluminum and iron allowed. Less than these con- 
centration values the coexistant elements will not 
cause matrix effects on the determination of the 
analytes studied. For comparison, potassium and 
magnesium were also included in Table 3. 

3.7. Analytical jigures of merit 

The detection limits, the linear dynamic ranges 
and relative standard deviations (n = 11) for ele- 
ments studied by using the proposed technique 
were shown in Table 4. The standard deviation of 
the blank was used to calculate the detection 
limits (30). To make comparison the detection 
limits obtained with MPT-AES system with PN 
sample introduction are also included. It is obvi- 
ous that the detection limits for easily volatile 

elements (Te, Ge, Sn, Pb) studied obtained with 
ETV-MPT-AES are lower than those obtained 
with PN-MPT-AES by 1-2 orders of magnitude, 
while detection limits for non-easily volatile ele- 
ments (such as Ag and Au) are about the same as 
those obtained with PN-MPT-AES. The linear 
dynamic ranges are shown to be approximately 
three orders of magnitude. At the same time, a 
comparison of detection limits obtained in this 
work with those obtained in the literature is 
shown in Table 5. 

3.8. Practical sample analysis 

Several geochemical standard reference materi- 
als of China (GSD) were analyzed for the detec- 
tion of Te, Sn, Ag with the proposed method and 
the results obtained were satisfactory, as shown in 
Table 6. 

4. Conclusion 

An ETV sample introduction device made of 
tantalum device has been coupled with an Ar 
MPT to determine several trace elements in envi- 
ronmental samples by AES without addition of 
any matrix modifier. The ETV-MPT-AES system 
has such advantages as high sensitivity, micro 
sample consumption, low matrix effect and low 
running cost. The studies reveal that EIE effects 
xely on not only the kind and amount of analytes 
and EIEs but also depend greatly on the sample 
introduction system (PN or ETV) and the sample 
introduction mode (whether EIE and analytes are 
vaporized together or separately). The analytical 
figures of merit show that the ETV-MPT-AES 
system is applicable to determination of trace 
elements in samples with low matrix. To those 
samples with relatively large amount of matrix, 
the method of standard addition can be em- 
ployed. And also, suitable addition of large 
amount of certain EIE may be helpful because it 
was found experimentally that some EIE com- 
pounds (such as alkali chlorides) have constant 
enhancement effects in a fairly wide concentration 
range on most of the elements studied. The work 
in this direction is now in process. 



Q. Jin et al. /Talanta 44 (1997) 1605-1614 1613 

Table 3 
Maximum conncomitant conentration that does not affect determination of the analyte 

Analyte (concentration mg I-‘) Maximal concomitant concentration (mg I-‘) not causing matrix effect 

Fe Al K Mg 

Ag (0.1) 20 20 20 20 
Au (0.1) 10 20 20 20 
Ge (1) 100 800 100 50 
Pb (1) 50 400 50 50 
Sn (4) 100 100 100 100 
Te (0.5) 50 50 20 20 

Table 4 
Analytical figures of merit of the proposed ETV-MPR-AES for some analytes 

Analyte Wavelength 

(nm) 

Detection limit Linear range (ug ml-‘) RSD* (%) 

ETV PN (ug ml-‘) 

Absolute (pg) Relative (ug ml- ‘) 

& 328.068 3.0 0.001 0.00074 0.01-10 
Au 242.195 6.0 0.002 0.0051 0.001-l 
Ge 267.100 24 0.008 0.039 0.08-60 
Pb 405.783 12 0.004 0.051 0.02-30 
Sn 326.234 147 0.049 0.20 0.2-20 
Te 214.283 9.0 0.003 0.25 0.03-10 

* Data in blankets are the analyte concentration (ug ml-‘) used in measurement of precision. 

2.0(0. I) 
2.4(0.1) 
3.8(1.0) 
3.9(0.5) 
2.8(5.0) 
3.8(0.2) 

Table 5 
Comparison of detection limits (pg) obtained with the proposed method and some other methods with ETV sample introduction 

Element This method ETV-MIP-AES [4] ETV-MIP-MS [6] ETV-ICP-AES [3] ETV-ICP-MS [3] 

Ag 3.0 1.6-10 0.03 l-150 0.16 
Au 6.0 10 10-20 0.002-0.5 
Ge 24 5000 lo-60 
Pb 12 0.56-17 0.75 4-6500 0.002-0.5 
Sn 147 300 20~2000 0.002-0.5 
Te 9.0 125 50-4300 100 

Table 6 
Determination results of Te, Sn an Ag in sediment samples by ETV-MPT-AES 

Analyte (samples) Found (ug gg’) Certified (ug g-‘) RSD (n = 5), % 

Ag(GSD-6) 0.38 0.36 4.5 
Sn(GSD-3) 3.6 3.4 6.1 

(GSD-6) 2.9 2.8 4.1 
Te(GSD-3) 0.16 0.15 5.0 
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Abstract 

This paper presents a method whereby trace elements are adsorbed in NH,Cl-NH, medium on activated carbon 
and then determined by microwave plasma torch atomic emission spectrometry (MPT-AES). The working conditions 
(including microwave forward power, gas flow rate, NH,-NH&l concentration in the sample solution, HCl 
concentration in the eluant, sample introduction rate and preconcentration time) were investigated in detail. The 
effects of concomitant ions were studied. The experimental results for such analytes as Pb, Mn, Cd, Cu and Fe 
indicate that the procedure can eliminate fundamentally the interferences caused by alkali and alkaline earth metal 
elements and the application of it to the determination of iron in industrial silicon and tap water samples is successful. 
0 1997 Elsevier Science B.V. 

Keywords: MPT; Activated carbon; FI; Preconcentration 

1. Introduction 

Although inductively coupled plasma atomic 
emission spectrometry (ICP-AES) has been widely 
applied to the determination of trace elements, the 
purchasing and operating costs are relatively high. 
Microwave induced plasma (MIP) has been re- 
ceiving wide attention since it was used for spec- 
trometric analysis in 1952 by Broida and Moyer 
[l] because it can provide high sensitivity for a 
large variety of elements with low operating costs. 
But traditional MIP sources have the disadvan- 
tages of low tolerance to the introduction of 
aqueous samples and significant interferences 

* Corresponding author 

caused by easily ionized elements (EIEs), which 
limit its application to the practical sample analy- 
sis. In 1985, new microwave plasma supporting 
structure, microwave plasma torch (MPT) [2], was 
developed in the laboratory. It has been shown to 
have many attractive features such as the unique 
central channel which offers an easy way for 
sample introduction and enhances the interaction 
between the sample and plasma, the powerful 
excitation ability, and the less expensive running 
cost. Studies on the analytical performance of 
MPT in atomic emission spectrometry (AES) [3,4] 
have shown that the MPT discharge is a promis- 
ing excitation source. However, the matrix effect 
is still a major factor that limits the MPT to be 
applied to the practical samples. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved 

PI1 SOO39-9 140(97)00066-O 
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Activated carbon has been used as a trace 
collector for element preconcentration [5-241. The 
mechanism involved in the adsorption of ions as 
trace compounds by the activated carbon is not 
completely known. Piperaki et al. [7] confirmed 
that sorption is quantitative when the chelate used 
contains systems of n-electrons in the molecule 
and when its centres for binding on carbon and 
those for the methyl ions are spatially separated 
so that their orbitals do not have a substantial 
influence with each other. Hutchinson and Schilt 
[8] considered there are two types of sites on 
activated carbon for adsorption, which are inter- 
preted in terms of Langmuir parameters and ionic 
charge types of the adsorbates. Because activated 
carbon is a type of hydrophobic adsorbent which 
adsorbs nonpolar or little polar substances in 
aqueous solution, metal ions to be preconcen- 
trated need to be transformed corresponding 
metal chelates [5-201, metal elements [21] or metal 
hydroxides [22-241 which could be adsorbed on 
activated carbon. Metal chelates could provide 
higher selectivity and high enrichment factors for 
such a preconcentration and separation. However, 
a strong acid is usually needed for elution and 
plasmas exhibit low tolerance to the introduction 
of strong acid. In addition, some noble metals can 
be reduced to elements being able to be adsorbed 
on activated carbon. In the literature [22,24], the 
pH of the solution was adjusted with NaOH, HCl 

buffer solution 
TH$OONa-CH,COOH, 

NaHCO,-Na,CO,, 
Na,B,O,-(HCl or 

Table 1 
Experimental components 

Component Model/size 

I chemifold 
s%lIple j 

reaction 
solution COlUlllIl 

eluant 

P”V 

Load 

_ chemifold 

reaction 
solution 

&ant 

pump 
-1 

Elution 

Fig. I. Block diagram of flow injection system. 

NaOH)-NaClO,, and in general, higher pH value 
was adjusted with NaOH. It is obvious that the 
control and adjustment of pH are more difficult 
with NaOH than with buffer solution. In this 
work, the pH of solution was adjusted with buffer 
solution NH&-NH,. Some trace elements are 
preconcentrated onto activated carbon in a 
NH,Cl-NH, medium and then determined by 
flow injection (FI)-MPT-AES. It is evident from 
tQe experimental results that by using this ap- 

Manufacturer 

Microwave generator 
Monochromator 

High-voltage power sup- 

PlY 
Photomultiplier 
Strip-chart recorder 
Peristaltic pump 
Lens 
MPT 
Preconcentration 

column 

DW-I O-100 W 
WDG30 f= 30 cm grating 1200 grooves 
mm-.’ 
0~1000 v 

R456 
056 
LZ-1010 
20 mm diameter 70 mm focal length, quartz 

Beijing Geological Instrument Factory 
The Second Beijing Optical Instrument Factory 

Laboratory built 

Hamamatsu 
Hitachi, Japan 
Shenyang Zhaofa Institute of Automatic Analysis 

Laboratory built 
Laboratory built 
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Table 2 
Operating conditions 

Parameter 

Microwave frequency (MHz) 
Forward power (W) 
Plasma viewing mode 
Plasma viewing position 

Support gas flow rate (ml min ‘) 
Carrier gas flow rate (ml min -‘) 
HCI concentration in the sample solution 

(mol I-‘) 
HCL concentration in the eluant (mol 

I-‘) 
NH, concentration in the reaction 

solution (mol I-‘) 
Loading time (s) 
Washing time (s) 
Sample introduction rate (ml min-‘) 
Eluant introduction rate (ml mix’) 

Value 

2450 
60 
side-on 
8-9 mm above 
top of the 
torch 
400 
700 
0.05 

0.5 

0.1 

60 
30 
1.2 
1.2 

preach the effects of alkali and alkaline earth 
elements on the determination of metal elements 
are eliminated efficiently. 

2. Experimental 

2.1. Apparatus 

The block diagram of the experimental instru- 
mentation used in this work is the same as that 
reported previously [25]. It consists of simple in- 
troduction system, desolvation system and MPT- 
AES system. The block diagram of sample 
introduction system is shown in Fig. 1. The desol- 
vation system used in this work is the same as 
that used previously [3]. The components of the 
setup are listed in Table 1. 

2.1.1. On -line preconcen tration and elution 
As shown in Fig. 1, the sampling loop in a 

regular FI set was replaced by an online precon- 
centration column, which was 4 mm i.d. and 40 
mm long, filled with activated carbon and made 
of glass pipette. The activated carbon was limited 
in the column by two small plugs of plastic foam 
at either end. During the preconcentration step, 

0’ 
0 0.1 0.2 0.3 0.4 0.5 

HCI concentration in sample solution, mol/L 

Fig. 2. Effect of HCI concentration in sample solution on 
emission intensity. 

the eluant flowed from a peristaltic pump directly 
through the concentric pneumatic nebulizer to the 
plasma while the sample solution and reaction 
solution (certain concentration aqueous ammo- 
nia) were simultaneously pumped at the same rate 
separately into chemifold where they were mixed 
to form hydroxides. After the mixed solution 
passes through the activated carbon column, wa- 
ter was introduced to wash the activated carbon 
for a while, and then, the valve was rotated and 

10 I 

0 0.5 1 1.5 2 

HCI concentration in &ant, mol/L 

Fig. 3. Effect of HCl concentration in eluant on emission 
intensity. 
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the path of the eluant was redirected to flow 
through the preconcentration column, thereby the 
sample plug was carried into the MPT. 

In addition, to make comparison, the system 
was also tested with regular flow injection (FI) 
and continuous pneumatic nebulization (CPN) 
sample introduction modes. In the FI mode, reac- 
tion solution was replaced by water and the pre- 
concentration column was equivalent to a sample 
loop so there was no preconcentration. In the 
CPN mode, the FI on-line preconcentration set- 
up was in the load position of the actuated injec- 
tion valve and the sample was introduced into the 
MPT through the path of eluant. 

2.1.2. Desolvation system 
The desolvation system is similar to that of Ref. 

[3]. After the eluate was passed through the pneu- 
matic nebulizer, it was desolvated by passing 
through a heating spray chamber, a tap-water 
cooled condenser and a concentrated sulfuric acid 
desiccator. 

2.1.3. MPT 
The MPT torch is similar to that of Ref. [26]. 

Its structure is like that of ICP torch, which 
consists of three concentric tubes. The central and 
intermediate tubes are made of copper and the 
outer tube is made of brass. The sample aerosol is 
introduced into the plasma through the central 
tube by a carrier gas. The plasma supporting gas 
is introduced through the intermediate tube. The 
plasma, a flame-like discharge, is formed between 
the central and intermediate tubes near the top of 
the torch and extended into the surrounding air. 

2.2. Reagents 

Activated carbon (Dalian Hongguang Chem. 
Eng. Factory, China) was soaked in 2 mol l_ ’ 
HCl for at least 24 h so as to remove the metal 
ions and other impurities sorbed on it. 

Argon (99.99%) (Fushum Biousi., China) was 
used as both carrier gas and support gas. All 
reagents used were of superpure grade or analyti- 
cal-reagent grade. De-ionized water was used in 
all experiments. 

16 

2 

Of 
0 10 20 30 40 50 60 70 60 90 100 

Concentration of metal ion, /g mL-’ 

Fig. 4. Curves of breakthrough for Mn and Fe. The percent- 
age of breakthrough is defined as the response of the element 
with the use of activated carbon column relative to the re- 
sponse without the column. 

3. Results and discussion 

3.1. Working conditions of MPT 

The optimized operating conditions are given in 
Table 2. 

3.2. Conditions for preconcentration and elution 

The main experimental parameters influencing 
the process of preconcentration-elution for such 
analytes as Pb, Mn, Cd, Cu and Fe were investi- 
gated in detail. 

3.2.1. Preconcentration time 
The emission intensities of analytes increase 

with the increase of preconcentration loading 
time. The loading time selected in the experiment 
is 60 s. 

3.2.2. HCl concentration in the sample solution 
and NH, concentration in reaction solution 

To examine the effect of HCl concentration in 
sample solution, NH, concentration (0.5 mol I- ‘) 
in reaction solution keeps constant. As shown in 
Fig. 2, the emission intensities increase or keep 
constant at first and then decrease with the in- 
crease of HCl concentration in sample solution. 
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Table 3 
Analytical figures of merit of some elements obtained by this method 

Element Wavelength (nm) Detection limit (ng ml- ‘) Linear range (pg ml-‘) 

a b 

RSD (‘X,) EF 

Cd 1228.8 1.0 10 0.01-50 1.7 6.4 
cu 1324.7 3.2 9.3 0.01-50 2.7 6.1 
Fe 11259.9 4.7 12 0.02-50 1.7 6.2 
Pb 1405.8 36 104 0.1-50 1.5 5.8 
Mn 11257.6 2.4 9.1 0.01~10 2.2 4.3 

a This work, ArMPT-AES, 60 W. Fl on-line preconcentration with activated carbon. 
b This laboratory, Ar-MPT-AES, 60 W, FL . 

To examine the effect of NH, concentration in 
reaction solution, the HCl concentration (0.05 
mol 1 - ‘) in sample solution keeps constant. 

In the present work, the pH value of the mix- 
ture solution (acidified sample + ammonia solu- 
tion) was adjusted by concentration ration of HCl 
and NH,. It is evident from above-mentioned 
experiments that the most intensive emission in- 
tensity was obtained when the NH, and NH: 
concentration in the mixture solution is approxi- 
mately equal, and the corresponding pH value is 
about 9. The selected concentration of HCl in 
sample and NH, in reaction solution are 0.05 and 
0.1 mol l- ‘, respectively. The results are similar 
to that obtained in the absence of NH, [24]. In the 
present work, the mixture solution has an excess 
of ammonia (0.025 mol l-i), Mn, Cd and Cu, 
especially Cd and Cu, are not precipitated under 
the conditions and mainly exist as the form of 
ammo complexes. Because the ammo complexes 
have positive charge and ammonia is a polar 
substance, it is difficult for them to be adsorbed 
on the activated carbon. However, because the 
hydroxides are preferably sorbed on activated car- 
bon surface, the equilibrium is shifted, thus, hy- 
droxides are sorbed on the surface anyway even if 
they are not present in solution. 

3.2.3. HCl concentration in the eluant 
To examine if the HCl concentration in eluant 

affected mainly on the process of elution of metal 
hydroxides on the surface of activated carbon or 
the process of emission of metal atoms in the 
plasma, the effect of HCl concentration in sample 

solution on emission intensities was investigated 
with CPN sample introduction mode. It was 
shown that there was no significant effect of HCl 
concentration on emission intensities of analytes 
directly introduced into the plasma. However, the 
effect of HCl concentration in the eluant on the 
emission intensities was obvious (see in Fig. 3). It 
is well known that Fe(OH,) precipitation can be 
formed at lower pH value than hydroxide precipi- 
tations of Pb, Mn, Cd, Cu when the metal ion 
concentrations are the same. So for most analyti- 
cal lines studied, when the HCl concentration 
goes over 0.5 mol 1 - ‘, the emission intensities are 
keeping constant or decreased slightly. But for 
iron, the emission intensity exhibits a maximum 
when HCl concentration in eluant is up to 1.5 mol 
l_ ’ because of the uneasy elution or iron hydrox- 
ide, thus 0.5 mol 1 - ’ HCl for Pb, Mn, Cd and 1.5 
mol 1 - ’ HCl for Fe were selected as the eluant. 

3.2.4. Breakthrough 
The activated carbon in the column will be 

approaching a state of saturated adsorption little 
by little with the increase of the concentration of 
metal ions in the sample solution being studied. 
Fig. 4 shows a curve of breakthrough of the 
activated carbon column. It is obvious from the 
curves that the breakthrough volumes are basi- 
cally constant when the concentrations of deter- 
mined ions are low, and then increase sharply 
when the concentration of iron is higher than 50 
ug ml - ’ or the concentration of manganese is 
higher than 10 ug ml - ‘. These experimental re- 
sults are in agreement with the following results of 
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Fig. 5. Effect of EIEs (a, Li; b, Na; c, K) on emission intensity 
of Pb (405.8 nm) 

dynamic linear range experiments (the dynamic 
liner range for Fe is 0.02-50 pg ml _ ’ and for Mn 
is 0.01-10 pg ml-‘). 

3.3. Anulyticul jigures oj merit 

The detection limits (3a), dynamic linear 
ranges, precision and enrichment factors (EF) for 
elements studied obtained by this method are 
listed in Table 3. For comparison, Table 3 lists 
also detection limits obtained by FI-MPT-AES. 

For all elements tested, the dynamic linear 
ranges are over 3 orders of magnitude and the 
relative standard deviations are in the range of 
1.7-2.7X. 

EF is a criterion used most often for evaluating 
preconcentration system. However, the precise 
meaning of the term is often not definite. Here EF 
[27] is defined as the ratio between the peak height 
with preconcentration and the peak height without 
preconcentration, a regular FI set-up was used. 

3.4. Matrix @cts 

It has been shown that the interference caused 
by some concomitant ions is one of the major 
factors that limits the further development of 
MWP-AES [3,26]. Alkali and alkaline earth, Fe 
and Al exist in the nature in wide varieties, so the 
effects resulting from the elements were investi- 
gated in detail in this study. 

3.4.1. Ejfect of easily ionized elements 
It is clear from previous studies [28-301 that for 

traditional microwave induced plasmas the effect 
of EIEs on emission intensities is relatively signifi- 
cant. Additionally, the extent of interference de- 
pends on the sample introduction method 
adopted. To study the EIE effect, for this flow 
injection on-line preconcentration system with ac- 
tivated carbon (AC-FI), either FI or CPN sample 
introduction method was used. Fig. 5 shows that 
flow injection on-line preconcentration with acti- 
vated carbon can eliminate fundamentally the in- 
terferences caused by EIEs. The reason is that 
EIEs are in existence of ions even in the basic 
solutions and can not be adsorbed by activated 
carbon. Flow injection alleviated the interferences 
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Table 4 
Effects caused by EIEs 

EIE” EIE concentration . 
ks ml-‘) 

Recovery (%I)~ 

Cd CU Fe Pb Mn 
(0.2 Kg ml-‘) (0.3 ug ml-‘) (0.5 ug ml-‘) (4.0 ng ml-‘) (0.2 pg ml-‘) 

Li 200 106 101 92 99 98 
400 106 104 96 99 91 
600 108 98 92 98 100 
800 102 72 102 101 98 

1000 91 71 101 99 98 
Na 200 102 97 98 103 102 

400 94 91 98 99 101 
600 98 100 101 106 98 
800 93 98 104 97 104 

1000 102 99 104 106 96 
K 200 100 105 100 94 102 

400 101 103 95 104 98 
600 98 98 99 95 99 
800 98 102 108 98 106 

1000 100 102 98 98 104 

ii EIEs were added in the form of chloride. 
h The emission intensity of each element is taken as 100 when no EIEs are added 

compared with continuous pneumatic nebuliza- 
tion as a result of sample dilution in the FI system 

[311. 
Table 4 lists the effect of a series of concentra- 

tion changes of EIEs on emission intensities of 
elements studied. It is evident from Table 4 that 
the effect of EIEs is minimized because of the use 
of FI on-line preconcentration technique, and 
Cl- does not affect the determination. 

Table 5 
Effect of alkaline earth metal elements, Fe and Al 

Element Concentration Fold of concomitant element 

(ug ml-‘) of not causing interference 

Cd 

CU 

Fe 

Pb 

Mn 

0.2 

0.3 

0.5 

4.0 

0.2 

Mg(lOOO), Ca(lOOO), 
Ba(lOOO), Fe(lOO), Al(100) 
Mg(lOOO), Ca(lOOO), 
Ba(lOOO), Fe(50), Al(50) 
Mg(lOOO), Ca(lOOO), 
Ba( 1000) Al(20) 
Mg(500), Ca(500), Ba(500), 
Fe(20), Al(20) 
Mg( lOOO), Ca( lOOO), 
Ba(lOOO), Fe(lOO), Al(100) 

3.4.2. Effect of other concomitant ions 
Table 5 lists the effect of alkaline earth ele- 

ments, Fe and Al on the emission intensities of 
elements studied. The experimental results are 
explained under these experimental conditions 
that the hydroxides of alkaline earth elements are 
not formed and, therefore, they can not be ad- 
sorbed on activated carbon. Although the hydrox- 
ides of Fe’+ and Al” + can be formed and 
adsorbed on the activated carbon, they do not 
affect the determination of these elements within 
the concentration ranges studied. Some anions, 
such as Cl ~, SOi -, NO,, exist in many natural 

Table 6 
Results of determination of iron in industrial silicon samples 

Sample RSD (‘X) Content (%) 

Certified Determined 

I 3.7 0.39 0.38 
2 4.1 1.15 1.12 
3 3.0 2.92 2.95 
4 3.1 1.51 I .49 
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Table 7 
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Results of determination of iron in tap water samples 

Sample Determined concentration (pg ml ‘) 

1 0.05 
2 0.33 

RSD (%) 

3.5 
4.0 

Recovery (%) 

100 
105 

samples or can be introduced into sample solution 
in sample digestion. It is indicated from the exper- 
imental results that these anions do not affect the 
determination. 

3.5. Practical sample analysis 

To investigate the applicability of this method 
developed, the contents of iron in industrial sili- 
con (Table 6) and tap water samples were deter- 
mined. The obtained values are in good 
agreement with the certified values. The recoveries 
of iron in tap water are in the range of 100&109% 
(Table 7). The RSDs in all cases are less than 
4.1%. 

4. Conclusion 

This work demonstrates that flow injection on- 
line preconcentration and preseparation with acti- 
vated carbon not only improves the detection 
limits but also eliminates fundamentally the inter- 
ferences caused by alkali, alkaline earth elements. 
The proposed procedure is beneficial to improving 
the analytical performance of MPT and applying 
MPT to the analysis of practical samples. How- 
ever, in some specific cases for determination of 
Pb in iron or aluminium alloy, some further im- 
provements to eliminate the interferences caused 
by excess iron and aluminium are necessary. 
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Abstract 

An amperometric diamine sensor is developed for clinical applications in diagnosis of bacterial vaginosis (BV). The 
sensor is based on crosslinked putrescine oxidase (PUO) which catalyzes the conversion of diamines (mainly 
putrescine and cadaverine) to products including hydrogen peroxide. The hydrogen peroxide is detected anodically at 
platinum electrode polarized at 0.5 V versus Ag/AgCl. Platinum-plated gold electrodes used as a substrate for the 
sensor construction, are batch-fabricated on a flexible polyimide foil (Kapton @, DuPont). A three-electrode cell 
configuration is used in all amperometric measurements. The sensor construction is based on three layers: an inner 
layer to reject the interference effect of oxidizable molecules, an outer diffusion controlling layer, and in addition, an 
enzyme middle layer. The enzyme layer was immobilized by crosslinking PUO with bovine serum albumin (BSA) 
using glutaraldehyde (GA). An optimization study of the enzyme solution composition was carried out. With the 
optimized enzyme layer, the biosensor showed a very high sensitivity and fast response time of ca. 20 s. The sensor 
has a linear dynamic range from (0.5300 PM) for putrescine that covers the expected biological levels of the analyte. 
Details on sensor fabrication and characterization are given in the present work. 0 1997 Elsevier Science B.V. 

Keywords: Diamines; Biosensor; Bacterial vaginosis; Putrescine oxidase 

1. Introduction 

The three most common vaginal infections are: 
bacterial vaginosis (BV), candidiasis (yeast infec- 
tion) and trichomoniasis (trich). BV, the most 
common type of vaginal infection, affects 35% of 
women visiting sexually transmitted disease clin- 
ics, 15-20% of pregnant women, and 5- 15% of 
women visiting gynecologic clinics [ l-31. Women 

* Corresponding author. 

with symptoms usually have an increased, milk- 
like vaginal discharge with an unpleasant foul 
odor. However, about half of all patients may 
have no symptoms at all. 

BV has become linked with increasing confi- 
dence to idiopathic premature labor which is the 
predominant cause of premature delivery in USA 
[4,5]. Despite the fact, BV is often unrecognized 
and diagnostically unsought in women without 
specific vaginal complaint. It is ordinarily not a 
screening target in women classically at risk for 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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premature labor and in pregnant women gener- 
ally. In the absence of typical BV symptoms, 
health providers may consider the current screen- 
ing diagnostic options inadequate, neither sensi- 
tive enough nor specific enough to be reliable. 
Those procedures include examination of the 
vaginal odor, discharge character, density of clue 
cells (bacillus covered cells) microscopically, and 
nitrazine-paper pH measurement. The screening 
may not provide conclusive evidence and could 
unprofitably prolongs office visits. If a quick, 
reliable and low cost office-diagnostic test will be 
available, then BV screening would enter routine 
clinical practice, so a common complaint would 
be more cost-effectively managed. 

The exact cause of BV is unknown, but is 
believed due to change of the natural balance of 
organisms found in the vagina. The more acidic 
Lactobucillus is replaced by high concentrations of 
G. vuginalis, anaerobes and M. hominis. The fishy 
odor of vaginal fluid with BV was reported 
mainly caused by putrescine (1,4_diaminobutane) 
and cadaverine (l$diaminopentane) [6,7], which 
are the decarboxylation products of arginine and 
lysine metabolism. These diamines are present in 
salt forms in the vagina. They become volatile and 
emit a fishy odor in alkaline pH. They are not 
detectable in women without a clinical diagnosis 
of BV. Although the exact cause of diamine pro- 
duction in vaginal fluid is not clear, its presence 
and association with BV have been widely confi- 
rmed. According to reported diamine screening 
test with TLC on population of more than 500 
women, 88% of women with BV gave positive 
results while 92% of normal women gave negative 
results [7]. This convincing result predicts that 
diamine levels could be an effective marker in BV 
diagnosis. Trimethylamine has also been found 
only to be associated with BV patients, and not 
associated with normal women [8]. 

Detection of diamines in clinical samples cur- 
rently requires time-consuming and relatively ex- 
pensive electrophoretic [6], and chromatographic 
methods [7- IO]. Enzymatic spectrophotometry 
has been used to study blood and urine samples 
where polyamines were served as cancer markers 
[1 1- 171. They provide good research tools, but 
are impractical to apply for routine clinical 

screening. An attractive alternative to these com- 
plicated analyses would be the miniature biosen- 
sors with electrochemical detection. In the last 
two decades, electrochemical biosensors have 
demonstrated their attractiveness in solving chem- 
ical and clinical problems [ 18-201. Electrochemi- 
cal polyamine biosensors have been reported 
[21-241. They are mainly targeted at monitoring 
meat freshness [25-281 and plant growth-regulat- 
ing activity [29,30]. No study has been reported 
with application of this sensor for BV diagnosis. 

Until recently, pure and highly active 
polyamine oxidases were not readily available. 
Time-consuming protein purification procedures 
had to be taken to produce an analytically useful 
enzyme for amperometric sensors. However, pu- 
trescine oxidase [E.C. 1.4.3. lo] from microorgan- 
isms is a pure active enzyme, and is also much 
more specific to putrescine and cadaverine than 
other polyamine oxidases (e.g., polyamine oxi- 
dase, E.C. 1.5.3.3; and diamine oxidase, E.C. 
1.4.3.6). 

Putrescine oxidase catalyzes the oxidation of 
diamines according to the following reaction: 

HzN(CH,),NH, + 0, + H,O 

+ H,N(CH,),, _ ,CHO + NH, + H,O, (1) 

The generated H,O, is detected amperometri- 
tally on the surface of the platinum-plated gold 
electrode. 
Ij Recent reports of amperometric sensors with 
PUO in homogeneous catalysis [25], and in immo- 
bilized form on substrates of graphite [30], thin 
layer gold [27], and thick layer graphite/TTF [28] 
showed that this enzyme is a promising one for 
the proposed work. 

Growing interest have been shown to the flat- 
form flexible biosensors. Some of the biomedical 
applications include monitoring pH, glucose, cre- 
atine, creatinine, and lactate levels [31-341. The 
objective of this study is to develop a highly 
sensitive and selective, mass producible, and clini- 
cally acceptable diamine biosensor which will 
provide a screening device that meets the require- 
ments for clinical diagnosis of BV. We present 
here a novel miniature diamine biosensor, based 
on crosslinked PUO, developed on a flexible sub- 



C.X. Xu et al. / Talanta 44 (1997) 1625-1632 1627 

strate. Its unique design is aimed at providing a 
sensor with high sensitivity and great selectivity 
against the potential interferences in vaginal fluid. 

2. Experimental 

2.1. Reagents 

Putrescine oxidase [E.C. 1.4.3.101, 51.5 U mgg’ 
from Micrococcus roseus was received as a gift 
from Amano Pharmaceutical (Nagoya, Japan). 
Bovine serum albumin (fraction V), glutaralde- 
hyde (25% aqueous solution), putrescine dihy- 
drochloride (PUT), cadaverine dihydrochloride 
(CAD), spermine (SPM), tyramine (TYR), 
trimethylamine (TMA), L-lactic acid (sodium 
salt), fumaric acid, succinic acid, and pyruvic acid 
were purchased from Sigma (St. Louis, MO). The 
medical grade aliphatic polyurethane (Tecoflex 
SG 85A) was received as gift from Thermedics, 
(Woburn, MA). All other chemicals were of ana- 
lytical reagent grade. 

solution consisting of 0.1 M phosphate buffer 
(PB) of pH 7.2 was propelled by means of a 
Rabbit peristaltic pump (Rainin Instrument) 
through PTFE tubing (0.8 mm i.d.) at the desired 
flow rate. The tubing ended with a horizontally 
mounted 5 cm glass capillary tube (6.6 mm o.d. 
and 1 mm i.d.). The length of the tubing from the 
injection valve to the capillary was - 30 cm. The 
free end of the capillary was cut at 90” and 
polished with a fine emery paper. This end of the 
tube was brought into direct contact with the 
sensor surface. The sensor was mounted in a 
vertical position with connection wire directed 
upward. A Pt wire sealed to the glass capillary 
tube, 10 mm from the sensor, was used as a 
counter electrode. The reference electrode de- 
scribed above was inserted on the flowing stream, 
ca. 5 mm from the sensor, and sealed with epoxy. 
A schematic diagram for FIA is shown in Fig. 1. 
Sensor signals were recorded on a Yokogawa 
3025 X-Y recorder. 

2.3. Micro biosensor Jhbrication 

2.2. Apparatus and measurement procedure 2.3.1. Micro sensor substrate 

2.2.1. Butch system 
A computer controlled electrochemical mea- 

surement system was used throughout the experi- 
ments. The system contains an EG&G PARC 
M273A Potentiostat/Galvanostat, IBM PC-AT 
compatible computer, and M270 (~4.0) software 
for remote experimental control and data acquisi- 
tion. All potentials were applied against a minia- 
ture Ag/AgCl reference electrode with flexible 
barrel (Cypress System, Lawrence, KS). The sen- 
sor was allowed to stabilize, and steady-state cur- 
rent values were obtained in all experiments. Data 
were collected at frequency of 1 Hz while a con- 
stant polarization potential of + 0.5 V was ap- 
plied on the putrescine sensor. All experiments 
were performed at room temperature (22 _t 1°C). 

Photolithographic technique has been used to 
fabricate the sensor substrate and details can be 
found in a recent publication [35]. Single-site pla- 
nar gold electrodes (area = 0.06 cm*) were batch- 
fabricated on flexible polyimide (Kaptonm, 
DuPont) substrates (125 mm thickness). Two thin 
layers, chromium and gold, were sputtered onto 
the substrate. A layer of photodefinable polyimide 

2.2.2. FIA system 
The miniature diamine sensor was used in a 

single channel wall-jet flow system containing a 
manual sample injection valve (Rheodyne, Model 
7125) fitted with a 20 ul injection loop. A carrier 

Carrier Peristaltic 
solution pump 

Fig. 1. Schematic diagram of single channel FIA setup. 

X-t recorder 
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was used to define both the electrode site and 
bonding pads. Each completed electrode substrate 
was cut from the wafer and connected through 
bonding pads to wires using silver epoxy (Epoxy 
Technology). Electrical contacts were insulated 
using silicone rubber (Dow Corning 3140 RTV). 
The gold substrate was further electroplated with 
a layer of platinum before the enzyme was immo- 
bilized. The platinization solution was prepared 
according to an early described method [36]. The 
surface was cleaned at + 500 uA cm - 2 for 30 s in 
the solution before a galvanostatic platinization 
current ( - 10 mA cm - 2, was applied for 5 min 
with a 5 cm diameter platinum mesh as counter 
electrode. 

10 min, washed with PB, and then stored at 4°C 
in phosphate buffer (pH = 7.2). 

3. Results and discussion 

3.1. Sensor calibration 

2.3.2. Modljication of the sensor substrate 
A thin film of poly m-phenylenediamine (m- 

PDA) was formed from 0.01 M m-PDA solution 
in PB by electrochemical polymerization using 
cyclic voltammetry. The potential was scanned 
between + 0.2 to + 0.8 V versus Ag/AgCl. The 
film forming process lasted about 2 h with scan 
rate of 2 mV s - ‘. Then, the modified Pt elec- 
trodes were individually tested for interferences 
and sensors showing signals greater than 5 nA for 
0.2 mM ascorbic acid were rejected. Less than 5% 
of the sensors were rejected in this test. 

A multilayer sensor is schematically represented 
in Fig. 2. Our results showed that membranes 
prepared with crosslinking 0.75 U .PUO only gives 
a high quality sensor in comparison with - 15 U 
used for previous work reported by others. 1 ul 
aliquot of an enzyme mixture with final composi- 
tion of 3% PUO-5% BSA-5% GA in phosphate 
buffer was used for all sensor preparations. The 
response of a typical putrescine sensor in phos- 
phate buffer is illustrated in Fig. 3. The sensor has 
a detection limit of 0.5 uM for putrescine (S/N = 
2) with linear response range up to 300 uM 
(R2 = 0.9997). The sensor response to putrescine 
is very fast. An average response time of ca. 20 s 
(t,,,,) was obtained. The sensitivity of the sensor 
is 2.2 nA uM ~ I within the linear concentration 
range. Sensors with enzyme layer only showed a 
narrower linear dynamic range (0.5-50 PM). 

3.2. Sensor stability 

2.3.3. Immobilization of putrescine oxidase 
The enzyme layer was immobilized on the elec- 

trode surface by crosslinking putrescine oxidase 
with bovine serum albumin using glutaraldehyde. 
To obtain an enzyme layer with high catalytic 
activity and good adhesion to the Pt and sur- 
rounding substrate, many sensors were prepared 
and tested with variable ratios of PUO, BSA, and 
GA. l-3 ~1 aliquot of a freshly prepared enzyme 
mixture with specified composition in PB of pH 
7.2 was quickly delivered onto the electrode sur- 
face with a micro syringe. The mixture was al- 
lowed to reticulate for an hour at room 
temperature. 

Although they contain a small amount of en- 
zyme, the sensors demonstrated very good stabil- 
ity. Fig. 4 showed the drifts of the sensor slope 
(S) relative to the initial slope (S,), which was 
measured only a few hours after the sensor prepa- 
ration. Approximately 200 measurements have 
been made for each sensor; they were kept in PB 
at 4°C when not in use. Sensors kept nearly 90% 
of the initial sensitivities in the first 10 days after 
a short period of conditioning. This period is long 
enough for disposable sensors in clinical applica- 
tions. 

3.3. The pH dependence of the sensor 

2.3.4. Outer membrane layer The optimum catalytic activity of putrescine 
An outer layer was applied on the sensor by oxidase is known to be around pH 8.5 for homo- 

adding 2 ul of 1% polyurethane in pure THF geneous solution catalysis [37]. For diamine sen- 
solution. The sensor was allowed to dry in air for sors with immobilized putrescine oxidase the 
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Kapton 

Fig. 2. Schematic diagram of a multilayer diamine sensor. 

effects of pH of sample solution on sensor re- 
sponses were studied with different buffers. Previ- 
ous reports [27,28,30] have shown different pH 
profiles with maximum response in the range of 
pH 7-8.5. This is caused by different enzyme 
substrates and immobilization techniques used. In 
this study, three different buffers (0.1 M potas- 
sium phosphate, 0.1 M Tris-HCl + 0.1 M KCl, 
and 0.1 M H,BO, + 0.1 M KC1 + 0.1 M I+?aOH) 

Fig. 3. Amperometric response of the diamine sensor to pu- 
trescine. 

were selected with pH ranging 6.5-9.5 to evaluate 
the sensor responses. In borate buffer the sensor 
gave the highest signal, and the maximum re- 
sponse of the enzyme sensor was observed at pH 
8.5 with this buffer (Fig. 5). This agrees with the 
previous reported results [28]; however, we found 
that the sensor had the lowest background current 
and the fastest response time in phosphate buffer. 
In Tris-HCl buffer the sensor had the highest 

Fig. 4. Stability of diamine sensor (drift of the sensitivity). 
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Fig. 5. Dependence of the response of the diamine sensor on 
sample pH in 0.1 M buffers (putrescine concentration = 100 

PM). 

background current and longest response time. In 
the following study, pH 8.5 borate buffer was 
used for all the subsequent work, but phosphate 
buffer of pH 7.4 was used for flow injection 
technique because of the fast response time of the 
sensors in this buffer. 

3.4. Selectivity 

3.4.1. Interjkence of other amines 
The selectivity of the sensor toward other di- 

amines (cadaverine), polyamine (spermine), 
monoamine (trimethylamine), and aromatic 
amine (tyramine) was investigated because most 
of these compounds are potential interferences in 
detection of putrescine in vaginal fluid for BV 
patients. Fig. 6 shows sensor responses to PUT, 
CAD and SPM. The sensor is more specific to- 
ward putrescine than CAD and SPE. For 10 uM 

Fig. 6. Response of diamine biosensor to different amines. 

substrate concentrations, sensor showed N 40 and 
N 20% response to CAD and SPM, respectively. 
However, those interference signals shown in Fig. 
6 had very narrow dynamic range and the sensor 
responses became saturated (flat) at very low con- 
centrations. The sensor did not respond to TMA 
up to 250 FM. The sensor showed response to 
TYR which is oxidized directly at the electrode 
surface under the applied potential. 

To compare the enzymatic catalytic effect on 
those amines, their responses were studied at a 
bare Pt electrode without any modifications. Ex- 
cept TMA, all other amines showed slight signals 
at concentrations of 250 PM; however, these sig- 
nals were negligible after coating a thin film of 
m-PDA on the Pt ‘surface which rejected these 
interferences. To study the recovery of putrescine 
signal in the presence of various interferences, 10 
uM of putrescine, interferences and mixture of 
putrescine with interferences were tested with the 
sensor, respectively. Additive signals were ob- 
served. Although this sensor also respond to ca- 
daverine, it still could be used as a diamine 
indicator sensor, where total amount of diamines 
can be detected. It has been known that for 
normal women, both putrescine and cadaverine 
levels are undetectable in vaginal fluid, while sig- 
nificant amount of both diamines were found in 
sub-mM level with BV patients. 

3.4.2. Interference of short chuin organic acids 
exjsting in BVfluid 

It has been well documented that normal 
women have a predominance of lactic acid in 
vaginal discharge produced by Lactobacillus [2], 
while BV patients lack lactic acid but have other 
short chain organic acids produced by anaerobes 
in the vaginal discharge. Further study showed 
that BV patients have high levels of succinate 
[6,38]. Later research, to directly measure the 
vaginal redox potential of the vaginal epithelial 
surface at the posterior fornix, showed that BV 
patients have an average E,, of - 92 mV (on Pt 
electrode versus SHE), 78 mV lower than normal 
woman [39]. But the Eh were increased to normal 
level after the BV were successfully treated with 
metronidazole. They concluded the more reduced 
state of vaginal Eh for BV patients are caused by 
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the metabolism of anaerobic microbes, which in 
turn shifted the equilibrium of redox pairs such as 
lactate/pyruvate and succinate/fumarate (short 
chain organic acid produced by microbial 
metabolism). 

To study the effects of these acids on the re- 
sponse of diamine sensor, 250 uM putrescine solu- 
tion in the presence of 250 uM of L-lactic acid, 
fumaric acid, pyruvic acid and succinic acid, re- 
spectively were tested. The sensor did not respond 
to those acid and the putrescine signal were fully 
recovered. 

3.5. FIA 

The sensor was used as a detector in a single 
channel flow system. A flow rate of 2 ml min’ 
was used throughout. With this flow rate, a good 
compromise between sensitivity and sample 
throughout was achieved. This system had a resi- 
dence time of 16 s (time elapsed between sample 
injection to current peak maximum observed) 
with sampling rate of 60-80 h ~ ‘. The system had 
very low background current, good peak repro- 
ducibility ( Jr 1.50/o), and fast recovery time. A 
typical flow injection trace is presented in Fig. 
7(a) along with a calibration curve in Fig. 7(b). 
The linear response range is up to 1 mM with 
sensitivity of 0.69 uA uM_ ‘. The detection limit 
for putrescine is below 25 PM. 

4. Conclusions 

A miniature putrescine biosensor has been con- 
structed with PUO on a flexible substrate. Besides 
its high analytical quality, each sensor contains 
only a minimum amount of enzyme and the sub- 
strates are batch fabricated. The system could 
eventually give any health provider a low cost, 
disposable sensor for routine clinic screening. 
Studies to detect the diamine levels in real samples 
by diamine sensors from normal and BV patients 
are scheduled. Further experiments, to study the 
reliability of the sensor acting as a clinical diagno- 
sis tool for BV, are also under way. This test will 
be done by correlating the diamine (putrescine) 
levels detected by the sensors with diagnosis re- 

(4 

Fig. 7. Sensor response to putrescine with the flow injection 
technique (a) a typical FIA trace and (b) a calibration curve. 

sults obtained by current clinical screening proce- 
dures. 
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Abstract 

A HPLC-DAD method is described for the analysis of the rodenticides warfarin, diphenadione and chloropha- 
cinone, together with the phenylurea herbicides isoproturon and diuron, in soil samples. The HPLC parameters have 
been optimised to provide baseline separation with symmetrical peakshapes in short analysis times. The sample 
preparation consists of Soxhlet extraction followed by SPE clean-up on cyanopropyl silica. 0 1997 Elsevier Science 
B.V. 

Keywords: Rodenticides; HPLC optimisation; Soil samples; Sample preparation 

1. Introduction 

Rodenticides act in animal organisms as depres- 
sors of prothombin formation and supressors of 
capillary fragility, leading to hemorrhages [ 1,2]. 
Rodenticides are widely used in agriculture, often 
together with pre- and post- emergence pheny- 
lurea herbicides, which explains the occurrence of 
residues of those formulations in water and soil 
samples. 

The complex structure of warfarin (3a-phenyl- 
p -acetylethyl-4-hydroxycoumarin), containing an 
acidic enol group and a ketonic moiety led to 

* Corresponding author. 
’ On leave from Department of Analytical Chemistry, Fac- 

ulty of Chemistry, University of Bucharest, Blvd. Republicii 
13, 70 346, Bucharest, Romania. 

extensive chromatographic studies concerning the 
relation between peakshape and mobile phase 
composition or injection volumes and matrix ef- 
fects [3,4]. Because of the antitumoral action of 
warfarin [5], the chromatographic analysis in bio- 
logical fluids and organ extracts is well docu- 
mented [6,7]. Moreover, due to the fact that the 
S( - ) enantiomer of warfarin is more active than 
the R( + ) enantiomer, different enantioselective 
separations by LC [8- 161 and SFC [17] have been 
reported. The analysis of warfarin, coumatetralyl, 
bromadiolone, difenacoum and brodifacoum in 
liver extracts has been described [18,19]. 

Diphenadione [(2-diphenylacetyl)-lH-indene- 
1,3(2H)-dione] also named diphacinone and 
chlorophacinone [2[(4-chlorophenyl)phenylacetyl]- 
1 H-Indene-1,3-[2H]-dione] are rodenticidal agents 
which have not been intensively studied. 

0039.9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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Fig. 1. Structure of W, DP and CP in relation with solvent polarity and/or pH. 

Diphenadione and chlorophacinone analysis 
were determined in human serum and liver ex- 
tracts, alone [20] or together with pindone and 
valone [21] or with warfarin [22]. Fluorescence 
detection of the diphenadione-Eu(II1) complex 
was also reported [23]. 

The analysis of the rodenticides warfarin, 
diphenadione and chlorophacinone together with 
the phenylurea herbicides isoproturon and di- 
uron in soil was the aim of the present work. 
The LC optimisation and the sample prepara- 
tion steps are discussed. 

2. Experimental 

2.1. Chromatographic analysis 

A Hewlett-Packard 1090 Model Liquid Chro- 
matograph with automatic injector and Diode 

Array Detector was used. The chromatographic 
column was 20 cm L. x 4.6 mm i.d. packed 
with Hypersil ODS 5 mm (Hewlett-Packard). 
Injected sample volumes ranged from 5 to 250 
ml. Detection was made at 310 nm for the ro- 
denticides and at 247 nm for the phenylurea 
herbicides. 

2.2. Materials 

Warfarin (98%) was purchased from Aldrich. 
Diphenadione (99.9%), chlorophacinone (98.5%) 
isoproturon (99.9%) and diuron (99.9%) were 
obtained from Labor Dr. Ehrenstorfer GmbH, 
Germany. All solvents (water, acetonitrile, 
methanol) were HPLC grade from Lab Scan, 
Ireland. The other reagents were p.a. grade. 
SPE cartridges (ODS and CN, volume 3 ml, 
500 mg adsorbent), were purchased from Ana- 
lytichem International, UK. 
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Solvents and gradient conditions applied in HPLC 
_ 
Solvent System A d B C 

Solvent (1) Water 

Solvent (2) Acetonitrile 

Aqueous 2 mM acetate buffer pH 4.2 

Acetonitrile 

Aqueous 0.5% phos- 
phoric acid 
0.5% phosphoric acid 
in acetonitrile 

Gradient pro- I 
gram 

I1 

Program Solvent (2) programmed from 40% (5 Solvent (2) programmed from 40% (5 min) to 60% at 4%/min, 
min) to 60% at 4”/u/min, then to 100% in then to 100% at l%/min; flow rate increment from 1 to 2 ml/ 
0.1 min; flow rate 1 ml/min min between min 10 and 30. 

The soil sample was received for analysis and 
kept in the refrigerator at 4°C before analysis. 

3. Results and discussions 

3.1. Chromatographic optimisation 

Diphenadione (DP) and chlorophacinone (CP) 
contain a p-tricarbonyl system, which results in 
ketoenolic tautomerism (Fig. 1A). The enolic 
structures are stabilised through an intramolecu- 
lar hydrogen bond followed by delocalisation of 
the n electrons over the six atoms ring (structure 
IV). The enolic hydroxyl group can dissociate 
giving enolate formation (structures V,vl). Be- 
cause of 7~ electron conjugation in the enolate 
form, the negative charge is equally distributed 
over the two oxygen atoms resulting in structure 
VI. The global equilibrium can be summarised by: 

keto form*enol formoenolate form 

The rate of interconversion is pH dependent 
and is often catalysed by free silanols or metal 
ions residually present in HPLC column materi- 
als. The chemistry involved in a-carbonylic sys- 
tems is very complex. For DP and CP some 
analogy can be found with c(- and p-acids in hops 
and iso-cc-acids in beer. The chemical transitions 
in those solutes has been studied [24] and the 
consequences for HPLC analysis have been de- 
scribed [25,26]. Good understanding of the equi- 

libria between the different forms of DP and CP 
would require NMR experiments but this was not 
the aim of the present work. Nevertheless it is 
clear that the mobile phase composition will be of 
utmost importance for successful HPLC analysis. 
Dynamic interconversion between the different 
forms strongly affects the chromatographic parti- 
tioning process and peak distortion and retention 
irreproducibility can be anticipated. The mobile 
phase must inhibit chelating properties of the 
solutes in order to eliminate interactions with 
residual active centers in the column. 

The same factors will influence the dissociation 
processes on the enolic group of warfarin (W), as 
shown in Fig. 1B. 

Different mobile phase compositions and elu- 
tion conditions have been evaluated (Table 1). 

The chromatograms for a standard mixture 
containing the solutes of interest are presented in 
Fig. 2. 

Warfarin and the phenylurea herbicides elute 
with good peak shape under all conditions. When 
the proton concentration in the mobile phase is, 
however, not controlled (gradient program I, sol- 
vent system A) the common anionic form may be 
present to a large extent giving rise to broad 
peaks with tailing (Fig. 2D). By lowering the pH 
to 4.2 (gradient program I, solvent system B) a 
slow equilibrium between the neutral keto and 
enol forms is probably established resulting in the 
observation of two distinct chromatographic 
peaks for each solute (Fig. 2C). At the low pH of 
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Fig. 2. Separation of isoproturon (l), diuron (2), W (3), DP (4) and CP (5) using different gradient elution profiles and solvent 
systems (conditions as described in text and Table 1). 

the phosphoric acid solution (gradient program I, 
solvent system C), the rate of interconversion is 
fast relative to retention and only one single peak 
for each solute is observed (Fig. 2A). Increasing 
retention in the column by using gradient pro- 
gram II with solvent system C generates a better 
selectivity but peaks are slightly tailing (Fig. 2B). 
Moreover when the concentration of the solutes 
in the mobile phase is low, e.g., less than 10 ng, 
peak splitting is observed (Fig. 2E). This phe- 
nomenon must be related to the influence of 
residual silanolic groups or metal ion activity in 
the chromatographic system. Chromatogram 2E 
also suggests that the keto-enolic equilibrium con- 
stant KT is pH independent, but the rate of inter- 
conversion obviously is pH dependent. 

Kr = [enol]/[keto] = KY form/K:no’ for’n 

Under optimal elution conditions (gradient pro- 
gram 1, solvent system C) the solute concentra- 
tion no more influences the peak shape The 
minimal detectable amount corresponds to 1 ng of 
each solute injected onto the column. The sample 
loadability on the column depends on the solvent 
used. In pure acetonitrile containing 0.5% phos- 
phoric acid, the loadability is restricted to 10 l.tl. 
Dilution in water/acetonitrile/phosphoric acid 
(49.75/49.75/0.5) allows injections up to 250 ul. 
For highly selective detection of W, DP and CP 
310 nm is preferred for real samples, while 247 nm 
is the best wavelength for the detection of the 
phenylurea herbicides. 
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3.2. Analysis of soil samples 

Analysis of the rodenticides and phenylurea 
herbicides in soil samples requires a solid-liquid 
extraction step. Two procedures were evaluated: 
(a) ultrasonic extraction at room temperature; and 
(b) Soxhlet extraction. In order to study the extrac- 
tion yields, 10 g of pure sea sand were spiked at the 
10 ppm level with diuron, isoproturon, warfarin, 
diphenadione and chlorophacinone. 

For ultrasonic extraction, 20 ml of solvent (ace- 
tone, methanol, acetonitrile, dichloromethane, as 
such and with 1% phosphoric acid) were added to 
the sea sand followed by ultrasonication during 15 
min at 25’C. After filtration, the solvent was 
removed by evaporation and the residue taken up 
in 10 ml water/acetonitrile/phosphoric acid (49.75/ 
49.75/0.5). Of this solution, 100 ul, were injected. 
Best recoveries were obtained with pure methanol: 
isoproturon 78%, diuron 104%, warfarin 69%, 
diphenadione 70% and chlorophacinone 68%. Re- 
peating ultrasonic extraction with methanol on 
spiked blank soil, however, revealed that the recov- 
eries for the phenylurea herbicides remained con- 
stant but dropped for the rodenticides to 44% for 
warfarin, 9.5% for diphenadione and 6.6% for 
chlorophacinone. All recoveries given are averaged 
values for five experiments and %RSDs were less 
than 5. This illustrates that specific solute-matrix 
interactions are extremely important and that ex- 
traction conditions have to be related with the 
characteristics of real samples. Ultrasonication at 
room temperature is definitely not efficient towards 
the extraction of the rodenticidal agents in real soil 
samples. 

Soxhlet extraction was therefore carried out 
using the same spiked soil sample and 200 ml 
methanol as extracting solvent. The solvent selec- 
tion was based on the recoveries obtained with the 
spiked sea sand samples. After extraction, the 
solvent was removed and replaced as described for 
the ultrasonic procedure. Recoveries in function of 
the extraction time for 10 ppm concentrations 
together with %RSD values for three experiments 
are enlisted in Table 2. 

For the phenylurea herbicides, high recoveries 
are obtained for 1 and 2 h extraction time while 
longer extraction time results in decomposition of 
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Fig. 3. Separation of rodenticides in extract of soil sample without clean-up. 

these herbicides and thus low recoveries. For 
warfarin and diphenadione recoveries are con- 
stant over the 2-16 h extraction duration while 
for chlorophacinone extraction yields continu- 
ously increases with extraction time. As compro- 
mise 2 h were selected. Soxhlet extraction 
performed over 2 h at the 100 ppb level for each 
solute produced similar results i.e., 56.2% for W, 
60.7% for DP and 65.2% for CP with RSD val- 
ues in the order of 5% for three experiments. 

Determination of the herbicides and rodenti- 
tides at low ppb level in real soil samples was, 

however, hindered by matrix interferences. Fig. 3 
shows the analysis of a real sample analyzed 
with solvent C and program II and recorded at 
247 nm for the phenylurea herbicides and at 310 
nm for the rodenticides. As can be deduced 
from the Fig. 3, the phenylurea herbicides are 
absent but the presence of DP and CP can be 
elucidated. The strong background, however, did 
not allowed to confirm the presence of the ro- 
denticides by means of their UV spectra and 
quantitation based on these data could be 
erratic. 

Table 3 
Recoveries of W, DP and CP on SPE-cyanopropyl silicagel as function of the composition of the washing solvent 

Recovery (%) on cyanopropyl silica” 

Washing solution Z. 
Compound # 

H,O RSD’% H,O/ACN 9/l RSD% H,O/ACN 3/l RSD% HzO/ACN 3/2 RSD% 

Warfarin 99.9 1.4 82.1 1.3 13.1 8.0 2.4 33.0 
Diphenadione 90.5 1.8 89.2 1.3 88.0 1.1 18.1 13.8 
Chlorophacinone 84.4 2.6 85.4 1.1 80.9 2.0 35.6 4.0 

d Averaged results for three experiments. 
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Fig. 4. Separation of rodenticides in extract of soil sample, after clean-up on cyanopropyl silicagel: (a) standard sample at the same 
concentration level; (b) real sample. Insert-a, recorded UV spectra of (5); b, reference spectra of CP. 

To remove matrix interferences a clean-up pro- 
cedure was therefore imposed to quantify the 
rodenticides. It is important to note that clean-up 
is not required for the analysis of the phenylurea 
at the 10 ppb level. In fact practical analysis is 
split in two parts. The first analysis consists of the 
injection of the sample as such at 247 nm for the 
determination of the phenylurea herbicides and 
analysis of the same extract but after clean-up at 
310 nm for the determination of the rodenticides. 
Several SPE cartridges were evaluated but best 
results were obtained on cyanopropyl silicagel 

operated in the reversed phase mode. Preliminary 
experiments showed that washing conditions are 
extremely important, as outlined in Table 3. 

There are no significant differences concerning 
recoveries of CP and DP when using water or 
water:acetonitrile 9: 1 washing solutions. For W, 
recovery decreases with 20%, but results are still 
acceptable. Washing the adsorbent after sample 
loading with water:acetonitrile 9:l results in a 
strong decrease of matrix interferences and those 
conditions were therefore considered optimal for 
the sample preparation procedure. The cartridge 
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was conditioned with 5 ml acetonitrile and dried 
during 4 min under vacuum. The dried residue 
from the Soxhlet extraction was retaken in 0.5 ml 
dichloromethane. An aliquot of 0.1 ml was loaded 
to the cartridge and the solvent was allowed to 
evaporate slowly. The adsorbent was then washed 
with 5 ml water/acetronitrile-9: 1 containing 1% 
phosphoric acid. The adsorbent was dried under 
vacuum for 20 min and the rodenticides were 
desorbed with 4 ml acetone. The solvent was 
evaporated and the residue taken up in 0.5 ml 
water/acetonitrile/phosphoric acid-49.75: 49.75: 
0.5. 250 ul were injected and the resulting chro- 
matogram applying solvent C and gradient elu- 
tion A is shown in Fig. 4. 

The rodenticides can now easily be qualified 
through their UV spectra and quantified. The 
insert in Fig. 4 compares the UV spectra of 
chlorophacinone detected in the real sample (Fig. 
4b) and in a standard solution (Fig. 4a). Mea- 
sured concentrations of W, DP and CP were 3, 67 
and 2 ppb, respectively. Reproducibility of the 
entire sample preparation process was satisfac- 
tory. Relative standard deviations for calculated 
concentration values are 1.2% for W, 4.6% for DP 
and 1.7% for CP, for a set of five experiments, 
carried out on a real sample over a 3 day period. 
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Abstract 

Properties of six derivatives of l-trifluoroacetylbenzene: [4-(n-butyl)- (1) 4-(n-hexadecyl)- (2), 4-dodecyloxy- (3) 
4-(n-dodecylsulfonyl)- (4), N,N-dioctyl-4-trifluoroacetylbenzamide (5) octyl-p-trifluoroacetylbenzoate (6)] as neutral 
carriers for carbonate ion were examined and compared. The sensitivity towards carbonate ion was for (3) pH 
dependent. This eliminates (3) from practical applications in clinical analysis. When measuring CO:- within the 
physiological range of human blood using as carriers compounds 1 and 2 the interference of chloride must be taken 
into account. In the case of carriers 4, 5, 6 this effect is negligible. Electrodes with membranes containing as carriers 
2, 4, 5 and 6 were tested in an automatic potentiometric clinical analyser Microlyte 6, KONE. To avoid 
contamination by atmospheric CO, of three aqueous standards (TES, NaCl, NaHCO,), pH was adjusted by 
coulomeric generation of H+ or OH- in a system devoid of carbon dioxide. Recovery of HCO; calculated from 
measured CO:- and pH, was investigated in a series of aqueous solutions and spiked bovine serum samples. The 
correlation between added and recovered concentration of HCO, was linear with the intercept close to 0 and slope 
equal to 1 in aqueous solutions for all ligands and in bovine serum samples only in the case of ligand (2). 0 1997 
Elsevier Science B.V. 

Keywords: Carbonate; Trifluoroacetophenone derivatives; Ion-selective electrode; Serum analysis 

1. Introduction 

For many years there is an interest in determin- 
ing carbon dioxide species in biological samples. 
In blood at pH 7.4 the dominating form is hydro- 

* Corresponding author. 

gencarbonate ranging from 0.010 to 0.050 mol 
1 - ‘. These conditions define the concentration of 
carbonate ions in the range from 2 x lop5 to 
1 x 10 P4 mol l- ‘. Until now an ionophore for 
hydrogencarbonate useful in ion selective elec- 
trodes has not been described. However one can 
determine carbonate ions despite of their rela- 

0039-9140/97/$17,00 0 1997 Elsevier Science B.V. All rights reserved 
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tively small concentration. The group of possible 
ionophores are trifluoroacetophenone derivatives 
[l - 111. Their selectivity is related to electrophilic- 
ity of substituents, which is correlated to Ham- 
mett constant (a) [8,10]. The lipophilicity of the 
compound plays also an important role mainly in 
respect of the detection limit of the ion selective 
electrode. 

Until now, another potentiometric indirect 
method was used in clinical analysis for measur- 
ing hydrogen carbonate in blood. This method 
used pC0, and pH measurements with respective 
electrodes. The use of the carbonate electrode is 
an alternative method. The technology of carbon- 
ate electrode manufacturing is easier and simpler 
in respect to pC0, electrode. This makes possible 
miniaturisation and the use in a line of electrodes 
in an analyser using the same sample of blood. 

In this paper the analytical characteristics of six 
trifluoroacetophenone derivatives in solvent-poly- 
meric membranes containing bis(2_ethylhexyl)-se- 
bacate (DOS) as plasticiser are reported as well as 
their application in a potentiometric clinical 
analyser. A new method of carbonate standards 
preparation is also proposed. 

2. Experimental 

2. I. Reagents 

Doubly distilled water was used for preparing 
all solutions, additionally water for measurements 
of CO: - and pH was freshly boiled and devoid of 
CO2 by bubbling the purified argon. Salts used 
were pure for analysis or pure (POCh, Gliwice, 
Poland). Tetrahydrofuran (THF) was obtained 
from Merck (Darmstadt, Germany), poly(viny1 
chloride) (PVC), bis(2-ethylhexyl) sebacate 
(DOS), tetradodecylammonium tetrakis(4- 
chlorophenyl)borate (ETH 500) 4-(n-dodecylsul- 
fonyl)- 1 -trifluoroacetylbenzene (4) from Fluka 
(Buchs, Switzerland), methyltridodecylammonium 
chloride (MTDDACI) from Polysciences, (Niles, 

IL) and N-tris[hydroxymethyl]methyl-2- 
aminoethanesulfonic acid (TES) from Sigma (St. 
Louis, MO), 4-(n-butyl)- 1 -trifluoroacetylbenzene 
(1) from Orion (Espoo, Finland), Quality Serum 

Sample (LOT38001B) obtained from KONE Di- 
agnostics (Espoo, Finland). 

Ionophores 4-(n -hexadecyl)- 1 -trifluoroacetyl- 
benzene (2) and 4-dodecyloxy- 1 -trifluoroacetyl- 
benzene (3) were synthesised according to [I 11. 
The synthesis of ionophores N,N-n-dioctyl-4-trifl- 
uoroacetylbenzamide (5), octyl-p-trifluoroacetyl- 
benzoate (6) is given below. Each membrane 
contained 0.076 g PVC as matrix, 0.10 g of DOS 
as plasticizer, neutral ionophore (5.0 x 10 - 5 mole 
of 4-(n-butyl)-I-trifluoroacetylbenzene (l), 1.6 x 
10 - 5 mole of 4-(n -hexadecyl)- i -trifluoroacetyl- 
benzene (2), 1.6 x 1O-5 mole of 
p-dodecyloxytrifluoroacetylbenzene (3), 1.6 x lo- 
5 mole of 4-(n-dodecylsulfonyl)- 1 -trifluoroacetyl- 
benzene (4) 1.6 x lop5 mole of 
N,N-dioctyl-4trifluoroacetylbenzamide (5) 1.6 x 
10 ~ 5 mole of n-octyl-p-trifluoroacetylbenzoate 
(6)) and MTDDACl (40 molar percent versus 
ionophore). 

After dissolution in 3 ml of THF the mixture of 
components was poured into a 28 mm diameter 
glass ring placed on a glass plate and the solvent 
was allowed to evaporate. After 48 h round pieces 
of the membrane were cut out and fixed in the 
Philips IS 561 electrode body. Alternatively the 
THF solution was poured into the KONE elec- 
trode body and left for the solvent to evaporate. 

2.2. Methods and equipment 

_ Measurements were made at 25 ) 1°C in cell set 
as follows:Ag;AgCl,KCl(,,,, /I 1 mol 1 - * 
KC1 11 sample solutionImembranelinterna1 solu- 
tion]AgCl,Ag or in Microlyte 6 clinical analyser 
(KONE, Espoo, Finland). The internal filling so- 
lution was: 0.1 mol l- ’ NaH,PO,, 0.1 mol l- ’ 
Na,HPO,, 0.01 mol 1-l NaCl. 

Electrodes were stored in the conditioning solu- 
tion: 0.1 mol 1~ ’ NaHCO,. 

The external reference electrode was a double- 
junction Ingold 9811 electrode. For monitoring of 
pH glass electrodes Ingold 104711 or Hydromet 
ERH 11 (Warsaw, Poland) were used. In mea- 
surements with the clinical analyser all electrodes 
except carbonate electrode were commercially 
available from KONE. 
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Single-ion activities were calculated according 
to Debye-Hi_ickel theory [12]. For carbonate solu- 
tions the concentration of each species was calcu- 
lated from protonatioh equilibria at measured 

PH. 
The emf measurements with electrodes using 

Philips IS 561 bodies were performed using a 
digital voltmeter Solartron LM 1604 DC (Farn- 
borough, Hampshire, UK) with multi-electrode 
sampler. Each reading was carried out 20 min 
after change of sample solution, when no further 
significant emf drift (0.2 mV min- ‘) was ob- 
served. The measurements were made in the un- 
stirred solutions. 

For determination of selectivity coefficients by 
the separate solution method 0.1 mol 1 - ’ NaCl 
and 0.1 mol 1-l NaHCO, solutions were used [8]. 
The selectivity coefficient for chloride ions was 
always taken into account for recalculation of 
potential values. The Henderson equation [12] 
provided corrections for the liquid-junction po- 
tential. 

Potential response characteristics of electrodes 
was determined by stepwise addition of weighed 
amounts of NaHCO, (to obtain lowest concentra- 
tions dilution was used instead) to 0.01 mol 1-i 
solution of TES. The pH was kept constant by the 
addition of dilute sulphuric acid. 

The effect of pH change was investigated by 
addition of diluted sulphuric acid to 0.025 mol 
1~ ’ solution of NaHCO,. 

Analytical recovery investigation of hydrogen- 
carbonate concentration in aqueous solutions and 
in spiked bovine serum (KONE Diagnostic Con- 
trol Serum Sample LOT38001B) was made by 
Microlyte 6 clinical analyser in which the carbon- 
ate electrode was inserted. 

Vacuum test tubes (Becton Dickinson Vacu- 
tainer Systems, England) were used for storing 
hydrogencarbonate solutions. 

Hydrogencarbonate aqueous standard solutions 
were prepared using coulometric titrations to gen- 
erate OH ~ ions. In coulometric titration a poten- 
tiostat OH-404/A (Radelkis, Budapest, Hungary) 
and two-compartment coulometric cell equipped 
with the magnetic stirrer were used. The solutions 
were deaerated and kept under argon. The anode 
and cathode compartments were separated by two 

G-4 sintered-glass disks and the space between 
them was filled with 2% aqueous NaCl solutions 
in 2% agar-agar. The titrations were performed 
in constant current conditions (I= 40 mA). 
Nickel anode was immersed in 0.1 mol l- ’ 
Na,SO, acidified to pH 2 with 0.1 mol l- ’ HCl 
(anodic reaction: Ni --f Ni2 + + 2e). Platinum 
cathode was immersed in the solution being ti- 
trated (cathodic reaction: 2H20 + 2e -+ H, + 
20H - ). The pH of titrated solution was 
controlled using pH glass electrode Ingold 104 7 11 
with external reference electrode double-junction 
Ingold 9811 (Ingold, Switzerland) and the PHM- 
64 pH-meter (Radiometer, Copenhagen, Den- 
mark). 

Hydrogencarbonate standards of the composi- 
tion given in Table 1. were prepared in the follow- 
ing way: pH of the solution of NaCl, KC1 and 
TES was adjusted to the value of about 7 then 
appropriate amount of sodium hydrogencarbon- 
ate was added and pH adjusted further to the 
required value. To avoid contamination of hy- 
droxide solution by CO, from air, the standard 
was titrated coulometrically. Other aqueous hy- 
drogencarbonate solutions were prepared in the 
same way. 

Standard solutions prepared in the way de- 
scribed above were stored in vacuum test tubes in 
the refrigerator. The composition of standards 
remained stable over 1 year, within experimental 
error of carbonate determination, i.e., f 3%. 

2.3. Synthesis 

2.3.1. General 
IR spectra were recorded on a UR-20 spec- 

trophotometer (Zeiss, Jena, Germany). ‘H-NMR 

Table 1 
Composition of the hydogencarbonate standards 

Low 
(mm01 I-‘) 

NaCl 98 
KC1 6 
TES 30 
NaHCO? 10 

PH 7.0 

Normal High 
(mm01 1-l) (mm01 I-‘) 

95 70 
4.5 3 

50 50 
25 50 

7.4 7.8 
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spectra were recorded on Bruker (Karlsruhe, Ger- 
many) AM 500 (at 500 MHz) and Varian 200 (at 
200 MHz) spectrometers. 13C-NMR spectra were 
performed on Bruker AM 500 (at 127 MHz) and 
Jeol (Tokyo, Japan) FX 90Q (at 22.5 MHz). In all 
cases TMS was used as an internal standard. 
Melting points were measured on Boetius hot- 
plate microscope and were uncorrected. 

2.3.2. TriJEuoroacetylbenzoic acid hydrate 
This compound was synthesised according to 

the modified procedure for 4-trifluoroacetylben- 
zoic acid [8]. To a solution of 7.80 g (33.1 mmol) 
of 1,4-dibromobenzene in 75 ml of dry THF 
cooled to - 78”C, a solution of 1.6 mol l- ’ 
n-butyllithium in hexane (20.7 ml, 33.1 mmol) 
was added during 20 min. After 30 min of stirring 
a solution of 3.4 ml (33.7 mmol) of methyl trifl- 
uoroacetate in 20 ml of THF was added during 15 
min. The resulted solution was treated again with 
20.7 ml (33.1 mmol) of 1.6 mol l- ’ n-butyllithium 
at - 78°C. After additional 20 min of stirring the 
solution was poured on a slurry of 50 g of crushed 
dry ice in 100 ml of THF and allowed to stand 
overnight. Organic solvents were then removed in 
vacua and the residue was quenched with 50 ml of 
water. The water layer was extracted twice with 
25 ml portions of toluene and was made strongly 
acidic by addition of 20 ml of cont. hydrochloric 
acid. The resulted solution was evaporated under 
reduced pressure to approximately one-third of 
the volume and was left to stand in a refrigerator 
for 12 h. The product (4-trifluoroacetylbenzoic 
acid hydrate) was collected as white crystals in the 
yield of 6.33 g (88%). 

M.p. 175-177°C; 13C-NMR (22.5 MHz, 
DMSO-d,, S): 90.0 (q, J= 31 Hz), 123.4 (q, J= 
289 Hz), 127.8, 128.8, 167.2. 

2.3.3. N,N-dioctyl-4-tr@oroacetylbenzamide 
A sample of 4-trifluoroacetylbenzoyl chloride, 

prepared from 4-trifluoroacetylbenzoic acid hy- 
drate using the method of Behringer et al. [8], 
(1.25 g, 5.28 mmol) was added to a solution of 
1.53 g (6.33 mmol) of dioctylamine in 25 ml of 
dry pyridine at 0°C and was left to stand 
overnight in a refrigerator. Pyridine was then 
evaporated and the residue was quenched with 25 

ml of toluene. The organic layer was washed 
successively with brine, 0.1 mol 1~ ’ hydrochloric 
acid, 0.1 mol 1~ ’ sodium hydrogencarbonate and 
brine. After drying over anh. magnesium sulphate 
and evaporation, the residue was chro- 
matographed on 230&400 mesh silica gel using 
chloroform as eluent. Evaporation of the solvent 
and drying for 24 h under vacuum (0.01 Torr) 
afforded compound (N,N-dioctyl-4-trifl- 
uoroacetylbenzamide) as colourless oil (1.84 g, 
67.2%) 

13C-NMR (127 MHz, CDCl,, 6, stable con- 
formers present): 13.95, 22.53, 26.41, 26.99, 27.42, 
28.58, 28.94, 29.17, 29.29, 31.62, 31.74,,44.83, 
48.87, 116.51 (q, J=289 Hz), 127.10, 130.03, 
130.12, 130.24, 130.28, 144.09, 169.63, 179.85 
(q, J= 35 Hz). 

Other analytical data were the same as de- 
scribed by Behringer et al. [8]. 

2.3.4. Octyl-4-triJluoroacetylbenzoate 
A sample of 4-trifluoroacetyl chloride [8] (1.25 

g, 5.28 mmol) was added in one portion to 4 ml of 
freshly distilled 1-octanol and the mixture was 
stirred at room temperature for 12 h. The excess 
of I-octanol was removed under reduced pressure 
and the residue was chromatographed on 230- 
400 mesh silica gel using benzene-hexane (1: 1, 
v/v) as eluent. Evaporation of the solvents af- 
forded octyl4-trifluoroacetylbenzoate as a colour- 
less oil (0.85 g, 41.5%). 
+ IR (CHCl,, cm- ‘): 1720, 1280, 940. 

‘H-NMR (200 MHz, CDCl,, 6): 0.91 
(t, 3H, J= 7.6 Hz), 1.25-1.52 (m, IOH), 1.76-1.84 
(m, 2H), 8.11-8.21 (m, 4H). 

13C-NMR (22.5 MHz, CDCl,, 6):14.1, 22.7, 
26.1, 28.7, 29.3, 31.9, 66.1, 116.5 (q, J=293 Hz), 
130.1, 132.9, 136.4, 165.2, 180.2 (q, J=37 Hz). 

3. Results and discussion 

3.1. Properties of compounds 

Properties of six derivatives of 1 -trifluoroacetyl- 
benzene were investigated. The structure of the 
compounds is shown on Fig. 1. The summary of 
their properties is given in Table 2. Ligands with 
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I. R=CqHg 4. 

2. R=C 16H33 5. 

3. R=OC j2H25 6. 

R=SO2Cq2f-i25 

R=CON(CgHl7)2 

R=COOC8Hj7 

Fig. 1. Formulae of studied ionophores 

strong electron acceptors as substituents improve 
carbonate selectivity [8]. The electrophilicity prop- 
erties are reflected by Hammett constant (B). The 
investigated ligands can be divided into two 
groups. The first one comprising ligands 1, 2, 3 
having negative D values and the second compris- 
ing ligands 4, 5, 6 having positive 0 values. The 
first group of ligands is more sensitive towards 
chlorides. When measuring CO:- within the 
physiological range of human blood for ligands 1, 
2 and 3 one must take into account the chloride 
interference whereas for 4, 5, 6 this effect is 
negligible. Physiological chloride range in blood is 

from 0.08 to 0.13 mol l- ‘. Lipophilicity measured 
as logarithm of partition coefficient between oc- 
tanol and water gives us some indication about 
the value of the detection limit. Ligands 2 and 5 
have the lowest detection limit in their respective 
groups which is consistent with their highest 
lipophilicity values, 11.1 and 8.0, respectively. 

The sensitivity towards carbonates was for (3) 
pH dependent. The dependence of the electrode 
potential on pH changes were measured at total 
carbonate concentration of 25 mmol 1 - ’ [l 11. The 
slope of pH characteristic of an electrode contain- 
ing ligand 3 was increasing with increasing pH. 

Table 2 
Properties of investigated compounds and the characteristics of electrodes with those ionophores 

Ligand Hammett const. Lipophilicity Slope of el. charact. Detection limit Selectivity 

(0) [131 (log P) (S, mV dec-‘) log &of )) log k%-. c,- 

pH from 7.0 to 7.8 

1 -0.17 5.6” -31.3 -4.1 -2.0 
2 -0.17 11.ta -29.6 -5.3 -2.2 

3 -0.27 8.4” -29/ - 10 pH Dependent -4.l/-3.5 -2.5 
4 0.73 5.0 [8] - 30.2 -6.0 -4.0 
5 0.36 8.0 [8] -32.5 -6.5 -4.0 
6 0.52 5.2 [8] -30.9 -6.0 -4.0 

* Calculated according to [14]. 
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Table 3 
Parameters of linear regression equations for selected elec- 
trodes 

Ligand Equation 

Aqueous solutions Serum samples 

2 Y = 1 .OO( f 0.07)X Y=l.05(F0.ll)X 

- 0.39( i 2.26) - 0.65( k 2.02) r = 0.96 
I = 0.97 

4 Y = 1.09( + 0.07)X Y = 0.99( + 0.10)X 

- 2.84( f 2.53) + 13.25( f 3.27) r = 0.97 
r = 0.97 

5 Y = 0.97( * 0.07)X Y= 1.39(+0.13)x 

- 0.31( + 2.44) + 0.68( + 3.49) Y = 0.97 
r = 0.96 

6 Y = 1 .OO( * 0.07)X Y= 1.24(*0.13)X 

+ 0.03( i 2.38) + 0.48( k 3.43) r = 0.96 
I = 0.96 

Y = Slope&‘+ intercept; ( Y = recovery, X = added HCO, in 
mm01 1-l). 

This eliminates (3) from practical applications in 
clinical analysis. 

3.2. Investigution of compounds in the clinical 
analyser 

To estimate the possibility of application of 
carbonate electrode for biological samples, pH, 
Cl - and CO: - concentration were determined in 

70 / . _~ 

60 i Y= 1.00*x-0.39 , r=o 97 
./^ 

0 

0 10 20 30 40 50 60 70 

Added HC03- (mmol 1-l) 

clinical analyser. Carbonate concentrations were 
determined for the series of aqueous solutions, 
having: (i) ionic composition close to human 
serum; and (ii) bovine serum (Quality Serum Sam- 
ple, KONE) spiked with NaHCO,. The results are 
presented in Table 3. The graphical example of 
this correlation for ligand 2 is given in Fig. 2. The 
correlation of added and determined HCO, both 
in aqueous solutions and in serum is satisfactory. 
In bovine control serum samples the slope of the 
recovery curve for some compounds (5, 6) is 
greater than 1 and for ligand 4 the intercept is not 
close to 0. This indicates additional unknown 
influences in serum samples. The only one elec- 
trode showing the same behaviour in aqueous 
solutions and in serum samples is that containing 
ligand 2. 

4. Conclusions 

Properties of six derivatives of trifluoacetophe- 
none as neutral carriers for carbonate were exam- 
ined. 

Preliminary determination of carbonates in 
bovine serum was made using electrodes with 
investigated compounds (1, 2, 4, 5, 6) in potentio- 
metric KONE Microlyte 6 clinical analyser. These 
results indicate that, at least, the sensor N” 2 can 
be used for rapid and simple potentiometric deter- 
mination of HCO; in blood. The response of this 

70 
/ 

60 1 Y=l 05*X-O 65, r=O 96 ,’ 

0 10 20 30 40 50 60 70 

Added HC03. (mmol I-‘) 

Fig. 2. Example of correlation between added and recovered HCO, in aqueous solutions and in quality control serum for electrode 
with ligand 2. 
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sensor is not influenced by serum components. 
The poor selectivity against chloride ion can easily 
be compensated by simultaneous Cl- concentra- 
tion measurement. ’ 
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Abstract 

Ultrafiltration has been used to examine the size fractionation of lead, copper, iron, aluminium, calcium, potassium 
and sodium in white and red wines. Fractionation patterns demonstrated that the behaviour of lead is significantly 
different to the other metals considered. In red wine, there was a sudden decrease for lead between 100 000 and 30 000 
nominal molecular weight cut off (NMWCO) and in white wine, a gradual decrease in the lead concentration was 
observed from 100000 NMWCO. Iron was the only other metal which showed, for red wine, a size distribution 
pattern with a reduction in the iron concentration between 30 and 50% from 100000 to 1000 NMWCO. Potential 
binding agents for lead and iron are discussed. The absence of any fractionation pattern for the other metals 
examined has been interpreted in terms of the metals existing as aquated cations (potassium and sodium), metal 
tartrate complexes (aluminium, copper and calcium) and either tartrate or phosphate for iron in white wine. The 
possibility of ultrafiltration disturbing kinetically facile processes, particularly for copper and calcium, is identified. 
0 1997 Elsevier Science B.V. 

Keywords: Size speciation; Ultrafiltration; Wine; Wine instability; Lead; Copper; Aluminium; Calcium; Iron; 
Potassium 

1. Introduction 

Various metals can induce spoilage reactions in 
wine. These spoilage processes include precipita- 
tion of hydrogen tartrate (potassium) or tartrate 
salts (calcium), enhanced rate of oxidation (cop- 
per, iron) and haze formation (copper, iron and 
aluminium). In attempting to understand these 
spoilage processes, most studies have adopted the 

approach of measuring the total metal concentra- 
tion and developing a ‘rule-of-thumb’ to minimise 
the onset of the spoilage process [l]. Metal specia- 
tion studies are relatively few [2], although a 
detailed investigation of calcium speciation has 
recently been described [3]. The presence of toxic 
metals in foods and beverages is always of con- 
cern and this is particularly the case with lead in 
wine [4]. However, toxicity of a metal is related to 
its bioavailability which in turn is related to its 

* Corresponding author. Tel.: + 61 69 334030; fax: + 61 69 
332107; e-mail: gscollary@csu.edu.au 

’ Dedicated to Professor George E. Baiulescu on the occa- 
sion of his 65th birthday. 

speciation. 
It is well-established that, for water bodies, 

knowledge of the physico-chemical forms is essen- 
tial for a proper understanding of the bio-geo- 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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chemical cycling of metals and it can be argued 
that this knowledge is also required to understand 
the spoilage processes and potential toxicity asso- 
ciated with metals in wine. A range of experimen- 
tal techniques have been used to examine the 
physical and chemical speciation of metals in 
aqueous systems [5] and ultrafiltration is one tech- 
nique that frequently yields useful information on 
the physical (size) speciation of metals as well as 
organic species. Recent work on the size fraction- 
ation of metals in river water [6] and rain water 
[7] as well as humic substances and their metal 
complexes [8,9] has clearly demonstrated the use- 
fulness of ultrafiltration for metal speciation. Ul- 
trafiltration has long been used in the food 
industry as a process tool. For wine, it has been 
used for examining factors affecting stability [lo] 
and peptide distribution [l l] but not for metal 
speciation. 

This work was undertaken to determine the 
suitability of ultrafiltration for examining the dis- 
tribution of metals in different particle size frac- 
tions. The metals of interest were those which are 
associated with wine spoilage processes or are 
regarded as potentially toxic. The results of the 
size fractionation patterns are interpreted in terms 
of the compounds with which the metals may 
interact. Some preliminary observations on the 
suitability of ultrafiltration for one particular wine 
have been reported previously [12]. 

2. Experimental 

2.1. Containers and wine samples 

All containers were pre-conditioned in 10% (v/ 
v) nitric acid and washed with copious amounts 
of Grade 1 water (resistivity greater than 18 
Mohm cm- ‘) prior to use. Grade 1 water was 
used for solution preparation and dilutions. 

Wine samples were either obtained commer- 
cially or were provided by wineries supporting 
this project in standard 750 ml glass bottles. A 
non-commercial wine was collected in 1 1 plastic 
bottles. A complete description of this wine is 
given elsewhere [12]. After opening the bottle and 
removal of part of the wine, the headspace was 

flushed with nitrogen, the bottle re-corked and 
stored at 4°C until subsequent use. 

2.2. Ultrafiltration procedure 

The bottled wines were shaken by hand for 
5-10 min prior to opening to ensure that any 
solid material was dispersed prior to the initial 
filtration stage. An aliquot (500 ml) was taken 
from the bottle and filtered through a Sartorius 
0.45 urn cellulose acetate membrane filter. Por- 
tions (60 ml) of this filtrate were then ultrafiltered 
in parallel using an Amicon (W.R. Grace, Dan- 
vers, Ma) model 8050 stirred cell with positive 
nitrogen pressure. Amicon disc membrane ultrafil- 
ters of nominal molecular weight cut-off 
(NMWCO) values of 100000 (YMlOO), 30000 
(YM30) 10000 (YMlO), 5000 (YM5) or 3000 
(YM3) and 1000 (YMl) were used. The first 5-8 
ml of the ultrafilter permeate was discarded and 
approximately 5 ml of the sample was retained in 
the stirred cell to avoid large concentration gradi- 
ents. The ultrafilter permeate (about 50 ml) was 
collected and stored in acid-washed plastic bottles 
at 4°C under nitrogen until required for analysis. 
Each ultrafilter was used for one wine sample 
only. 

2.3. Procedure for metal determination in 
ultrafiltrates 

” Aluminium was determined by graphite furnace 
atomic absorption spectrophotometry using an 
Hitachi (Tokyo, Japan) 27000 system with polar- 
ised Zeeman background correction [ 131. Iron and 
copper were determined using an Hitachi (Tokyo, 
Japan) 26000 flame atomic absorption spec- 
trophotometer using in-house validated methods. 
Stripping potentiometry using a Radiometer Ana- 
lytical SA (Lyon, France) TraceLab 20 system 
was applied to the measurement of lead [14]. 
Sodium and potassium were determined by flame 
photometry on a Beckman Klina flame photome- 
ter [15]. Metal determinations were performed on 
the unfiltered wine, the 0.45 urn membrane filtered 
wine and each ultrafiltrate fraction. 

Absorbance measurements at 420 and 520 nm 
were made on an Hitachi (Tokyo, Japan) U2000 
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Size fractionation patterns by ultrafiltration for Al, Ca, Fe, Na and K in various wines (in units of mg 1-l) 

Dry white # 1 

Dry white # 2 

Dry white # 3 

Dry red # I 

Dry red # 2 

Dry red # 3 

Sweet white # 1 

Unfilt 1.28 91 1.70 115 418 
0.45 pm 1.23 92 I .71 115 414 
10 000 1.26 92 1.76 115 426 
5000 1.26 93 1.74 115 418 
1000 1.17 91 1.70 115 426 
Unfilt 0.23 57 0.07 ND 704 
0.45 pm 0.20 58 0.06 ND 665 
10000 0.21 58 0.05 ND 704 
5000 0.20 58 0.05 ND 704 
1000 0.19 51 0.05 ND 547 
Unfilt 0.78 95 1.84 69 383 
0.45 pm 0.74 95 1.82 69 383 
10 000 0.77 96 1.89 69 387 
5000 0.76 97 1.89 69 379 
1000 0.72 95 1.90 69 383 
Unfilt 0.33 48 2.42 276 1482 
0.45 pm 0.34 49 2.55 276 1482 
10 000 0.33 44 1.86 276 1443 
5000 0.32 44 1.57 276 1482 
1000 0.31 43 1.23 299 1482 
Unfilt 0.20 41 23 819 
0.45 km 0.18 41 23 780 
10000 0.16 38 23 663 
5000 0.17 37 23 741 
1000 0.16 37 23 741 
Unfilt 0.28 47 3.45 23 1170 
0.45 wrn 0.29 47 3.49 23 1170 
10 000 0.29 45 3.12 23 1131 
5000 0.29 45 2.97 23 1170 
1000 0.28 43 2.37 23 1170 
Unfilt 1.94 139 4.82 
0.45 pm 2.05 109 4.79 
10 000 2.04 104 4.12 
5000 2.01 103 4.68 
1000 2.20 109 5.10 

Al 

UV/Vis spectrophotometer using 2,5 or 10 mm cells, 
as appropriate, and corrected to standard 10 mm 
path length. These wavelengths have been used for 
some time to describe red wine colour [16]. Manip- 
ulation of these absorbance values allows red wine 
colour density and colour hue to be calculated [ 171. 

3. Results 

The initial ultrafiltration procedure included an 

Ckl Fe Na K 

ultrafilter with a NMWCO value of 500 and, with 
some wines, a significant cut off with this ultrafil- 
ter was observed for aluminium, calcium and 
iron. However, analysis of a spiked model wine 
(12% v/v aqueous ethanol saturated with potas- 
sium hydrogen tartrate and adjusted to pH 3.2 
with tartaric acid) and spiked aqueous samples 
showed up to 50% removal of the metal spike 
suggesting that the cut off may well be a conse- 
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Size fractionation patterns by ultrafiltration for Al, Ca, Cu, Fe, and Pb in various wines 

Al (mg I-‘) Ca (mg I-‘) Fe (mg 1-l) Cu (mg I-‘) Pb (w I-‘) 

Dry white # 4 

Dry white # 5 

Dry white # 6 

Dry white # 7 

Dry red # 4 

Dry red # 5 

Unfilt 0.79 97 0.96 0.29 9 
0.45 pm 0.81 101 0.93 0.24 19 
10 000 0.80 99 0.94 0.21 2 
3000 0.83 100 0.92 0.22 6 
1000 0.79 96 0.88 0.19 6 
Unfilt 6.37 100 11.49 0.41 480 
0.45 pm 4.37 100 2.84 0.42 490 
10 000 4.41 95 2.13 0.39 50 
3000 4.45 92 2.66 0.38 20 
1000 3.80 91 1.90 0.35 40 
Unfilt 2.07 109 3.44 0.33 126 
0.45 pm 2.02 110 3.44 0.32 136 
10000 2.01 110 3.39 0.10 IO 
3000 1.94 109 3.38 0.09 69 
1000 1.76 102 2.99 0.13 39 
Unfilt 0.74 I 0.06 0.11 48 
0.45 pm 0.73 I 0.06 0.09 31 
10000 0.72 7 0.06 0.09 29 
3000 0.71 6 0.06 0.09 25 
1000 0.68 6 0.03 0.07 21 
Unfilt 0.58 47 5.14 0.40 86 
0.45 pm 0.55 41 5.51 0.03 98 
10 000 0.54 43 4.16 0.02 16 
3000 0.57 43 3.51 0.04 12 
1000 0.53 40 2.39 0.06 15 
Unfilt 0.64 43 2.68 0.16 1100 
0.45 pm 0.64 42 2.61 0.08 980 
10 000 0.64 39 1 .I5 0.09 140 
3000 0.66 38 1.56 0.10 120 
1000 0.59 35 1.31 0.09 120 

quence of metal retention by the ultrafilter rather 
than a size fractionation property of the wine. 
This differs from the observation of Cheng et al. 
[7] who found that, in their rain water analysis, a 
500 NMWCO ultrafilter could be used. The rea- 
sons for this difference are not clear, but it was 
determined that the 500 NMWCO ultrafilter 
should not included in this wine metal profile 
study. The other ultrafilters used did not retain 
metals from spiked aqueous samples. 

terfere with the filtration process, even in a stirred 
cell. 

Table 1 and Table 2 present the metal distribu- 
tion patterns for the first two studies. A change in 
the availability of the Amicon filters caused the 
use of 3000 NMWCO ultrafilter, in place of the 
5000 NMWCO ultrafilter, for the data reported in 
Table 2. Copper and lead were included in the 
second study and sodium and potassium were 
excluded. 

Apart from the sweet white wine, a botrytised It is apparent from Table 2 that the distribution 
Riesling, there was no difficulty in the ultrafiltra- pattern for lead is significantly different from that 
tion stage with the stirred cell arrangement, al- of the other metals studied. This is clearly demon- 
though some red wines proved to be a little strated in Fig. 1 where it is obvious that z 80% of 
difficult to pass through the 1000 NMWCO ul- the lead is cut off by the 10000 NMWCO ultrafi- 
trafilter. Botrytis-infected wines generally contain lter. As a consequence of these observations for 
a high concentration of glucans which would in- lead (Table 2 and Fig. l), the ultrafiltration proto- 
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co1 was modified to include ultrafilters with tartrate anion at wine pH [2]. The six wines used 
NMWCO values of 100000 and 30 000. The val- had been previously stabilised with respect to 
ues in Table 3 and Fig. 2 show that, for red wines, potassium hydrogen tartrate precipitation and this 
the cut off point for lead is between the NMWCO was verified by the similarity of the values ob- 
values of 100 000 and 30 000. For the white wines tained for the 0.45 urn membrane filtered wine 
studied, there is a more gradual decrease in the compared with the unfiltered wine. Sodium com- 
lead concentration from 100 000 to 10000 plexes in wine have not been reported and it was 
NMWCO. not expected to see any size fractionation. 

Ultrafiltration also has a significant impact on 
the colour of red wine as is shown by the data in 
Fig. 3 and Table 4. Colour density (L&, + A,,,) 
and colour hue (&,/A,,,) can be taken as two 
measures of red wine colour [16]. It is apparent 
from Table 4 that the colour density is affected 
markedly by ultrafiltration, but there is little effect 
on colour hue. 

4.2. Aluminium 

There was no noticeable size fractionation with 
the exception of Dry White # 5 where the reduc- 
tion in the aluminium concentration between the 
unfiltered wine and the 0.45 urn membrane filtered 
wine is indicative of an aluminium haze. The high 
concentration of aluminium in this wine suggests 
that it has the potential for haze formation [17] 
and the cut-off between the unfiltered and 0.45 
urn membrane filtered fraction is not surprising. 

4. Discussion 

4.1. Sodium and potassium 

Within experimental error, there was no size 
fractionation observed for potassium for the six 
wines examined (Table 1) confirming earlier theo- 
retical calculations that, at most, 1% of the potas- 
sium may be complexed with the hydrogen 

Fig. 1. Size fractionation of lead in Cabernet Sauvignon using 
10000, 5000, 2000 and 1000 ultrafilters. The unfiltered wine 
and 0.45 pm membrane filtered wine are included for compari- 
son. 

The absence of size fractionation is indicative of 
aluminium complexation with small molecules. In 
previous work on the speciation of aluminium in 
wine, there was tentative evidence [l&19] that 
aluminium is bound very strongly to tartaric acid 
and other related carboxylic acids found in wine 
such as malic and gallic acids and this correlates 
with the observed fractionation pattern. 

4.3. Calcium 

Similar to aluminium, there is essentially no 
variation in the calcium concentration with 
molecular size. For some red wines, there is an 
implication of a slow decrease in the calcium 
concentration with decreasing NMWCO value, 
although the change is not significant with respect 
to the experimental error. 

These observations for calcium are surprising, 
as previous work has demonstrated that approxi- 
mately 50% of the calcium in wine is complexed 
[20]. The possible complexing agents include the 
wine dicarboxylic acids, particularly tartaric and 
malic acids [21], as well as polyuronic acids [22]. 
As it is generally assumed that the polymer chain 
length of the uranic acid must be at least 10 units 
for significant interaction with calcium to occur 
[23], it is surprising that some size fractionation 



1654 

Table 3 

A.J. MeKinnon, G.R. Scollary / Talanta 44 (1997) 1649-1658 

Size fractionation patterns by ultrafiltration for Al, Ca, Fe, Cu and Pb in white and red wine. Extended ultrafiltration procedure 
including 100 000 and 30 000 NMWCO filters 

Al (mg I-‘) Ca (mg I-‘) Fe (mg 1-l) Cu (mg I-‘) Pb (pg 1-Y 

Dry white # 8 

Dry white # 9 

Dry red # 6 

Dry red # 7 

Dry red # 8 

Unfilt 1.84 85 7.48 0.290 39 
0.45 pm 1.84 83 7.45 0.162 43 
100 000 1.85 82 7.41 0.164 29 
30 000 1.82 79 7.22 0.154 17 
10 000 1.80 78 7.06 0.140 12 
3000 1.75 78 6.98 0.138 12 
1000 1.63 73 6.04 0.051 11 
Unfilt 1.85 129 3.67 0.330 167 
0.45 pm 1.85 130 3.69 0.350 169 
100 000 1.87 128 3.62 0.260 142 
30 000 1.90 130 3.66 0.131 119 
10 000 1.88 128 3.63 0.144 90 
3000 1.87 128 3.65 0.078 94 
1000 1.71 123 3.39 0.067 74 
Unfilt 0.54 51 1.83 0.095 30 
0.45 pm 0.51 52 1.87 0.104 20 
100 000 0.50 53 1.83 0.102 19 
30 000 0.50 49 1.68 0.095 8 
10 000 0.50 48 1.62 0.097 8 
3000 0.48 48 1.44 0.100 6 
1000 0.45 47 1.24 0.097 9 
Unfilt 0.59 55 1.87 0.095 27 
0.45 pm 0.59 54 1.87 0.091 24 
100 000 0.61 54 1.85 0.098 25 
30 000 0.60 52 1.67 0.097 10 
10 000 0.55 51 1.64 0.091 3 
3000 0.59 52 1.62 0.094 13 
1000 0.55 49 1.25 0.086 6 
Unfilt 0.72 63 3.04 0.320 129 
0.45 pm 0.65 64 3.02 0.078 120 
100 000 0.64 64 2.97 0.116 129 
30 000 0.65 62 2.88 0.078 48 
10 000 0.61 60 2.44 0.074 52 
3000 0.59 61 2.42 0.107 41 
1000 0.60 59 2.25 0.055 42 

was not observed in the wines examined here. 
However, an alternative explanation is that the 
calcium interactions with its binding agents are 
weak (a ten-fold dilution of wine significantly 
decreases the proportion of complexed calcium 
[20]) and the physical agitation associated with 
the stirred cell ultrafiltration system used in this 
study may have been sufficient to disturb the 
calcium/complexing agent interactions. Less me- 
chanical methods of size fractionation are 
presently being considered to solve this dilemma. 

The Botrytis-affected Riesling (Sweet 
White # 1, Table 1) showed some loss of calcium 
between the unfiltered wine and the 0.45 urn 
membrane filtered wine. This wine did contain a 
haze which, on analysis, was shown to contain a 
significant amount of calcium. There is significant 
anecdotal evidence in the wine industry to suggest 
that calcium is involved in instability processes of 
Botrytis-affected wines and this point is the sub- 
ject of an on-going study. 
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Fig. 2. Comparison of size fractionation patterns for lead in 
red (m) and white ( ??) wine using 100 000, 30 000, 10 000, 
3000 and 1000 ultrafilters together with the unfiltered wine and 
the 0.45 urn membrane filtered wine. 

4.4. Copper 

The distribution of copper is essentially inde- 
pendent of molecular size (Table 2 and Table 3), 
except for Dry Red # 4 where most of the copper 
is in the suspended phase. The chemistry of cop- 
per in wine is complex, but critical because of its 

Fig. 3. Comparison of the size fractionation of lead and wine 
colour (A,,,) for a red wine. Filtration pattern is the same as 
in Fig. 2. 

role in enhancing the rate of oxidation. It is well 
established that copper can interact with catechin 
and caffeic acid [24-261 and, of course, with 
tartaric acid at wine pH [our unpublished obser- 
vations]. In a non-wine system, Weber [24] has 
demonstrated that a copper/catechin complex is 
formed within a short time after mixing, but that 
this complex appears to breaks down as the mix- 
ture is allowed to age. Our work on copper-in- 
duced oxidation of catechin in a model wine has 
shown that there is a loss of ASV labile copper as 
the catechin oxidises and polymerises [26]. How- 
ever, we have recently observed that the interac- 
tion of copper with the polymerised catechin is 
weak, as polyvinylpolypyrrolidone (PVPP) is ca- 
pable of adsorbing the polymerised catechin 
which in turn releases all copper into solution in 
an ASV labile form [27]. 

These observations on the absence of any sig- 
nificant size distribution of copper may also be 
reflection of this weak interaction between copper 
and wine components such as catechin. That is, as 
proposed above for calcium, ultrafiltration may 
disturb the copper/organic polymer aggregates in 
solution. 

4.5. Iron 

The concentration of iron in white wine is 
independent of ultrafilter size, but there is a grad- 
ual decrease (a 30% reduction, on average) in 
concentration for red wine (Tables l-3). The only 
exception is Dry White # 5, where most of the 
iron is in the insoluble phase (trapped by 0.45 urn 
membrane). The high iron concentration of the 
unfiltered wine would have induced the formation 
of a haze [28]. 

It is well recognised that iron binds strongly 
with humic substances (HS) and the tannin com- 
ponent of red wine has a distinct chemical resem- 
blance to HS. In a study of aqueous HS by 
ultrafiltration, Burba et al. [8] noted that only 
iron showed a size distribution pattern similar to 
that of the HS itself. This observation was made 
at pH 3.7, approximate to the pH common for 
red wine. Thus, it is reasonable to assume that 
there is a some interaction between iron and the 
tannin component, but it must be also be recog- 
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Effect of ultrafiltration on the absorbance at 420 and 520 nm for white and red wines and calculated colour properties for red wines 

A 42” A 52” Colour density Colour hue 

Dry white # 8 

Dry white # 9 

Dry red # 6 

Dry red # 7 

Dry red # 8 

Unfilt 0.431 0.383 
0.45 urn 0.410 0.365 
100 000 0.400 0.356 
30 000 0.311 0.263 
10 000 0.163 0.120 
3000 0.188 0.147 
1000 0.045 0.022 
Unfilt 0.152 0.031 
0.45 urn 0.151 0.031 
100 000 0.147 0.03 1 
30 000 0.146 0.030 
10 000 0.139 0.027 
3000 0.129 0.024 
1000 0.063 0.009 
Unfilt 2.945 3.130 
0.45 urn 2.855 3.065 
100 000 2.910 3.100 
30 000 2.925 3.130 
10 000 0.875 0.845 
3000 0.775 0.703 
1000 0.216 0.150 
Unfilt 2.510 2.915 
0.45 urn 2.485 2.915 
100 000 2.590 3.035 
30 000 1.830 2.100 
10 000 1.480 1.695 
3000 0.860 0.985 
1000 0.195 0.215 
Unfilt 3.005 2.620 
0.45 urn 3.005 2.620 
100 000 2.960 2.575 
30 000 1.670 1.345 
10 000 0.575 0.335 
3000 0.585 0.336 
1000 0.338 0.149 

6.075 0.94 
5.920 0.93 
6.010 0.94 
6.055 0.03 
1.720 1.04 
1.478 1.10 
0.366 1.44 
5.425 0.86 
5.400 0.85 
5.625 0.85 
3.390 0.87 
3.175 0.87 
1.845 0.87 
0.410 0.91 
5.625 1.15 
5.625 1.15 
5.535 1.15 
3.015 1.24 
0.910 1.72 
0.921 1.74 
0.487 2.27 

nised that a significant proportion of the iron is still 
present at less than 1000 NMWCO. Obviously, iron 
can interact strongly with other wine components. 
Tartaric acid and phosphate must be considered to 
be potential binding agents: one form of iron-in- 
duced instability, especially in white wine, is 
thought to be iron phosphate precipitation [29]. 

4.6. Lead 

Lead was determined by stripping potentiome- 

try as this electrochemical stripping method has 
been shown to give results comparable with 
those obtained by graphite furnace AAS [14]. 
The particular advantages of stripping poten- 
tiometry for the measurement of lead in wine, 
especially with respect to alternative techniques 
such as anodic stripping voltammetry and graphite 
furnace AAS, have been described elsewhere 
[30,3 11. 
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The size fractionation of lead is markedly dif- 
ferent to that observed for the other metals con- 
sidered in this work (Tables 2 and 3 and Figs. 1 
and 2). Even wines which are severely contami- 
nated with lead (Dry Red # 5 and Dry White # 5; 
Table 2) show a very obvious cut off. Potential 
binding agents for lead in white wine include 
residual protein and procyanidins. Several wine 
proteins have sulfur groups in the active site 
which, of course, is a classic soft base ligand for 
the soft acid, Pb2 + . The gradual decrease in white 
wines is a reflection of the variation in molecular 
size of the proteins and procyanidins. 

The marked cut off in the lead distribution in 
red wines indicates that a polymeric species, most 
probably tannin, is the binding species. It is al- 
ready well established that lead binds with tannins 
and other polyphenols, for example, wattle tannin 
[32]. Addition of ‘red tannin’, a commercial wine 
making material, to a model wine has been shown 
to bind a significant proportion of the lead in the 
model wine [33]. 

The relationship between wine colour (A,,,) 
and the lead size distribution (Fig. 3) is additional 
evidence for wine tannin being the binding agent. 
Further, the marked decrease in wine colour and 
colour density between 100000 and 10 000 
NMWCO (Fig. 3, Table 4) precludes any possibil- 
ity of using ultrafiltration (for example, 10 000) as 
a method for removing lead from highly contami- 
nated wines [12]. 

5. Conclusions 

An obvious size fractionation pattern for lead 
in red and white wines is clearly discernible using 
ultrafiltration. However, with the exception of 
iron in red wine, ultrafiltration is limited in its 
ability to establish fractionation patterns for alu- 
minium, calcium, copper and iron (in white wine). 
It is proposed that this limitation is a consequence 
of the mechanical action of ultrafiltration dis- 
turbing kinetically facile reactions, particularly for 
calcium and copper, where there is evidence that 
these metals exist in weakly associated complexes 
in solution. The effect of ultrafiltration on wine 
colour and colour density of red wine negates the 

application Of Ultrafiltration as a method of rC_ 

moving lead from contaminated wines. 
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Abstract 

5-methylphenazonium methylsulphate, (commonly named phenazine methosulphate, PMS) mediated electroxida- 
tion of b-nicotinamide adenine dinucleotide (phosphate), reduced form, (NAD(P)H), on platinum, gold and carbon 
electrodes has been studied by electropolymerization of 1,2-, 1,3-, 1,4_diaminobenzene (DAB), pyrrole-2-carboxylic 
acid (PY-ZCOOH) and 4,4’-dihydroxybenzophenone (DHB) in presence of PMS using cyclic voltammetry. The 
electroxidation of ascorbic acid has been evaluated on the electrodes elctropolymerized in absence and in presence of 
PMS. The same experiments have been carried out with NAD(P)H in solution. Results showed that the NAD(P)H 
is oxidized by PMS coimmobilized with the polymer film on the electrode surface. NAD(P)H has been measured in 
the range 10 _ 6- 10 _ * mol 1~ ’ with a detection limit of 5 x 10 - 7 mol l_ ‘. Amperometric measurements of NAD(P)H 
have been carried out at - 0.10 V and the efficiency of different electrodes based on different materials has been 
studied. The electropolymerization has been also carried out in presence of PMS and selected dehydrogenase enzymes. 
The activity of these enzymes has been tested amperometrically at - 0.1 V. Enzyme substrates such as glucose, lactate 
and glutamate have been measured in the range 5 x 10W6-1 x 10m2 mall-’ with a detection limit 1 x 10W6 mall-‘. 
Also the stability of these probes during time has been evaluated. 0 1997 Published by Elsevier Science B.V. 

Keywords: Electropolymerization; Dehydrogenase enzymes; Electrochemical biosensors; Interferences 

1. Introduction 

The use of NAD(P) + dependent dehydroge- 
nase enzymes in amperometric biosensors has 
been studied in the past decade [l-5]. 

The oxidation of NAD(P)H on several elec- 
trodic materials has received great attention and 

* Corresponding author. 

strong interest by the scientific community during 
these years. The main reason is the possibility to 
use more than 200 redox NAD(P)+ dependent 
enzymes for assembling a novel class of biosen- 
sors. 

In fact a reversible and efficient oxidation of 
enzimatically active NAD(P)H to NAD(P)+ is 
the key to use any NAD(P) + dependent dehydro- 
genase enzymes electrodes probe. 

0039-9140/97/$17.00 0 1997 Published by Elsevier Science B.V. All rights reserved. 
PI1 s0039-9140(97)00071-4 
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It is well known that the electrochemical oxida- 
tion of NAD(P)H involves a multi step (ECE) 
mechanism [6-81. The electrochemical regenera- 
tion of NAD(P)+ is affected by a degradation of 
the cofactor due to irreversible redox processes 
and overpotential constrains [9]. Moreover, the 
direct electron transfer between NAD(P)H and 
the electrode surface requires a relatively high 
overvoltage. Often electrode fouling and interfer- 
ing background currents [lo- 121: finally, the over- 
voltage leads to not enzimatically active 
NAD(P) + [ 131. 

A way to overcome these problems has been the 
use of electron mediators which lower the work- 
ing voltage to the formal potential of the media- 
tor [4]. 

Mediators used for NADH oxidation are 
quinones [ 141, quinoid structures as phenoxazines 
[15], phenazines [16] or phenothiazines [ 171, poly- 
metal lophthalocianines [18], ruthenium com- 
plexes [19] and quinoid redox dyes [20]. 

Mediators have been immobilized in many dif- 
ferent ways, for example, by chemisorption [14], 
thus limiting the long-term stability of the biosen- 
sors due to the leaking of the catalyst from the 
electrode surface, by covalent attachment to the 
electrode or to functionalized conducting poly- 
mers [21], or to a polymer film deposited electro- 
chemically onto the electrodic surface [22,23], 
mixed into carbon paste [24] or coupled with a 
polymer backbone mixed in a carbon paste, by 
electropolymerization of the mediator on the elec- 
trode surface [25-291. One of these mediators is 
PMS, which acts as cofactor to mediate the elec- 
tron transfer for many dehydrogenase enzymes. 

The electrochemical behaviour of PMS has 
been studied by our group in aprotic solvents and 
in aqueous buffered solutions [30]. 

Recently, a bioreactor [31] was constructed us- 
ing the immobilized glucose-6-phosphate dehy- 
drogenase (G6PDH) on graphite electrodes 
surface where PMS was previously absorbed. 

Amperometric sensors were assembled with 
NAD(P) + -dependent dehydrogenases and PMS 
or other quinoid redox dyes [32]. The ionic redox 
mediators could be immobilized as Reineckates 
salts in graphite-epoxy composite electrodes. 

In the literature, to our best knowledge, there is 
only one example of immobilization of PMS and 
glutamate dehydrogenase in a conducting polymer 
[33], but this probe suffered in low term stability 
by the leaking of the mediator and the enzyme. 

An example of methylphenazonium-zeolite- 
modified enzyme sensor is reported for sub- 
nanomolar detection of phenols, consisting of 
tyrosinase, immobilized on a novel poly-urethane 
hydrogel [34]. 

Our work consists in the immobilization of 
PMS in a polymeric matrix during the electrosyn- 
thesis of different non conducting polymers on 
platinum, gold and carbon electrodes. 

These sensors have been evaluated for PMS 
mediated reoxidation of NAD(P)H. 

The advantage of this system is that the result- 
ing probes covered with non conducting polymers 
are interference-free. In fact the possible interfer- 
ences such as ascorbic acid, uric acid and parac- 
etamol have been minimized. 

The biosensors based on the immobilization of 
enzymes in non-conducting polymers have some 
advantages over conducting films: the film thick- 
ness of the non-conducting polymer is self-con- 
trolled during electropolymerization and leads to 
very thin and uniform films. 

These biosensors generally have the advantage 
of fast response time and high sensitivity because 
of relatively high enzyme loading [35]. 

Moreover, the non-conducting polymer films 
are generally found to be more effective in both 
preventing the biosensors from fouling and elimi- 
nating the interferences from electroactive species. 

These electrodes assembled as dehydrogenase 
enzyme electrode probes by electropolymerization 
of monomers with PMS and selected dehydroge- 
nase enzymes, allowed the measurements of glu- 
cose, lactate and glutamate. 
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Response time, stability, linear range, detection was adjusted to the suitable value with pellets of 
limits and interferences have been evaluated. sodium hydroxide. 

2. Experimental 

2.1. Materials 

/I -Nicotinamide adenine dinucleotide, reduced 
form (NADH), p -Nicotinamide adenine dinucle- 
otide (NAD +), P-Nicotinamide adenine dinucle- 
otide phosphate, reduced form (NAD(P)H) and 
p -Nicotinamide adenine dinucleotide phosphate 
(NAD(P) +) from Sigma, St. Louis, MO, were 
used without further purification. 1,2- 1,3- 1,4-Di- 
amminobenzene (1.2-, 1.3-, 1.6DAB, FLUKA), 
pyrrole-2-carboxilic acid, 4,4’-dihydroxyben- 
zophenone and PMS from FLUKA Buchs, 
Switzerland were used as received. 

P-D-( + )-glucose, glutamic acid, lactic acid (as 
lithium salt), ascorbic acid (AA), uric acid, parac- 
etamol were purchased from Sigma. 

Glucose solutions were allowed to mutarotate 
overnight at room temperature before use. 

All other chemicals were of analytical grade. 
Phosphate ‘buffers (0.1 mol 1-l) were prepared 
with distilled-deionized water using sodium dihy- 
drogen phosphate dihydrate (FLUKA Biochem- 
ica Microselect for molecular biology). The pH 

6 

= 2 
i 

g 

; 

2 

-5 I 

Fig. 1. Cyclic voltammograms for the oxidation of PPY-2- 
COOH 5 mmol l- ’ at a gold electrode in a deoxygenated 
phosphate buffer (pH 8.1, I = 0.1). Scan rate 2 mV s ‘. 

L-Lactic dehydrogenase type XI (EC 1 .l .1.27; 
700 units/mg) from rabbit muscle (LDH), glucose 
dehydrogenase (EC 1.1.1.47; 50-150 U mgg’) 
from Bacillus Megaterium (GDH) and L-glutamic 
dehydrogenase type III (EC 1.4.1.3; 40 U mg- ‘) 
from bovine liver (GlDH) were purchased from 
Sigma. 

2.2. Apparatus 

An AMEL polarographic system model 433A 
(AMEL, Milan, Italy) was used for voltammetric 
studies. The electrochemical cell consisted in a 
solid working electrode, a SCE reference elec- 
trode, and a Pt counter electrode. The gold (Au), 
platinum (Pt), glassy carbon (GC) working elec- 
trodes (surface nominal area 0.071 cm’) were 
from AMEL. 

Amperometric measurements were carried out 
with a 559 HPLC Detector from AMEL. Cur- 
rents were recorded using a LKB 2210 strip chart 
recorder from Delft, Nederland. 

All the measurements were carried out at 25 f 
1°C. 

2.3. Procedure 

The bare electrode used for the preparation of 
the sensors consisted of a Pt or Au or GC disks (2 
mm diameter) sealed in a tygon tube. 

The working electrode surface was polished 
with alumina (A&O,, Buehler from Evanston, Illi- 
nois) powder of 1, 0.3 and 0.05 urn particle sizes 
just before use. After carefully rinsing with dis- 
tilled water, electrodes were sonicated for almost 
10 min. Moreover, the Pt and Au electrodes were 
pre-treated in 0.5 mol 1-l H,SO, by potential 
cycling from - 0.2 to + 1.2V (vs. SCE) at a scan 
rate of 20 mV s- ‘, until no changes in current 
were observed [36]. 

2.4. Electropolymerization with PMS in absence 
of enzyme 

For the electropolymerization studies the fol- 
lowing monomers have been used: 1,2-DAB, 1,3- 
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Table 1 
Voltammetric data relative to polymers/electrodes in presence 
NAD(P)H and ascorbic acid 

ip, @A) at ip, @A) at covered electrodes 
bare electrode 

PPY-2-COOH PDHB 

Ascorbic acid (4 mM) 

(Pt) 7.14 
(Au) 8.02 
(GC) 7.51 

NADPH (3 mM) 

(Pt) 3.98 
(Au) 4.97 
(GC) 4.23 

NADH (3 mM) 

(Pt) 4.03 
(Au) 5.01 
(GC) 4.28 

1.04 (-86%) 0.91 (-87%) 
0.97 (- 88%) 0.87 (-93%) 
0.92 (- 87%) 0.98 (- 88%) 

0.38 (-95%) 0.44 (- 88%) 
0.48 (- 90%) 0.38 (-92%) 
0.42 (- 90%) 0.41 (-90%) 

0.35 (-91%) 0.34 (-92%) 
0.43 (-910/,) 0.41 (-95%) 
0.45 (-88%) 0.46 (- 88%) 

DAB, l,CDAB, PY-2-COOH and DHB. Each 
monomer was electropolymerized using a solution 
of sodium phosphate buffer 0.1 mol l- ‘, which 
was deaerated for 30 min with Argon 99% (Air 
Liquide, France), in the presence of PMS. 

Monomer and mediator concentrations have 
been varied from 5 to 9 mmol 1-l and from 0.8 to 
4.0 mmol 1 - ’ respectively. The electropolymeriza- 
tion has been carried out using cyclic voltammetry 
at pH values from 5.6 to 8.1. The scan rate has 
been varied from 20 to 2 mV s - ’ and the poten- 
tial has been continuously cycled from 0 to + 0.8 
V for 1.2-, 1.3-, 1.4-DAB, from f0.4 to + 1.2 V 
for DHB and from + 0.4 to + 1.4 V for PY-2- 
COOH, until the current reached a value which 
remained constant after further cycling, 

2.5. Voltammetric PMS and NAD(P)H 
measurements 

To test the electrocatalytic behaviour of the 
entrapped PMS we used the following procedure: 
at the end of the electropolymerization the elec- 
trode was rinsed with the working buffer, then 
dipped in the same deaerated buffer solution and 
the potential scanned from + 0.5 to - 0.5 V. 

Ascorbic acid, paracetamol at a concentration 
of 0.4 mmol 1~ ’ and uric acid (saturated solution) 

Id Fig. 2. Cyclic voltammograms at a PPY-2-COOH/PMS/L 
electrode: (1) in a deoxygenated phosphate buffer (pH 8.1, 
I = 0.1); (2) in the presence of 0.5 mmol l- ’ NADH. Scan rate 
5 mV SK’, 

were also tested in phosphate buffer pH 8.1, in the 
absence and presence of the polymer with the 
entrapped mediator. The same experiment was 
also carried out with solutions of NAD(P)H, 
ranging from 0.1 to 10 mm01 l- ‘. 

Table 2 
Catalytic efficiency of PMS for NAD(P)H oxidation from 
rauo of catalytic peak current I,,, to peak current Z,,, recorded 
in the same solution without NAD(P)H, in a buffer solution 
pH 8.1 II= 10 mV ss’ 

Electrode L, (CIA) f&A) 

NADH I mm01 IF’ 
(a) at a PMS/PPY-2COOH/electrode 

Au 2.81 0.38 
GC 0.88 0.35 
Pt 2.64 0.36 

(b) at a PMS/PDBH ‘electrode 
Au 3.12 0.37 
GC 0.94 0.36 
Pt 2.8 1 0.36 

NADPH 1 mm01 I-’ 
(a) at a PMS/PPY-2COOH/electrode 

Au 3.24 0.38 
GC 0.84 0.37 
Pt 3.08 0.34 

(b) at a PMS/PDHB/electrode 
Au 3.28 0.41 
GC 0.83 0.32 
Pt 3.13 0.41 

L,lL 

7.4 
2.5 
7.3 

8.4 
2.6 
7.8 

8.5 
2.3 
9.1 

8.0 
2.5 
7.6 
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2.6. Amperometric measurements 

Interferences and NAD(P)H were also mea- 
sured amperometrically ‘at - 0.1 V vs. SCE, using 
Au, Pt, GC electrodes, as follows: the polymer 
modified electrodes were dipped in a beaker con- 
taining 10 ml of phosphate buffer pH 8.1 and 
allowed to equilibrate at - 0.1 V. After 10 min a 
stable current baseline was observed. Aliquots of 
NAD(P)H and/or interferences were added and 
changes in current recorded. 

The response of the probe to the interferences 
and NAD(P)H has been measured weekly for 2 
months and normalized to the initial response. 

2.7. Electropolymerization with pms in presence of 
enzyme 

The experimental conditions for the electro- 
polymerization of the organic monomers in pres- 
ence of the enzymes were the same of those 
carried out in absence of the enzyme. 

We used gold and platinum electrodes. The 
electrodes were rinsed with the buffer solution to 
remove the non immobilized physically adsorbed 
PMS and stored in the same solution at 4°C. 

The amount of enzyme used was 120 U ml - ‘, 
for GDH, 160 U ml - ’ for LDH and 80 U ml ~ ‘, 
for GlDH. 

Lower quantities of enzymes gave a signal cur- 
rent lower than that obtained with the amperome- 
try reported above, higher quantities did not show 
any increase in current. 

Amperometric measurements of glucose, lactate 
and glutamate were carried out using the proce- 
dure described for the NAD(P)H measurements, 
the difference being in NAD(P) + 1 mmol l- ’ in 
the buffer solution and in the appropriate sub- 
strate injection aliquots. 

3. Results and discussion 

3.1, Electropolymerization studies 

In previous works [37,38], we studied the elec- 
tropolymerization of organic monomers together 

3 ‘.O 
E 
f? 

5 0.5 

0.0 

0.00 0.01 0.02 0.03 

[NADH]l O3 mol/L 

160 m, 

0.0 0.2 0.4 0.6 0.8 1.0 

[NADH] 1 O-3 mol/L 

Fig. 3. Calibration curves of NADH at PMS/PPY-2-COOH/ 
Au electrode: electrolyte: phosphate buffer 0.1 mol 1~ ‘, pH 
8.1: E= -0.10 V vs. SCE. 

with oxidase and dehydrogenase enzymes on solid 
electrodes. 

The generic reaction which involves the enzyme 
and PMS immobilized should have the following 
sequence: 

Substrate + NAD(P) + + H + 

+ Product + NAD(P)H 

NAD(P)H + PMS,, + NAD(P) + + PMS,,, + H + 

PM&,, + PMS,, + 2e + 2H + 
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All these reactions should occur at the electrode 
surface where the enzyme and PMS are immobi- 
lized and they make sense if the electrode surface 
is protected by the polymer film which should 
reject compounds electroactive at the potentials 
used to detect NAD(P)H/PMS mediated reaction. 

3.2. Polymeric jilm formation 

The first step of our study was the formation of 
the polymeric film on the electrode probes. Ascor- 
bic acid was selected as interfering compound 

0.8 7 
/L 

0.00 0.01 0.02 0.03 

[NADPH]l O-3 mol/L 

25 - 

0 

0.0 0.2 0.4 0.6 0.8 1.0 

[NADPH]l O-3 mol/L 

Fig. 4. Calibration curves of NADPH at PMS/PPY-2-COOH/ 
Au electrode: electrolyte: phosphate buffer 0.1 mol I- ‘, pH 
8. I ; E = - 0.10 V vs. SCE. 

guide. Fig. 1 shows the effect of the electropoly- 
merization of PY-2-COOH on a gold electrode. 
The potential was continuously cycled until a 
minimum current value was attained. 

Results reported in Table 1 refer only to PPY-2- 
COOH and PDBH: data relative to the other 
polymers have been reported in previous works 
[37,38]. 

3.3. Electropolymerization with PMS in absence 
of enzyme 

In the second step the polymerization of the 
monomers in presence of PMS was carried out. In 
this case we evaluated the effects of the scan rate, 
pH and amount of PMS on the electropolymeriza- 
tion process. The optimum scan rate was 2 mV 
S _ ‘. Higher rates did not result in a mediator 
entrapment into the polymer [37,38], moreover we 
could hypothesize an unstable film formation be- 
cause we observed that the response to ascorbic 
acid and to the other interferences increased after 
a week [39,40]. 

We investigated the ability of PY-2-COOH and 
DHB to form permselective films in aqueous 
buffered solution. 

The permselectivity in these films can come 
from the deprotonated carboxylic groups for PPY- 
2-COOH [41] and from the carbonylic groups for 
DHB. Unlike the formation of overoxidized 
polypyrrole film, using these polymers, the overox- 
idation of the film and the introduction of the 
c&bony1 groups by overoxidation is not needed. 

3.4. pH study 

The optimum pH value for the electropolymer- 
ization in presence of PMS was studied. 

The pH value which gave a good result for the 
PMS electroactivity on the electrode surface was 
8.1 and this value was used for further studies. 

pH values from 5.6, reported as starting pH for 
electropolymerization study [42,43], to 7 did not 
show any entrapment of PMS on the surface of 
the electrodes. The minimum basic pH which gave 
a good result for the PMS electroactivity on the 
electrode surface was 8.1 and this value was used 
for further studies. 
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Moreover, this pH value was suitable for a 
good electropolymerization of PY-2-COOH be- 
cause the monomer solubility at this pH is higher 
and the polymer itself shows the required permse- 
lectivity since the deprotonated carboxylic groups 
can repel, negatively charged compounds. More- 
over, in the pH range from 5.6 to 7 the solubility 
of PY-ZCOOH monomer is not sufficient to ob- 
tain a very compact film. 

pH values higher than 8.1 were not used be- 
cause the enzymes tested for the immobilization 
are less active at basic pH values (see Sigma 
Catalogue: pH 7.5 for GDH, pH 7.3 for GlDH 
and pH 7.5 for LDH). 

The PMS amount was varied from 0.8 to 4.0 
mmol l- ‘. From the cyclic voltammetry we ob- 
served that the minimum concentration which 
gave an appreciable analytical signal was 0.8 
mm01 ll’, then the current peak increased with 
the concentration of PMS and at a concentration 
higher than 3 mmol 1~’ the current peak was 
constant. So we concluded that the amount of 
PMS entrapped was also constant. 

Fig. 2 shows the voltammetric redox behaviour 
of PMS entrapped in PPY-2-COOH. Similar re- 
sults were obtained with PDHB, while poly(l.2- 
DAB), poly( 1.3-DAB) and poly( 1.4-DAB) 
showed that the amount of PMS entrapped into 
the polymeric structure was not sufficient for the 
NAD(P)H catalytic oxidation. 

The electrochemical behaviour of PMS at solid 
electrodes has been extensively studied and 
clarified in a previous paper [30]. 

In aprotic medium, the PMS reduction involves 
two quasi-reversible monoelectronic steps, in the 
potential range from + 0.5 to - 1.5 V. 

In aqueous buffered solution, in the range of 
pH 4-10 a single reversible system is observed at 
- 0.2 V vs. SCE, according to the following 
mechanism: 

+2ee, +H+ 
PMS,, in PMS,,d 

-2ee, -H+ 

Unfortunately, the reduced form of PMS is 
strongly absorbed on the electrodic surface. Such 
an absorption disappears when a polymer 
modified electrode is used. 
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Fig. 5. response vs. time for (1) glucose at GDH/PMS/PPY-2- 
COOH/Au electrode; (2) lactate at LDH/PMS/PPY-2-COOH/ 
Au electrode; (3) glutamate GLDH/PMS/PPY-2-COOH/Au 
electrode. 

The voltammetric behaviour of PMS in a deaer- 
ated solution on a Au/PPY-2-COOH electrode in 
the range from + 0.5 to - 0.5 V vs. SCE shows a 
cathodic peak with the complementary anodic 
one. 

The current is proportional to u”* and to the 
PMS concentration. 

The peak to peak separation (AE) is indepen- 
dent from the scan rate and its value of 30 mV is 
in reasonable agreement with the theoretical value 
of’ 56.6/n mV if y1= 2 for a two electron reaction. 

The voltammetric results of PMS entrapped 
into the polymer film, showed that the peak to 
peak separation is similar than that obtained with 
PMS in solution. Moreover the difference (AE) 
between the anodic and cathodic peak potential is 
independent from v at low scan rates (AE z 29 
mV at u = 10 mV s-l). 

The peak current changed linearly with v, as 
expected for an entrapped redox species [44]. 

Similar results were obtained using Pt and GC 
electrodes. 

The surface concentration of the electrochemi- 
tally immobilized PMS on a gold electrode was 
evaluated by the integration of the peak (cathodic 
or anodic) and assuming a two electron mecha- 
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nism for the redox reaction [30]. The result was 
(2.81 +O.l) x lop7 mol cm-’ which is higher 
than those relative to PMS adsorbed on an elec- 
trode surface [15] or entrapped in a polypyrrole 
matrix [33]. 

3.5. NAD(P)H experiments 

All the electrodes assembled with PPY-2-COOH 
or PDHB and PMS have been tested for 
NAD(P)H by cyclic voltammetry, then ampero- 
metrically. 

The first step has been the voltammetric study of 
NAD(P)H with a modified electrode. 

Voltammetric scans from - 0.5 to + 0.5 V have 
been carried out and the peak current was ob- 
served at - 0.12 V for NADH and - 0.14 V for 
NAD(P)H. 

When the concentration of NAD(P)H was in- 
creased, the current peak increased linearly up to 
1 x 10 - ’ mol 1~ ‘. The peak current observed at 
- 0.12 V for NADH and - 0.14 V for NAD(P)H 
was a demonstration of the mediated reaction 
between PMS and NAD(P)H (Fig. 2). In fact the 
NADH oxidation at the naked electrode occurred 
at a potential around + 0.75 V and the NADPH 
oxidation at + 0.77 V [30] for all the electrodic 
materials tested. 

So we can hypothesize the following mechanism: 

NAD(P)H + PMS,, + NAD(P) + + PM&,, (1) 
PM&,, --$ PMS,, + 2e + 2H + (2) 

Table 2 reports the ratio Z,,,/Z, of the anodic 
peak current of the mediator before (I,,) and after 
(I,,,) the injection of NAD(P)H 1 mmol 1-l. This 
was as a criterion for quantifying the electrocata- 
lytic efficiency of NAD(P)H oxidation for different 
electrodic materials and for different polymeric 
films. This ratio was almost independent from the 
polymeric matrix, but strictly related to the elec- 
trodic materials, so we selected gold and Pt elec- 
trodes for further experiments. The differences 
observed are unclear and merit further investiga- 
tion. 

Probably, regarding the behaviour of GC, we 
have to consider different parameters such as the 
adsorption of PMS on the electrodic surface which 
lowers the catalytic activity of the mediator. 

In fact, in a previous paper [30], we have studied 
and clarified, by CV, the electrochemical be- 
haviour of PMS on solid electrodes and the trend 
of electrochemical parameters has indicated that 
the reduced form of PMS is strongly adsorbed on 
pyrolytic graphite and glassy carbon electrodes 
whereas no adsorption was observed on gold and 
platinum electrodes. 

3.4. Amperometry of NAD(P)H 

NAD(P)H has been detected in the range 10 _ ‘- 
lop2 mol 1-l with a detection limit of 5 x 1O-7 
mol 1-l. 

Figs. 3 and 4 report two calibration curves of 
NADH and NADH attained with a modified gold 
electrode. Same current changes were obtained 
when NAD(P)H was injected in a solution under 
Ar atmosphere or in a solution equilibrated with 
air. 

The response time is about 10 s. After 10 h of 
repetitive measuring a decrease in response of 18% 
for NADH and of NADPH was observed. We 
have no direct information on how the mediator is 
entrapped by the polymer film but, from the data 
obtained, we can deduce that the mediator reacts 
rapidly with NAD(P)H so it should be entrapped 
in the external side of the polymer and the film 
layer should be sufficiently thin. 

Injection of aliquots of paracetamol, uric and 
ascorbic acid, as reported in the Section 2, did not 
result in any currents change. 

3.7. Electropolymerization in presence of enzyme 

Only few examples are reported in the literature 
[45] of a dehydrogenase enzyme entrapment into a 
polymeric matrix. 

In order to assemble electrochemical dehydroge- 
nase enzyme electrode probes we polymerized the 
organic monomers (reported in the experimental) 
in presence of PMS and dehydrogenase enzymes. 
In this case, since NAD(P)+ acts as cosubstrate 
for the enzymatic reaction, we used different con- 
centrations of NAD(P) + , to test the efficiency of 
the enzyme activity. The selected concentration of 
NAD + was 1 mmol 1 - ‘: lower concentrations 
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resulted in a lower current output and higher 
concentrations did not show any increase in the 
current changes. 
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Abstract 

The emergence of the fiber-optic sensor era has stimulated investigations to create synthetic fluororeceptors capable 
of signaling the binding of metal ions. To fulfill this purpose, a new concept is presented: the metal-promoted shift 
of equilibrium between the two fluorescent forms of a synthetic receptor able to dimerize and to specifically recognize 
a metal ion by multiple non-covalent bonds. The thermodynamics of the dimerization itself and the dimer-zinc 
interactions are analyzed in terms of association constants. It is demonstrated that finely tuning the equilibrium 
between the monomeric and dimeric forms by controlling the pH, permits the alternate selective recognition and 
signaling of zinc or cadmium. 0 1997 Elsevier Science B.V. 

Keywords: Chemical sensors; Dimerization; Synthetic fluororeceptors 

1. Introduction 

For several years, there has been growing con- 
cern about heavy metals in the biosphere. Sele- 
nium, cadmium, mercury and lead are presently 
the most dangerous, owing to their increasing 
anthropogenic discharge in the environment and 
to their high toxicity. Although of less toxicity, 
copper, zinc and molybdenum are likely to pose a 
threat. The heavy metal pollution points out the 
need for reliable, fast and low-cost means for their 
aqueous detection. 

* Corresponding author. E-mail: cordiesy@cismibm.univ- 
lyonl .fr. 

Concerning zinc, the global excess burden on 
the environment due to mankind’s activities is 
actually the result of smelting, refining and manu- 
facturing processes, but domestic waste waters are 
also important sources and consequently high lo- 
cal concentrations are probable, especially in 
aquatic ecosystems [l]. According to its role as a 
cofactor of various enzymes, zinc is known as an 
important oligonutrient with strong physiological 
implications. Among others, including iron and 
manganese, the level of zinc is of importance in 
seawater [2,3] since this metal meets the needs of 
many species for survival, and for the productivity 
of plankton [4]. Therefore, it is not surprising that 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
PII SOO39-9140(97)00072-6 
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several zinc measurement methods have been re- 
cently proposed, most of them combining, for 
instance, flow-injection analysis with an ion-ex- 
change resin and fluorescence [3,5], or high-per- 
formance liquid chromatography (HPLC) and 
light absorption [6], or diffusive gradients in thin 
films and atomic absorption spectroscopy [7]. Be- 
sides, the function of zinc as a cofactor in enzy- 
matic catalysis has been utilized in the design of 
enzyme-based zinc optical biosensors [2,8]. 

In parallel to the development of amperometric 
and optical biosensors [9], our group is now in- 
volved in the design and the study of stable 
artificial receptors for molecular recognition 
[lO,l l] with the purpose of elaborating new sens- 
ing layers usable in optodes (optical devices, by 
analogy with electrodes) for determining transi- 
tion metal ions in water. A challenging goal is to 
get a signal, for instance fluorescent, when molec- 
ular recognition occurs. A previous work resulted 
in the synthesis of a promising water-soluble re- 
ceptor, i.e., a macrocycloureide able to form a 
dimer at alkaline pH. Both the monomer and the 
dimer have distinctive fluorescence emission spec- 
tra. The dimer specifically complexes the zinc ion 
and the complexation induces a shift in the equi- 
librium between the monomer and dimer forms 
towards the dimer form. A fluorescence signal 
may thus be monitored which is the result of the 
(excited) dimer emission enhancement. 

Basically, this is a metal-promoted shift of equi- 
librium between the two fluorescent forms of a 
receptor able to dimerize and specifically recog- 
nize a metal ion in water through a supramolecu- 
lar process. 

The emergence of the fiber-optic instrumenta- 
tion, and the need for detection and quantification 
of heavy metals, in addition to the increasing 
interest of biologists for possible applications in 
their domain, have stimulated continuous investi- 
gations on artificial fluororeceptors able to com- 
plex metal ions with useful selectivity [12,13]. 

In the present article, an alternative to ion-pro- 
moted chelation-enhanced fluorescence (CHEF), 
at the origin of fluorescent chemosensors [13], is 
proposed for the detection of metal ion complexa- 
tion. 

2. Experimental procedure 

2.1. Synthesis of the receptor 

The synthesis of the macrocycloureide has been 
described elsewhere [lo]. Starting from this proce- 
dure, the protocol has been improved to lead to 
the following accelerated process: in a typical 
experiment, trimethyl aluminium (1.12 cm3 of a 2 
M solution in hexanes, i.e., 2.24 mmol) was added 
in a closed vessel under nitrogen to 10 cm3 of dry 
chloroform. The mixture was cooled down to 
- 10°C with salt and ice and 134 ul (1.12 mmol) 
of 1,5_diaminopentane were slowly added with a 
syringe through a septum. The mixture was stirred 
for 20 min at - 10°C and then for 45 min at 
room temperature. After addition of 160 cm3 of 
dry chloroform, the temperature of the mixture 
was increased to 0°C and a solution of te- 
tramethyl 2,2’-ureylenediterephthalate (100 mg, 
0.225 mmol, synthesized in a previous step [lo]) in 
chloroform (30 cm3) was rapidly added. The reac- 
tion mixture was stirred overnight in an ice bath 
under nitrogen and then for 4 h at 50°C. After 
reaction, the chloroform was evaporated under 
vacuum. The product was redissolved in methanol 
and by-products were filtered off. The filtrate was 
dried under vacuum and redissolved in 20 cm3 of 
a 50 mM sodium phosphate buffer, pH 6. Insolu- 
ble by-products were filtered off and colored 
residues were removed by a charcoal treatment. 
After filtration and evaporation of the water, the 
product was dried under vacuum, enabling 39 mg 
(0.081 mmol, 36%) of a white solid to be ob- 
tained. 

2.2. ‘H-NMR studies 

For the 300-MHz ‘H-NMR (nuclear magnetic 
resonance) experiments, the conditions were the 
following: a concentrated solution of the macro- 
cycloureide in water was diluted with a 50 mM 
buffer solution (with phosphate at pH 6, borate at 
pH 9 and carbonate at pH 10, 11 and 12) to 
obtain 0.6 ml of a macrocycle solution at 2 mM 
concentration. The solution was then evaporated 
and dissolved six times with D,O, under nitrogen, 
taken again by 0.6 ml D,O and transferred in an 
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Fig. 1. Building-up and structure of the fluororeceptor 2 (for details see Section 2) 

NMR tube for the analysis. All proton signals 
were stable within the NMR time scale. 

2.3. Fluorescence measurements 

The macrocycle complexation was monitored in 
aqueous solution by recording the increase in 
fluorescence emission of either the dimer (at 432 
nm for the zinc complexation with excitation at 
356 nm) or the monomer (at 380 nm for the 
cadmium complexation with excitation at 332 
nm). The complexation of metal ions occurred 
when aliquots (1 or 2 ~1) of the zinc or cadmium 
chloride solution were added and mixed in the 
cuvette with the macrocycle solution (concentra- 
tion: O.l- 1 mM), in 50 mM sodium phosphate 
buffer (PO:-/HPOz-), pH 12, for zinc, or 50 
mM carbonate buffer, pH 9.5, for cadmium. The 
equilibria of dimerization and complexation of 
metal ions were stable, as verified by the steady 
state of the fluorescence signal when monitored 
for several minutes. 

2.4. Potentiometric pH and conductometry 
titrations 

The macrocycloureide obtained by the synthesis 
described above was flash-chromatographed on 
silica with dichloromethane 80/methanol20 as the 
eluent. After careful calibration, pH and conduc- 
tance were measured and monitored in 1 cm3 of a 
15-mM macrocycloureide aqueous solution in 
which aliquots (1 ~1) of a carbonate-free 1 M 
NaOH aqueous solution were successively added 
and mixed with an automatic pipette. All samples 

were extemporaneously prepared. The solution 
temperature was maintained at 25.0 + O.l”C. The 
NaOH concentration was determined by auto- 
matic titration with phthalic acid. The cell con- 
stant of the conductometry cell was previously 
adjusted to 12.88 mS cm-‘, using a 0.1 M KC1 
solution. Data were corrected for the volume ad- 
dition. 

3. Results 

3.1. Structure and ionization properties of the 
fluororeceptor 

The structure of the receptor is asymmetrical, 
bearing no chiral center (Fig. 1). Such a type of 
molecule is known to potentially recognize chiral 
guests. This property is not imperative in the 
perspective of metal ions recognition but was 
retained for further building of structures with 
increased complexity from this molecule. To 
achieve this goal starting from a symmetrical bis- 
substituted urea, the synthetic plan revolved 
around the regioselectivity of the cyclization of 
the tetramethyl 2,2’-ureylenediterephthalate with 
the 1,5_diaminopentane: owing to the length of 
the five-membered arm of the diamine, the cy- 
clization between an o-methyl and a m-methyl 
ester group could only occur after rotation about 
the Ar-NH bonds. 

Another characteristic of the receptor is that it 
implies a macrocyclophane combining urea and 
benzamide units. Clearly the amide group is 
paramount in the natural recognition and folding 
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processes that involve proteins, and the urea 
group has proven to be a powerful ligating moi- 
ety, as demonstrated in spherands containing 
cyclic urea units [14] or as a substrate in 
supramolecular processes through hydrogen 
bonding interactions [15]. These two types of 
chemical groups have been chosen as metal-bind- 
ing elements of the fluororeceptor. Their presence 
in the chemical structure is also at the base of the 
properties of the molecule concerning its solubility 
and dimerization. 

The fluororeceptor dimerizes in aqueous solu- 
tion [lo] and is then able to complex zinc. Such a 
spontaneous self-assembling leading to a dimer in 
water is not surprising with a molecule bearing 
aryl rings since association constants of arenes in 
water are usually large, owing to the favored 71-7~ 
interactions [ 161. An interesting characteristic con- 
cerning the phenomenon of dimerization of this 
receptor is its modulation by the pH [l I] and, 
hence, the formation of the dimer of 2 in water 
was first investigated by monitoring the fluores- 
cence emission of the molecule under various pH 
conditions. Its behavior is characteristic of the 
formation of an intermolecular excited dimer at 
alkaline pH [17]: red shifting (380 -+ 432 nm) of 
the emission maximum and decreasing of the 
emission intensity, finally lowered at pH 11 to 
60% of the initial value at pH 6. The amplitude of 
the red shift is indicative of a tight dimer forma- 
tion which is stabilized by n--71 (hydrophobic) and 

I( 

Fig. 2. Relative fluorescence intensity of an alkaline solution of 
the dimer as a function of its concentration (A,, = 356 nm, 
A,,=432 nm). Solvent: 50 mM aqueous sodium phosphate 
buffer (PO: /HPOj -), pH 12. 

polar interactions in alkaline medium. Fig. 2 illus- 
trates the effect of the dimer concentration on the 
measure of the fluorescence intensity at pH 12. 
The curve exhibits the classical shape of the 
fluorescence versus concentration of any 
fluorophore solution: first increasing with a maxi- 
mum steady level and then decreasing, owing to 
the concentration quenching which causes a 
fluorescence loss that is called the inner cell effect. 

8,4- 
A ring 

.e 

8.2 
B ring 

y 

4 

’ 8 
PD 

10 12 ,4 

Fig. 3. Chemical shift of the aromatic protons of the two rings of 2 as a function of the pD; ([c] = 2 mM; 298 K). 
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Additional information required for a better 
comprehension of the dimerization process may 
be conveniently found by ‘H-NMR. Fig. 3, re- 
lated to 300-MHz ‘H-NMR studies in parallel, 
shows the chemical shifts of the aromatic protons 
of the benzene rings A and B of fluororeceptor 2, 
plotted as a function of the pD. All the signals are 
high-field shifted upon raising the pD of the 
medium. The well-defined discontinuity in the 
curves, approximately at the same pD value, char- 
acterizes the almost entire transformation of 2 
into the dimer form. Below pD 9, the monomer 
form is predominant. Between pD 9 and 10, the 
monomer coexists with the dimer and the signals 
of the three protons of the A ring in the monomer 
are distinct from those of the dimer. All the 
signals of the A ring protons of the monomer 
coalesce with those of the dimer on and after pD 
11. The simultaneous upfield shift of all the aro- 
matic resonances upon alkalinization of the 
aqueous medium should be related to the dimer- 
ization of the receptor observed through the 
fluorescence change in the same conditions. The 
upfield shift of the resonances of the aromatic 
protons is usually the signature of a confinement 
of the nuclei in close proximity [18,19]. Hence 
these spectroscopic results indicate that the dimer- 
ization process occurs probably by a n-stacking 
process of the aromatic moieties of the molecules. 

Fig. 4. Conductometric titration of a 15 mM solution of the 
macrocycloureide in water by a molar NaOH solution. Inset: 
differential conductivity between the 15 mM macrocycle solu- 
tion and pure water as a function of the macrocycle/NaOH 
ratio. 

Taking into account the data of the NMR and 
fluorescence measurements, we inferred that a de- 
protonation of the molecule occurs at alkaline pH 
and thus we investigated the ionization behavior 
of the macrocycloureide, using a combination of 
potentiometry and conductometry techniques. 
With the macrocycloureide, the difficulty is in- 
creased by its insolubility above 20 mM in alka- 
line aqueous medium and, consequently, the pH 
measurements were made at 15 mM concentra- 
tion. Furthermore, the weak acid-strong base 
titrations with a pH meter are highly inaccurate 
when the pK, of the acid is high, especially when 
the solution is diluted, owing to the very gradual 
change of the pH around the equivalence point. 
Conductometry, under proper circumstances, can 
eliminate or at least minimize this problem. This 
is exemplified in Fig. 4, a typical titration curve of 
the macrocycle obtained by this method, in which 

the inset shown is obtained by subtraction of the 
values obtained with a 15 mM macrocycle solu- 
tion to the values obtained with the water alone. 
It evidences the equivalence point obtained at 1 
mole of sodium hydroxide per mole of macrocy- 
cle. Using the same experimental conditions with 
a pH meter, it was thus possible to measure the 
pH values at both the starting point and the 
semi-equivalence point of the titration. Computa- 
tion led to an estimation of pK, = 12.4 f 0.7. This 
value of the pK, indicates that the macrocy- 
cloureide is a strong base, i.e., it is largely proto- 
nated in aqueous solution. Another point to be 
noted is the conductance of the 15 mM macrocy- 
cle solution which is significantly different from 
zero (0.72 f 0.06 mS cm - ‘) so that the solute 
should be a charged and very weak acid. These 
characteristics and data lead to the idea that the 
protonated macrocycle should be in a cationic 
form, MH + . Among the chemical groups of the 
molecule which could act as an electron-donating 
group, the strongly basic carbonyl oxygen of the 
urea bridge is a good candidate (see Fig. 1). Its 
basicity is enhanced by the large dipole moment 
of the urea (4.6 D in unsubstituted urea) and the 
phenyl groups, which are directly connected to the 

1675 
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nitrogen atoms, could stabilize the cationic charge 
of the protonated molecule by a resonance effect 
through their rc electrons. Another argument in 
favor of the implication of the urea group may be 
found in Fig. 3, which shows the largest high-field 
shift for the H, proton of the A ring of the 
molecule. This proton is in the closest vicinity of 
the urea group, pointing outside the molecule, 
and thus is not surrounded by other interacting 
chemical groups, like in the case of the Hi proton. 
The largest pH-dependent chemical shift of the 
nuclei which is in proximity to the proton-binding 
site reflects undoubtedly its protonation state. A 
possible complementary intervening occurrence of 
the oxygen atom of one of the two amide bonds 
and of some water molecules, through a cluster 
involving hydrogen bonding, must also not be 
excluded. 

3.2. Dirnerization 

Both NMR and fluorescence methods were 
used to determine the monomer (2) and dimer 
(2.2) concentrations at each pH value. At 298 K, 
the equilibrium of dimerization at the different 
pH values was almost instantaneously reached, as 
deduced from the monitoring of the fluorescence 
signal for several minutes. Therefore, association 
constants (K,,,, M - ‘) and - AGO values at 298 K 
for the equilibrium 2 + 2 P 2 - 2 were computed by 
employing the two methods. The monomer con- 
centration at each pH value was calculated using 
limiting monomer peaks areas of both the Me 
protons and H, NMR signals and limiting fluores- 
cence emission intensity of the monomer. Limiting 
values were estimated by extrapolation to pH 0 
from the plots of the peaks areas or emission 
intensity of the monomer as a function of pH. 
K,,, values obtained by both methods were in 
good agreement and, hence, the mean values of 
K,,, and their corresponding errors could be com- 
puted. 

The values vary with the pH, as summarized in 
Table 1, showing a large increase of K,,, at alka- 
line pH. On the other hand, it was observed that 
the dimer is thoroughly soluble in chloroform 
(though slightly soluble in alkaline aqueous 
medium where it forms aggregates above 20 mM 

[lo]), whereas the monomer is especially soluble in 
water. This is the result of increased hydrophobic 
interactions between the molecules of 2 upon al- 
kalinization of the medium. In water, these inter- 
actions shift 2 + 2 P 2.2 on right, increasing the 
dimer form, which is much less soluble in water. 
The dimer is soluble in chloroform because chlo- 
roform is a less polar solvent than water: its 
dielectric constant is only 4.806 against 78.5 for 
water. The monomer 2 has a structure which 
shows that two kinds of interactions may be 
expected: the ionic interactions, when the macro- 
cycloureide is protonated, and the ~-rr interac- 
tions, through the two aromatic rings. The large 
difference in the free binding energy (AAGO = 4 
kcal mol - ‘), observed in water upon raising the 
pH from 6 to 11, may be attributable to the 
enhancement of the strong aromatic interactions 
between two molecules of 2, when the deprotona- 
tion of the macrocycloureide, decreasing the ionic 
interactions, turns the balance toward the n-n 
interactions. The subsequent dimerization of 2 
should also be largely favored by the desolvation, 
a consequence of the increased hydrophobicity of 
the molecule. 

With the view to evaluating the effects of proto- 
nation (charge effect) and the effects of the van 
der Waals forces (hydrophobic effect) on the 
dimerization process, the solvent dependence of 
the binding strength in the dimerization was in- 
vestigated at alkaline pH, using mixtures of 50 
mM, pH 11 carbonate buffer and 1,4-dioxane. 
The latter was chosen owing to its miscibility with 
water and its very low dielectric constant (2.209). 
The polarity of such a mixed solvent may be 
easily modulated by changing the dioxane/buffer 
ratio. If the aromatic interactions are predomi- 

Table 1 
Association constants and free energy changes at 298 K of the 
dimerization of 2 as a function of the pH 

PH 

6 
9 

10 
11 

K,,, 0-l) -A@’ (kcal mol-‘) 

137 * 40% 3 
1500 + 40% 4 

16000+30% 6 
270 000 + 30%& - I 
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nant in the homodimer formation at alkaline pH, 
2 + 2 * 2.2 should be shifted to the left when the 
dioxane content increases, owing to enhanced 
competition between the dimer formation and the 
solvation of the deprotonated monomers by the 
dioxane. This is indeed what is observed. The 
electronic absorption spectrum of the monomer 
exhibits a maximum et 334 f 1 nm that does not 
vary, even at a high dioxane ratio, whereas upon 
raising the dioxane proportion, the dimer maxi- 
mum at 356 &- 1 nm in aqueous medium is pro- 
gressively shifted to the monomer maximum 
absorption: at 84% 1,6dioxane, almost all the 
dimer is dissociated. These results lead to the 
assumption that upon decreasing the polarity of 
the mixture of solvents, the dimer progressively 
dissociates, shifting the equilibrium toward the 
monomer form, which at alkaline pH is better 
solvated by dioxane than by water, owing to the 
increasing hydrophobicity of the macrocycle at 
alkaline pH (a consequence of the deprotonation 
of the amide and urea moieties). In other words, 
the competition between solvation (association of 
the monomer with the solvent) and dimerization 
(association of two monomers) turns to the ad- 
vantage of the former when water is replaced by 
dioxane as a solvent. 

The study of the thermodynamics of the dimer- 
ization reaction was found to be a useful way to 
investigate the part of the solvent during the 
dimerization process. Using ‘H-NMR data, val- 
ues of K,,, (M - ‘) for 2 dimerization at pH 11 

leads to the conclusion that this is a predomi- 
nantly enthalpy-driven process, which is probably 
the result of many van der Waals contacts be- 
tween the two monomer units (the hydrophobic 
effect). Nevertheless, the van? Hoff plot least- 
squares line shows that the entropy dimerization 
term is not negligible and this signifies that the 
free energy change of the reaction is enhanced by 
the decollection of many solvent molecules from 
the macrocycle (they return to a less ordered state, 
enhancing the global entropy of the system). This 
desolvation of the macrocycle largely pays the 
entropy cost of the association of monomers 
units. In other words, the entropy gain, owing to 
the difference between the water molecules that 
solvate the monomer and those that solvate the 
dimer, amply pays the entropy cost of the associa- 
tion of the monomer into an homodimer. This 
observation completes and confirms the results 
obtained by forcing the equilibria by means of 
mixture of solvents. The dimerization mainly ap- 
pears to be the consequence of two phenomena: 
first the deprotonation of the macrocycle leads to 
increased PTC interactions which give rise to 
stacking between aromatic parts of two monomer 
units (this is supported by the ‘H-NMR data in 
Fig. 3) and secondly, in parallel, the solvation by 
water decreases, owing to the non-ionic character 
of the macrocycle. 

3.3. Analysis of dimer-zinc(II) interactions 
-_I 

changed with temperature as follows: 222 590 (308 
K); 174 520 (318 K); 130 690 (328 K); 108 270 (338 
K). The van? Hoff plot least-squares line 
(In K,,, = - AH’/RT+ ASOIR, Y = 0.99) of the 
data provided AH0 = - 5 f 2 kcal mol - ’ and 
AS0 = 9 + 6 eu. This behavior is similar to that 
found for complexation of substituted benzene 
guests by cyclophanes in water [20]. Calculating 
the free energy change at pH 11 and 298 K 
employing the equation AGO = AH0 - T AS0 with 
AH0 and AS0 obtained by the van? Hoff analysis, 
leads to a value ( - 8 kcal mol - ‘) in good agree- 
ment with the value of AGO at pH 11 obtained 

The complexation of the zinc ion with the 
macrocycloureide occurs through a two-step pro- 
cess: a first equilibrium (Eq. (1)) involves the 
monomer and the dimer, and a second equi- 
librium (Eq. (2)) leads to the complex between the 
dimer and the zinc ion, keeping in mind that one 
zinc ion is associated with one molecule of dimer 
[II]. The equilibria and equations are considered 
to take place in the buffer region and to be 
reached and stable before the measurement. For 
simplification, charges and associated water are 
omitted in the following equilibria: 

‘ 

from of the association constant (Table 1). 
A comparison between the enthalpy and en- 

tropy changes, taking into account the errors, 

2+2*2*2 (1) 

2.2 + Zn*2*2*Zn (2) 
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The association constant of Eq. (1) has been 
determined at pH 11 (Table 1). The shift of Eq. 
(2) to the right is favored at pH > 10. This prop- 
erty of the interactions between the metal ion and 
the dimer has been utilized to quantify zinc at pH 
12. Thus, determination of the association con- 
stant K,, between zinc and the dimer should be of 
interest. Since the equilibrium (Eq. (2)) is depen- 
dent on Eq. (l), both the association constants 
must be determined in the same physico-chemical 
conditions. However, it was not possible to deter- 
mine with enough accuracy the association con- 
stant of Eq. (1) at pH 12, owing to the very low 
NMR signals then obtained. This led us to calcu- 
late the association constant of the dimer with 
zinc at pH 11. As pointed out below, the other 
metal ions which were tested do not bind signifi- 
cantly with the dimer at pH 12. 

At the equilibrium, the ratio of the concentra- 
tion of the dimer-zinc complex [2*2*Zn] to the 
product of the concentrations of the free dimer 
[2*2] and free zinc [Zn] defines the association 
constant K,, 

Similarly, the equilibrium constant of Eq. (1) is 

K,,, = 7 (4) 

The zinc and macrocycle mass balance leads to 
the two following equations at equilibrium: 

[Zn] + [2*2*Zn] = [Zn],,, (5) 

Mm ~+[2.2]+[2.2.z”]=1 (6) 

where [Znl,,, and 14Tot, are respectively the initial 
total zinc and macrocycloureide concentrations. 
At equilibrium and fixed pH, between 0 and 1 mol 
zinc added per mole of dimer, [2 -21 and [2 * 2 - Zn] 
depend solely on the amount of zinc. These two 
variables are related to the increase of the fluores- 
cence emission of the dimer upon addition of zinc 
ions. Hence, it is possible, knowing the amount of 
dimer before the addition of zinc, to estimate the 
amount of total dimer at equilibrium. This leads 
to the following last equation: 

[2*2*Zn] + [2*2] = [2*2], + [2*2]s, 
[Zn] + [2*2*Zn] PITot (7) 

where [2*2], is the dimer concentration before the 
addition of zinc (Eq. (1)) and [2*2],, is the in- 
crease of the dimer concentration induced by the 
shift of Eq. (2) upon zinc addition. This last 
parameter may be deduced from the least-square 
straight line of the dimer emission increase as a 
function of the amount of zinc added at pH 11 
(y = 98.49 + 52.99x: y is relative fluorescence in- 
tensity, x is mole zinc added per mole macrocy- 
cloureide, r = 0.98). 

Accordingly, numerical values are ascribed to 
the known parameters: K,,, = 2.7 x lo5 M- ‘, 
[2]rot = 1 x 10V4 M, [ZnlTot = 0.25 x lop4 M, 
[2*2],, = 5.86 x lop6 M. Solving the system of 
Eqs. (3)-(7) gives the following concentrations at 
equilibrium of the system: [2*2] = 3.8 x lop5 M, 
[Zn]= 1.91 x lo-’ M, [2] = 1.19 x lo-’ M and 
[2*2*Zn] = 0.59 x lops M. The association con- 
stant of the dimer with zinc at pH 11 is K,, = 8 x 
lo3 M - ‘. This value is in close agreement with 
those reported elsewhere for complexes of zinc 
with imidazole-containing peptides derivatives 
[21,22]. 

3.4. Quantitative signaling of the complexation of 
metal ions 

The shift of equilibrium of dimerization de- 
pends on the complexation of a metal ion by 
either the monomer or the dimer species. This 
property may be utilized to finely tune the condi- 
tions of the specific measurement of a metal ion. 
The dimer is formed at alkaline pH with two 
molecules of the fluororeceptor which associate at 
a relatively large distance, and this ensemble of- 
fers coordination possibilities for three of the four 
bonds of a tetrahedral ion (ion B in Fig. 5), the 
last one involving an external anion like a chlo- 
ride ion. For instance, the dimer has the ability to 
form a complex with an ion that may be Zn(II), 
which is a tetrahedral coordinated ion [lo]. With 
the optimal conditions for a B ion complexation, 
no A ion recognition signal is delivered, partly 
because the complexation of the B ion makes the 
receptor unable to recognize the A ion. This is 
exemplified by the inability of the Cd(I1) ion to 
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Complex with the A ion Monomer 

Acidic pH Alkaline pH 

Complex wth the B mn Dimer 

Fig. 5. Schematic representation of the selective complexation 
of the metal ions A and B with either the monomer or the 
dimer of the fluororeceptor whose equilibrium is first modu- 
lated by the pH. The A ion may be Cd(I1) and the B ion may 
be Zn(I1). Both the monomer and the dimer forms are fluores- 
cent with different maximum emission wavelengths. 

give a complexation signal with the fluororeceptor 
in the conditions of the recognition of the Zn(I1) 
ion at pH 12. Cd(I1) has the same coordination 
type as Zn(I1) but has a larger ionic radius (0.92 
A instead of 0.74 A). Conversely, there is no 
Zn(I1) complexation with the monomer, which is 
able to recognize the Cd(I1) ion in moderate 
alkaline pH conditions (pH 9.5). 

Hence, in this example, for a signal of complex- 
ation to be delivered by the receptor, the amount 
of dimer must be significant, the ionic radius of 
the metal ion must fit with the available space 
between the two elements of the dimer and, 
finally, the coordination type of the metal ion 
should be recognized by the dimer. More gener- 
ally, modifying the protonation of the molecule 
through the pH of the aqueous medium allows 
both the coordination geometry and the amount 
of receptor to be controlled, by the dimerization 
process. Since the coordination geometry together 
with the ionic radius is at the basis of the recogni- 
tion process of the metal ion and since the fluores- 
cence response is determined by the amount of the 
fluorescent species, one has the means to modu- 
late both the receptor specificity for a given metal 
ion and the amplitude of the fluorescence signal. 

3.5. Selectivity of the receptor 

The specificity of the complexation governs the 
selectivity of the receptor. The specificity for zinc 
is illustrated by comparison with cadmium. No 
dimer emission enhancement can be obtained with 
this metal at pH 12. Further investigations on the 
protonation of the receptor have shown that a 
cadmium measurement was possible, using the 
monomer as the recognition element at pH 9.5, 
but the stoichiometry and equilibria of the com- 
plex receptor/cadmium are more complicated then 
in the case of zinc, probably owing to the inter- 
vention of water in multiple equilibria. Neverthe- 
less determining the Cd(I1) amount is possible 
upon the addition of the metal, by measurement 
of the slight increase of the fluorescence signal at 
the maximum emission wavelength of the 
monomer. The response is linear for the concen- 
tration range 75-375 PM. In the same conditions, 
no increase of the fluorescence of the monomer 
occurred with the Zn(II), Cu(I1) and Hg(I1) ions. 
An illustration of the differential response for 
cadmium and zinc is presented in Fig. 6. The 
slope of the straight line for zinc is much more 
important than for cadmium but the addition of 

, Fig. 6. Relative fluorescence intensity of the fluororeceptor as 
a function of metal ion concentration: (0) Zn(II), pH 12, 
i,. = 356 nm, i,, = 432 nm, dimer emission); (0) Cd(II), pH 
9.5, a,, = 332 nm, A,,,, = 380 nm, monomer emission). Fluo- 
roreceptor concentration: 0.1 mM. 
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Table 2 
Effect of interfering metal ions on the accuracy of the measure during the determination of 10, 20, 30, 40 and 50 FM zinc in 
phosphate buffer at pH 12 with the fluororeceptor concentration fixed at 0.2 mM 

Interferent Zinc cont. (FM) Error (Yo) at 15 PM cont. of interferent Error (%) at 100 PM cont. of interferent 

Cd(H) 10 -1.8 0.9 
Cu(II) 10 -2.5 -1.1 
Hg(II) 10 0.0 0.9 

Cd(I1) 20 -1.5 0.6 
Cu(I1) 20 -2.4 - 1.3 
Hg(II) 20 0.3 0.4 

Cd(I1) 30 -3.8 -0.3 
Cu(I1) 30 -3.4 -2.2 
Hg(II) 30 2.2 0.8 

Cd(I1) 40 -5.6 -1.1 
Cu(I1) 40 -3.9 -3.6 
Hg(II) 40 2.3 -0.6 

Cd(U) 50 -4.6 -0.6 
Cu(I1) 50 -2.8 -3.8 
Hg(II) 50 4.9 0.8 

the latter distinctly stresses the shift of the 
monomer/dimer equilibrium toward the monomer 
form. It is clear, however, that from an analytical 
point of view, the 5% amplitude variation ob- 
served in the range 75-375 uM, although repro- 
ducible, is not large enough. Fig. 6 exemplifies the 
utilization of the metal-promoted shift of equi- 
librium between the two fluorescent forms of a 
receptor and demonstrates that the conditions of 
the recognition may be adjusted to adapt to dif- 
ferent ions. Preliminary results obtained in paral- 
lel with Cu(I1) confirm this possibility (data not 
shown). 

The selectivity of the zinc fluororeceptor (dimer 
at pH 12) was investigated by measuring the error 
on the determination of 10, 20, 30, 40 and 50 uM 
zinc ions mixed with 15 and 100 uM cadmium, 
copper or mercury ions. This panel of divalent 
metals was chosen with regard to their representa- 
tiveness concerning their coordination type and 
size: cadmium displays predominantly the same 
geometry as zinc but is larger, copper has the 
same radius (0.71 A) but is rather square coordi- 
nated and mercury, predominantly, has linear co- 
ordination with an ionic radius of 0.83 A [23]. 
Mean results (six replicates in each case) are 
summarized in Table 2. 

Since, for zinc measurement, the signal is corre- 
lated to the increase of the amount of dimer, a 
positive effect is the result of an interaction of the 
interfering ion with the receptor, thus shifting the 
dimer amount at a higher level. An opposite effect 
of the interferent species leads to a negative error. 
Cadmium, which forms a complex with the 
monomer, slightly decreases the signal then ob- 
tained. Copper has the same effect, while mercury 
causes an increase of the signal. Given the preci- 
sio_n of the zinc measurement at 20 uM (1.5%, see 
below), the results point to no significant effect 
(e.g., > 3%) of the three interferents at 20 uM 
zinc concentration for both the interferent con- 
centrations. With the other four zinc concentra- 
tions that were tested, the errors seem to be less 
important at 100 nM interferents concentration 
than at 15 PM. If this difference is significant, it 
might be explained by the effect of the interferents 
on the stability of the zinc-fluororeceptor com- 
plex, through a mechanism that remains to be 
determined. 

Globally, the selectivity for zinc appears satisfy- 
ing since at both 15 and 100 uM concentration of 
interferents, the errors are within 5%, except for 
the slightly higher value for 40 uM zinc in the 
presence of 15 uM cadmium. As pointed out 
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above, pH is the crucial variable that permits one 
to drive the specificity of the complexation for a 
given ion. Hence, defined conditions allow the 
metal-promoted shift of equilibrium to be ini- 
tiated by the complexation of the ion, either with 
the monomer or with the dimer and this particu- 
lar feature explains the performance in terms of 
selectivity of the fluororeceptor. 

3.6. Detection limit and accuracy of the zinc 
measurement 

Concerning these important parameters of a 
metal dosage, the zinc measurement at pH 12 with 
the fluororeceptor gave the following results: the 
flUOreSCeUCe response was linear (r = 0.99, n = 6) 
from 5 to 50 uM added zinc, for a fluororeceptor 
concentration of 0.2 mM. The precision, based on 
the repeated analysis of samples containing 20 uM 
Zn, was 1.5% (n = 6). The detection limit, defined 
as the concentration of metal ions determined for 
three standard deviations above the mean of four 
replicate measurements of the zero standard, e.g., 
the control without any metal ion, was 5 PM. 

4. Conclusion and trends 

The metal-promoted shift of equilibrium be- 
tween the two forms of a dimerizing fluororecep- 
tor synthesized in our group was shown to be a 
promising tool for the aqueous detection and 
measurement of metal ions. By simply controlling, 
through the pH, the balance between the 
monomer and dimer forms, it is possible to turn 
on the complexation with zinc or with cadmium 
ions. Like in natural mechanisms, such 
supramolecular structures use the multiple non- 
covalent bonds for molecular recognition in 
aqueous solution. Recently, a system derived from 
a linear polyamine has been shown to self-assem- 
ble similarly upon metal complexation [13]. Such 
a strategy, exploiting the host-guest recognition 
in water by preorganized small molecules suscep- 
tible to large changes in their molecular confor- 
mation upon the binding event, is certainly of 
great promise. In our case, zinc measurement 
appears to be satisfying concerning both the selec- 

tivity and the detection limit. The specificity of the 
recognition process is the basis of the selectivity of 
the receptor. However, with the search for 
exquisite selectivity appearing more and more a 
costly task, the tendency is now toward sensor 
arrays combined with chemometrics which may 
provide the same results at a lower expense [24]. 
The two approaches are not exclusive and even 
may be complementary when a second-order in- 
strumentation including an optode is designed 
around a fluororeceptor whose selectivity was 
proved to be satisfactory. 

Opt(r)o take a growing place in the develop- 
ment of chemical sensors. The utilization of opti- 
cal fibers now allows a wide variety of chemical 
detection schemes to be proposed. These new 
perspectives should enlarge the means of quantifi- 
cation or detection of various molecules and ions 

~251. 
Although chromogenic and fluorogenic devices 

are conceivable, the latter offers considerable ad- 
vantage owing to the high sensitivity associated 
with fluorescence signal detection. The sensing 
element of the optode is mainly composed of the 
receptor which, in fluorogenic devices, will deliver 
a light emission signal upon recognition of the ion 
or molecule for which it has been designed. 

The development of such an optode, based on 
the fluororeceptor properties, is under investiga- 
tion, the first step consisting in the immobilization 
of the receptor on a waveguide. In parallel, the 
modification of the macrocycloureide by function- 
alizing the free methyl ester groups and the cova- 
lent bridging of the dimer, are underway. We also 
intend to design daughter molecules by refining 
the functionalization of this first-generation struc- 
ture to achieve various chiral complexations. We 
are confident that this could open the way to new 
selective and promising sensing devices. 
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Abstract 

A simple technique has been developed for preconcentration of gaseous trace organic compounds on solid sorbents, 
followed by gas chromatography. The sorbent is packed in a cartridge prepared from a syringe needle placed in the 
gas chromatographic injector and the analytes previously adsorbed are thermally desorbed at the injector temperature 
and then directly swept by the carrier gas into the column. The system has been tested for a charcoal-based adsorbent 
and silica gel, with pentane, methanol, ethanol and acetone as the model analytes. The procedure is rapid, the 
detection limits vary from a few nmol 1~ ’ to values below 0.1 nmol 1~ ’ (i.e., a few ppb), the linear dynamic range 
amounts to at least five concentration decades and a typical relative standard deviation is 10% at the nmol 1~ ’ 
concentrations. It has been shown that the method is readily applicable to determination of instantaneous 
concentrations of the analytes in natural and industrial atmosphere and to their monitoring in human breath which 
is important for medical and hygienic practice. In general, the procedure is applicable to low-molecular volatile 
organic compounds. 0 1997 Elsevier Science B.V. 

Keywords: Preconcentration; Air; Breath 

1. Iptroduction 

The increasing atmospheric pollution necessi- 
tates continuous improving of methods for moni- 
toring of pollutants and checking the exposure of 

* Corresponding author. 

people to them. Gas chromatography belongs 
among the most common methods employed not 
only in industrial hygiene, but also in medicine in 
analysis of human breath [l-6]. 

The pollutant concentrations in the atmosphere 
and the contents of medically important organic 
compounds in exhaled air are usually too low for 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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direct determination and preconcentration tech- 
niques are required, the most common being ab- 
sorption of analytes in liquids, their freezing out 
or adsorption on solids at a decreased or ambient 
temperature [7- 151. Absorption in liquids has ad- 
vantages in possible use of chemical reactions of 
the analytes with the liquid leading to their con- 
version into stable compounds and thus, to an 
improvement in the trapping efficiency and in the 
possibility of collecting samples with a relatively 
high humidity. The drawbacks involve analyte 
losses through evaporation and/or stripping by 
the test gas passed through the absorption liquid 
and the necessity of using poorly volatile solvents 
that complicate the subsequent GC analysis. The 
freezing out with, e.g., liquid nitrogen or helium, 
is advantageous in its capability of collecting all 
the analytes (including highly volatile ones), in 
exclusion of side reactions of the analytes and in 
selectivity of collection at various temperatures; 
on the other hand, a possibility of aerosol forma- 
tion and high contents of water in liquefied sam- 
ples are disadvantageous. 

Preconcentration on solid sorbents belongs 
among the most frequent techniques (including 
recommended EPA and IS0 methods [16,17]). 
The subsequent desorption may employ liquids or 
heat. Among the advantages are the possibility of 
regulating the selectivity and sorption capacity 
and of using mixed sorbents [12]. Problems may 
be caused by incomplete adsorption of highly 
volatile compounds, desorption of substances 
with higher molecular masses, chemical reactions 
of analytes with the sorbent and limited carrier 
gas flow rates. 

The present paper compares preconcentration 
of model volatile compounds (pentane, methanol, 
ethanol and acetone) on a charcoal-based adsor- 
bent and silica gel, followed by thermal desorp- 
tion and GC determination, for analyses of the 
ambient air and human breath. Charcoal-based 
adsorbents are still the predominant choice for 
organic vapour trapping [ 11,13,18-221. They have 
superior sampling capacities, but their properties 
depend on their origin and the method of prepa- 
ration [13]. Silica gel is a suitable sorbent for 
polar organic compounds, e.g., alcohols and alde- 
hydes [23]. The adsorbent can be packed in a 

Fig. 1. Scheme of the sample introduction system: 1, syringe 
needle; 2, adsorbent; 3, glass wool; 4, spring; 5, outlet hole; 6, 
septum; and 7, sealed glass tube. 

modified syringe needle and desorption carried 
out in the injection port [23-2.51. The experimen- 
tal arrangement described below is very simple. 

2. Experimental 

2.1. Materials 

All the chemicals were analytical grade, from 
Lachema, Brno, Czech Republic. 

The charcoal adsorbent (trade name CNH 
charcoal), with a specific surface area of ca. 1050 
m2 gg’ (Slovenske Zavody, HnuSta, Slovakia), 
was made from wood filings and activated with 
water vapour. The fraction with a grain size from 
0.1 to 0.25 mm was obtained by sieving, decanted 
in cold water, thoroughly washed with boiling 
distilled water and then dried for 40 min at 105°C. 

Silica gel L (Merck, Germany), with a grain size 
of:O.2-0.3 mm, was washed with 5% hydrochloric 
acid and with water to neutral reaction and then 
activated for 8 h at 200°C. 

Table 1 
Solute specific retention volumes V, (ml gg’) on the CNH 
charcoal 

Solute V,(20°C) V,(35”C) V,(3OO”C) Vk(35V)” 

Pentane 5.50x 10’ 1.06x 10’ 3.66 3.12x lo5 
Methanol 4.34 x 10“ 2.02 x IO4 2.25 0.62 x lo3 
Ethanol 1.54 x lo5 6.82 x lo4 3.20 2.09 x lo3 
Acetone 1.45x lo6 4.22x lo5 1.10 1.27 x lo4 

d VR: adjusted retention volume related to the packing weight 
in the cartridge. 
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Table 2 
Solute specific retention volumes V, (ml g-l) on silica gel 

Solute vg (20°C) v,(?5°c) V,(3OO”C) VR 
(35°C) 

Methanol 9.36x IO4 3.16x lo4 1.22 
Ethanol 2.76x lo5 8.91 x lo4 2.24 
Acetone 3.87 x lo9 7.20 x lo6 1.06 

9.50 x lo2 
2.62 x 10’ 
2.16x lo5 

a Va: adjusted retention volume related to the packing weight 
in the cartridge. 

2.2. Apparatus 

Adsorption cartridges were made according to 
ref. [23] from a stainless steel syringe needle 110 
mm long, with an outer and inner diameter of 2.5 
and 2.0 mm, respectively (Fig. 1). The needle tip 
was formed by fusion into a symmetrical, sharp 
point and a 0.5 mm hole was made circa 4 mm 
above the point. The needle was pushed through 
the septum of the chromatograph injection port 
and its end was connected to the carrier gas 
source through a three-way valve. The needle was 
packed with a defined amount of a sorbent (ca. 50 
mg) and closed at both the ends with quartz wool. 
The sorbent bed was then fixed in place with a 
little metallic spring. Prior to sample collection, 
the cartridges were activated by passage of nitro- 
gen at a flow rate of 30 ml min - l and tempera- 
ture of 300°C for 90 min. After the sample 
collection, before the thermal desorption step, the 
cartridges were briefly purged with nitrogen at 
room temperature, to remove atmospheric oxy- 
gen. 

A CHROM 5 gas chromatograph (Laboratorni 
Piistroje, Prague, Czech Republic) was used with 
a glass column, 1.5 m long, 3 mm i.d., packed 
with Porapak Q (80-100 mesh, Waters, USA) and 
nitrogen carrier gas with a flow rate of 23 ml 
min-I.&h e s eci p fi c retention volumes of the so- 
lutes on the CNH charcoal and silica gel and their 
temperature dependences were measured with a 
glass column 20 cm long, 1 mm i.d., which con- 
tained 0.3123 g of CNH charcoal or 0.4646 g of 
silica gel. A FID was used with flow rates of 
hydrogen and air of 25 and 300 ml min - l, respec- 
tively. The temperatures of the column, injector 
port and the FID were 160, 300 and 160°C 

respectively. 
The injection port was adapted according to 

Fig. 1 to permit thermal desorption of analytes 
from the cartridge. The three-way valve allowed 
by-passing of the carrier gas directly into the port, 
or its passage through the cartridge; after the time 
required for desorption (10 s), the valve was 
switched and the analytes were swept to the ana- 
lytical column. To prevent the analytes from es- 
caping during the desorption stage, the injection 
port liner was replaced by a glass tube with an 
external diameter of 5 mm, sealed at the bottom 
end (Fig. 1). This means that the losses of the 
analyte by diffusion are negligible, as experimen- 
tally verified. On passage of the carrier gas 
through the cartridge, the analyte desorbed is 
forced out of the sealed tube through the gap 
between the cartridge and the tube orifice. This 
causes, of course, a somewhat greater dispersion 
of the analyte zone, but this is not critical. It was 
further experimentally confirmed that no appre- 
ciable decomposition of the analytes occurred 
during the 10 s desorption period used [23]. 

The atmospheric samples were collected by 
pumping the test air through the cartridges at a 
defined flow rate regulated by a needle valve and 
measuring the sample volume either by a gas-tight 
syringe or a gas burette. 

The samples of human breath were collected at 
the 3rd Internal Clinic, the 1st Faculty of 
Medicine, Charles University, Prague, in a 40 1 
plexiglass chamber. The chamber was provided 
with five outlets. Two of them were used to 
connect a respiration mask, one for supplying the 
oxygen consumed by breathing, one for connec- 
tion of an expansion vessel and one for the collec- 
tion of samples. The two inlets for connection of 
the tubes of a respiration mask were provided 
with a single-way valves permitting only a one- 

Table 3 
Recoveries (“%I) for selected compounds on the CNH charcoal 
and silica gel 

Adsorbent Methanol Ethanol Acetone Pentane 

Active carbon 92 95 90 85 
Silica gel 99 97 98 
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Table 4 
Comparison of analysis of human breath after preconcentration on the CNH charcoal and silica gel (concentrations in nmol I-‘) 

Solute CNH charcoal Silica gel CNH charcoal* (after intake of alcohol) 

Methanol 7.5 + 0.5 6.2 + 0.5* 8.7 k 0.2 
Ethanol 5.7 f 0.9 52.6 + 1.7* 6.5 +O.l 
Acetone 3.3 + 0.5 2.9 f 0.4* 3X&0.1 
Pentane 1.7 + 0.5 

* Breath of a person 2 h after consumption of 1 I of beer; sample volumes, 250 ml. The confidence interval was calculated from five 
parallel measurements for a 0.05 significance level. 

way air circulation. The volume of the air exhaled 
was measured by a respirometer. The pressure 
balancing vessel was made of a 2 1 glass cylinder, 
immersed upside down in a vessel with water; on 
breathing out, the air from the chamber expanded 
into the cylinder and on breathing in it was drawn 
back into the chamber. The oxygen consumed was 
replenished from a pressure cylinder, maintaining 
the atmospheric pressure all the time. A person 
breathed through the respiration mask for 4 min, 

C 2 4 60 2 4 60 2 4 6 

A 8 C mir. 

2 

0 2 L602LE 

D E 
ml”. 

Fig. 2. Chromatogram of blank (A), standard mixture (B), air 
collected in the laboratory (C), air collected outside the build- 
ing (D), human breath collected in the laboratory (E): 1, 
methanol; 2, ethanol; 3, acetone; and 4, pentane. The analyte 
concentrations determined (in nmol I_ ‘): Methanol: 17.0 (B), 
13.0 (C), 1.9 (D), 1.6 (E); Ethanol: 8.7 (B), 67 (C), 1.2 (D), 6.5 
(E); Acetone: 25.0 (B). 5.8 (C), 8.9 (E); Pentane: 6.4 (B), 4.2 
(E). Sample volumes, 250 ml. 

which represents circa 80 1 of exhaled air; hence, 
the air in the chamber was circa two-fold precon- 
centrated in the analytes. An air sample of a 
defined volume was then taken from the chamber 
by suction through the cartridge using and air 
pump. A CaCl, vent (3 mm i.d., bed length 50 
mm) was placed before the cartridge to remove 
humidity. The samples with volumes of 20-500 
ml were collected at a flow rate of 30 ml min - ‘. 
The GC experiments carried out with the sample 
cartridges packed with CaCl, and a standard mix- 
ture of analytes confirmed that the CaCl, vent 
caused no change in the analyte contents. 

2.3. Procedures 

Standard samples with defined analyte concen- 
trations were prepared in two ways. For sampling 
of small volumes (up to 0.05 ml), a calculated 
amount of an analyte (max 10 ul of a liquid) was 
injected into a calibrated glass infusion bottle with 
a volume of 1200 ml. It was experimentally ver- 
ified that gaseous samples prepared in this way 
retained a constant concentration for at least 6 h. 
For sampling of larger volumes (up to 0.5 l), a 50 
1 plexiglass chamber was used with a stirrer and a 
septum through which the cartridge was forced; 
the sample volumes collected were selected so that 
the maximum change in the analyte concentration 
did not exceed 0.2% and thus, the error could be 
neglected. 

The breakthrough curves were measured with 
800 mg of methanol per m3 of air drawn from the 
50 1 plexiglass chamber through two cartridges 
connected in series. After passage of each 50 ml 
portion of the gas mixture, the methanol content 
in the downstream cartridge was determined and 
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oa new cartridge was connected; the measurement 
was continued until 50% breakthrough occurred 
whose relative value was obtained from the ratio 
of the inlet to the outlet concentration. 

In the measuring procedure itself, a defined 
sample volume was passed through the pre- 
column, the precolumn was connected to the 
three-way valve in the bypass position, pushed 
through the septum of the injection port heated to 
300°C and, after the desorption period (10 s), the 
three-way valve was switched for the carrier gas 
to sweep the desorbed analytes into the analytical 
column. The analytes were identified by compar- 
ing their retention times with those of standard 
substances. For quantitation, calibration plots 
were used obtained with standard mixtures of the 
analytes (see above). 

3. Results and discussion 

Pentane, methanol, ethanol and acetone have 
been selected as model analytes because they may 
occur in human breath. Pentane is formed by 
peroxidation of unsaturated fatty acids contained 
in tissues and its concentration in breath varies 
from 0.04 to 8 nmol 1-l [26-311, in dependence n 
different solubilities in fatty tissues and variations 
in the metabolism of individuals. Methanol and 
ethanol are contained in breath not only after 
intake of alcoholic beverages, but also as 
metabolic products and their concentrations vary 
between 1.3 and 8.5 nmol 1-l (without alcohol 
uptake), in dependence on the actual state of the 
organism [32-351. The acetone concentration in 
breath of healthy individuals varies between 10 
and 90 nmol 1 - ’ and is several orders of magni- 
tude higher for diabetics [32,36-381. In view of 
these low concentrations, direct GC analysis is 
impossible.’ 

When using solid sorbents for analyte precon- 
centration, a total recovery of at least 75% is 
required [I]. The sorption capacity is usually eval- 
uated in terms of the breakthrough volume, which 
can either be calculated or determined experimen- 
tally (directly or indirectly) [39-421. The direct 
experimental method is based on passage of a gas 
mixture of known concentration and its detection 

at the outlet, the indirect approach employs the 
specific retention volume Vg, related to 1 g of the 
sorbent, i.e., the gas volume from injection to the 
peak maximum, corresponding to a breakthrough 
of 50% of the analyte. The Vg value at a required 
sorption temperature is obtained by extrapolation 
of the log I’, dependence on the reciprocal of the 
temperature. An error of this method is caused by 
non-linearity of the log Vg versus l/T dependence 
[42]. A disadvantage of indirect methods lies in 
their inability to describe the effect of the experi- 
mental conditions on the breakthrough volume. 
The real ‘safe breakthrough volume’ (usually 
given as a 1, 5 or 10% of the total breakthrough) 
must consider the atmospheric humidity, fluctua- 
tions in the solute flow through the sorbent, inho- 
mogeneity of the gaseous solute sample, the 
mechanical properties of the sorbent (the grain 
size and the packing properties in the column) 
and the character of the sorption process [ll]. 
Therefore, breakthrough volumes obtained indi- 
rectly are usually verified by direct methods. 

The present paper compares the sorption prop- 
erties of the CNH charcoal and silica gel. Carbo- 
pack C and Tenax GC were also tested, but the 
former was found unsuitable because of a gener- 
ally poor sorption capacity due to a low specific 
surface area [43] (ca. 10 m* g- ‘) and the latter 
exhibited a sufficient sorption only for pentane 
and acetone and not for the alcohols. The unsuit- 
ability of Tenax GC for volatile compounds has 
already been pointed out [4,23] (the breakthrough 
volume for methanol is only 0.4 1 at 32°C). For 
the CNH charcoal and silica gel, the temperature 
dependences of the specific retention volumes 
were measured and extrapolated to 20, 35 and 
3OO”C, corresponding to the temperatures of the 
atmosphere, of the human breath and of the 
desorption, respectively; for 35°C the retention 
volumes were also extrapolated to the sorbent 
amount in the cartridge. The results are given in 
Table 1 for the CNH charcoal and in Table 2 for 
silica gel. 

All the solutes tested are strongly adsorbed on 
the CNH charcoal. Silica gel does not adsorb 
pentane (the VE value at 25’C is only 180 ml), 
while for methanol and ethanol are the break- 
through volumes at 35°C higher than those on the 
CNH charcoal, respectively. 
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Concentrations of volatile compounds (nmol I--‘) in the air measured at different places and times (the CNH charcoal) 

Solute Chem. lab May, 17 Corridor May, 17 Chem. lab May, 21 Corridor May, 22 

Methanol 690 240 21.5 22.5 
Ethanol 500 111 10.9 66 
Acetone 121 17 85 
Pentane 4.2 2.8 

Sample volume, 250 ml. 

The reliability of the breakthrough volumes 
obtained from the retention volumes was verified 
by direct measurement for the CNH charcoal and 
methanol as the solute exhibiting the lowest ad- 
sorption; for the conditions Section 2. A break- 
through of 0.1, 10 and 50% occurred after passage 
of 850, 1000 and 1400 ml of a gas mixture con- 
taining methanol in the concentration of 800 mg 
m - 3, respectively, while a value of 1300 ml was 
obtained by the indirect measurement of Vg (50% 
breakthrough). This difference is caused by the 
different way of the CNH charcoal packing in the 
column and the cartridges and by the errors 
caused by extrapolation of the VP values mea- 
sured at higher temperatures to 20°C. The effi- 
ciency of the cartridge was approx. 20 theoretical 
plates. 

for the CNH charcoal and silica gel are compared 
in Table 3. Higher values were obtained for silica 
gel. 

The carrier gas flow rate and desorption tem- 
perature were optimized by the measurement of 
the analyte recovery (in “h) for the CNH charcoal 
and silica gel, using a 10 s desorption time. The 
maximum recoveries were obtained at 25 ml 
min-‘, which was also the optimal flow rate for 
Porapak Q column. The desorption temperature 
was optimized in the same way, obtaining the 
highest recovery at 300°C; at higher temperatures, 
the injection septum was degraded. The recoveries 

Preconcentrations of analytes from human 
breath on active carbon and silica gel were com- 
pared and the results are given in Table 4. Two 
aliquots of the same sample were analyzed, one 
after adsorption on the CNH charcoal and the 
other after adsorption on silica gel; for illustra- 
tion, an analysis of the breath of a person after 
intake of an alcoholic beverage is also given in 
Table 4. It follows from Table 4 that the values 
obtained after preconcentration on silica gel are 
z 10% higher than those obtained on the CNH 
charcoal, with the exception of pentane which is 
very little sorbed on silica gel (Table 1 and Table 
2). The analysis of a human breath sample col- 
lected 2 h after consumption of 1 1 of beer (con- 
taining ca. 36 g of pure ethanol) yielded a nine 
times higher value for ethanol compared with the 
other breath samples (see Table 4). A typical 
relative standard deviation of the determination 
wa7+ ca. 10% at a concentration level of units of 
nmol 1-l. 

The detection limits for the volatile compounds 
studied (twice the absolute noise value) vary from 
a few nmol I- ’ to well below 0.1 nmol l- ‘. 

Table 6 
Analysis of human breath-comparison of effects of the surrounding environment (the CNH charcoal, nmol I-‘) 

Solute Inside lab May, 17 Inside lab May, 19 Outside lab 1 h Outside lab 2.5 h Outside lab 15 h 

Metanol 25 9.4 1.6 3.1 3.1 
Ethanol 13 8.7 6.5 6.5 6.5 
Acetone 14.3 14.3 8.9 8.9 7.1 
Pentane 1.4 4.2 2.8 4.2 4.2 

Sample volume, 500 ml. 
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Comparison of the measured concentrations of volatile compounds (nmol 1-l) in breath with published data (the CNH charcoal) 

Solute Our results Published data References 

Methanol, ethanol 
Acetone 
Pentane 

1.6-8.7 1.3-8.5 [32-351 
2.998.9 IO-90 [32,36-381 

O-4.2 0.0448 [26631] 

Chromatograms of the analytes at concentrations 
close to the detection limits can be seen in Fig. 2. 
The blank recording was obtained on passage of 
pure nitrogen through the cartridge under the 
conditions of determination. 

3.1. Applicutions 

The concentrations of volatile compounds in 
the atmosphere inside and outside a chemical 
laboratory were measured on various days. The 
values obtained are given in Table 5. The high 
concentrations of methanol and ethanol on the 
1st and 4th day were caused by HPLC experi- 
ments performed in the laboratory. 

At the same time, the breath of a person ex- 
posed to this atmosphere (inside and outside the 
laboratory) was analyzed (Table 6). It follows 
from Table 6 that the values obtained depend on 
the ambient atmosphere. Rather high levels were 
found in the person who spent most of his time in 
the laboratory working with methanol and 
ethanol during HPLC experiments. The concen- 
trations of volatile compounds in the breath of a 
person who left the laboratory, collected at differ- 
ent times after departure (1 - 15 h), were found to 

I 

Table 8 
Analysis of industrial environment in the Colorlak factory (the 
CNH charcoal, umol I-‘) 

Solute Production hall 

Acetone 0.33 + 0.03 
Toluene 1.85 i_ 0.05 
Ethanol --- 

Sample volume, 100 ml. 

Solvent dispensing unit 

0.85 f 0.05 
0.35 i 0.04 
0.61 f 0.06 

be constant, independent of the previous exposure 
in the laboratory. 

We compared our results on breath analysis 
with the published data. As can be seen from 
Table 7, our results fall in the concentration range 
published by other authors with the exception of 
acetone, where lower values were found in this 
work; however, the variability of the data on the 
acetone content in the breath of healthy individu- 
als is very large. 

The industrial atmosphere in a dye factory was 
analyzed using the described method. The results 
are given in Table 8. High concentrations of 
solvents were found both in the production hall 
and in the solvent dispensing unit. 

4. Conclusion 

The method described makes it possible to mea- 
sure instantaneous concentrations of volatile com- 
pounds in the air and human breath. It is thus, 
possible to monitor fluctuations in the pollutant 
concentrations in industrial atmosphere or in hu- 
man breath during operations hazardous to 
health. This paper was not intended as a clinical 
study and thus, only a few men and women 
provided the breath samples to be analyzed. 

The detection limits vary from a few nmol 1 - ’ 
to less than 0.1 nmol 1~ ‘. The main advantages of 
the proposed method lie in the very simple 
methodology and easiness and rapidity of the 
analyses. Its drawbacks involve the fact that the 
samples collected are not particularly large, the 
desorption temperature is limited by that of the 
chromatograph injection port and the elution 
curves are slightly dispersed in the collection car- 
tridges. 
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Abstract 

We have developed a low cost pH sensor based on an optical reflective device (ORD) coupled to a toughened, 
lightly crosslinked aminated polystyrene membrane. Protonation of the amine group causes the polymer to swell. This 
is accompanied by a decrease in the turbidity of the membrane. As a result, reflected intensity measured by the ORD 
is a function of pH. The resulting pH sensor is inexpensive and has modest power requirements. The sensor is stable, 
provided the membrane is not allowed to dry out and crack. Changing ionic strength affects response both by 
changing the turbidity of the membrane due to refractive index effects and also by reducing the extent to which the 
protonated polymer swells. Increasing temperature leads to a larger change in turbidity. 0 1997 Elsevier Science B.V. 

Keywords: Optical reflective device; pH sensor; Polystyrene 

1. Introduction 8 

We are interested in developing chemical sen- 
sors based on optical changes accompanying poly- 
mer swelling. The material that we have worked 
with is porous, lightly crosslinked polystyrene 
derivatized with a functional group that binds the 
analyte of interest. Analyte binding causes shrink- 
ing or swelling by changing the affinity of the 
polymer for the external solvent. In an earlier 
study we showed that porous derivatized 
polystyrene can undergo multiple swelling and 
shrinking cycles without cracking if it is tough- 
ened by adding Kraton G1652, a styrene- 

* Corresponding author. 

ethylene, butylene-styrene triblock copolymer [l]. 
In that study it was observed that aminated 
polystyrene beads became visibly clearer when 
protonation in acidic media caused them to swell. 
Based on this observation, we prepared a single 
fiber optical pH sensor based on reflectance 
changes accompanying polymer swelling [2] and 
pH sensitive membranes that could be coupled to 
multiple optical fiber measurements [3]. We also 
conducted an extensive study of the effects of 
formulation variables on polymer morphology 
and the rate and magnitude of its response to 
changes in pH [4]. More recently, we have pro- 
posed that the optical response of the membrane 
is due to reflection at the interface between the 
bulk polymer and water containing pores [5]. 

0039-9140/97/$17.00 0 1997 Elsevier Science B.V. All rights reserved. 
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When the polymer is exposed to acidic aqueous 
solutions that protonate the amine, it swells be- 
cause the positive charge that arises from proto- 
nation increases the affinity of the polymer for the 
solvent. This process effectively dilutes the bulk 
polymer with water causing its refractive index to 
decrease so that it is closer to the refractive index 
of the water in the pore space. This reduces the 
reflectance at the polymer-pore interface resulting 
in a decrease in reflected intensity that is the basis 
for sensing. 

In this manuscript we report that the optically 
sensitive membranes that we have developed can 
be coupled to an ‘optical reflective device’ (ORD) 
to make a robust, low cost sensor. An ORD is 
simply a light emitting diode (LED) and a photo- 
transistor combined in the same package and 
configured to respond to the presence of a reflect- 
ing surface at or near the surface of the device. 
The retail cost of a currently available ORD is 
less than $5. 

The objective that inspired this study was the 
development of a sensor that would be suitable 
for remote unattended measurements of pH in 
seawater. The ORD provides compactness, low 
power requirements and low cost while the mem- 
brane based on polymer swelling is stable with 
time. Thus, the combination of these two 
promises to be a useful sensing technology for 
applications of this sort. Because of the intended 
application to seawater measurements, informa- 
tion is included on the effects of ionic strength 
and temperature on response because these are 
both important issues for measurements in the 
ocean. 

2. Experimental 

methoxysiloxane oligomer was obtained from 
Huls America. Dodecane, octadecane, polystyrene 
(MW 2500), xylene, piperidine, 1,4-dioxane, di- 
ethanolamine were obtained from Aldrich. Trihy- 
droxyaminomethane hydrochloride (Tris) was 
obtained from Sigma. Other buffer reagents were 
from Fisher. 

Acetate and ammonium buffers were used to 
adjust pH 4.0 and 10.0, respectively. Tris buffer 
was used in the experiments to evaluate response 
versus pH. The concentration of the buffer com- 
ponents was 0.10 M. The ionic strength of the 
buffer was adjusted with sodium chloride. 

2.2. Apparatus 

Models 710 and 710F ORDS were purchased 
from Optek Technology. Both models have an 
LED that emits a band of light centered at 930 
nm. The 710F model has a filter to exclude ambi- 
ent light over both the LED and phototransistor 
while the 710 is unfiltered. Fig. 1 shows both the 
ORD and the battery powered circuit used to 
power the LED and collect the signal from the 
phototransistor. The ORD is 5.6 mm in diameter 
and 3.8 mm thick. 

A plastic light tight cell was constructed for 
optical measurements. The ORD was mounted in 
the cap of the cell such that the optically sensitive 
membrane was located ca. 1 cm below the bottom 
of the cap. The bottom of the cell was filled cith 
sufficient solution to contact the membrane but 
not the leads from the ORD. 

A Cary 5 uv-vis-nir spectrophotometer was 
used for direct membrane turbidity measurements 
using a membrane mounted in a cuvet in contact 
with buffer of the desired pH. A Brookfield vis- 
cometer was used to measure the viscosity during 
prepolymerization. 

2.1. Reagents 
2.3. Membrune preparation 

Vinylbenzyl chloride (98%, 30% pars/70% 
meta) was obtained from Dow. Divinylbenzene 
(55%) and benzoyl peroxide were purchased form 
Polysciences, Warrington, PA. Kraton G1652, a 
styrene-ethylene/butylene-styrene triblock co- 
polymer (29% styrene, 71% ethylene/butylene) 
was donated by Shell Chemical. Vinyl- 

Membrane formulations were taken from ear- 
lier work [3]. The monomer for all experiments 
was vinylbenzyl chloride (VBC). The divinylben- 
zene level was 2 mol.% (moles DVB/moles 
monomer), and the Kraton level was 2 weight.% 
(g Kraton/g monomer). The formulation included 
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Fig. 1. Measurement apparatus including (A) Optek Technology 710 optical refective device and (B) schematic diagram of battery 
powered circuit for evaluation of .c,ensors prepared by coupling the ORD and the polymer. Connections 1 and 4 are to the collector 
and emitter of the phototransistor. Connections 2 and 3 are to the LED. 

2:l xylene:dodecane as a porogenic solvent. In a 
few experiments, 2: 1 polystyrene:octadecane was 
evaluated as the porogenic solvent. In all experi- 
ments, the level of porogenic solvent was 40 vol.% 
(volume porogenic solvent/volume monomer x 
100). The initiator was benzoyl peroxide. 

Membranes were prepared using a viscous par- 
tially polymerized solution, or prepolymer, as de- 
scribed previously [3]. The polymerization is 
initiated by heating a stirred solution of polymer 
and allowing the reaction to proceed to the point 
where there is a significant increase in viscosity. 
The reaction is then stopped by lowering the 
temperature of the solution. Membranes were 
formed by curing a small volume of prepolymer 
between two 1” x 3” glass microscope slides sepa- 
rated by a spacer. Prior to membrane formation, 
one of the slides was pretreated with vinyl- 
methoxysiloxane oligomer to introduce vinyl 
groups onto the surface of the glass. The surface 
was first treated with 2.0 M HCl for 4 h. It was 
then silanized by refluxing the glass slides in a 
solution of 10 ml of vinylmethoxysiloxane 
oligomer and 30 ml of distilled toluene for 6 h. 
The other surface was sprayed with TFE release 
agent dry lubricant (Miller-Stephenson) to facili- 
tate release of the membrane after polymerization. 
Membrane thickness was controlled using 25, 76 

and 127 pm Teflon spacers (Berghof, Concord, 
CA). The two glass slides were held together by a 
spring clip and cured in an 85°C water bath for 6 
h. After polymerization, the membrane adheres to 
the surface that was reacted with vinyl- 
methoxysiloxane oligomer. 

Diluents and unreacted monomer and 
crosslinker were removed by soaking in acetone 
for several hours, decanting, and then repeating 
the cycle. After air drying, the glass bound mem- 
brane was cut into smaller pieces that were just 
large enough to completely cover the ORD sur- 
face. Membranes were then derivatized by react- 
ing them with 1:l acetone:diethanolamine for 2 
days at room temperature. The membranes were 
then washed with 0.1 M HCl three times to 
remove any unreacted diethanolamine and rinsed 
with deionized water. The membranes were pre- 
conditioned by soaking in pH 4 buffer (acetic 
acid/sodium acetate) for 24 h and cycled between 
pH 10 (ammonium/ammonia) and 4 at least three 
times prior to making any measurements on the 
membrane. The membranes were stored in dis- 
tilled water when not in use. 

The glass microscope slides with the membrane 
were attached to the ORD surface with transpar- 
ent silicone RTV cement. The RTV cement was 
also used to pot the ORD connections to protect 
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Fig. 2. The intensity measured by phototransistor of the ORD 
versus the distance between the ORD surface and a reflecting 
surface. This location of the polymer membrane on this curve 
is indicated by the arrow. 

them from water during testing. The microscopy 
slide serves not only as a support for the mem- 
brane but also as a spacer to locate the mem- 
brane in the region where ORD is most 
sensitive. Fig. 2 illustrates this by showing where 
the membrane is located on a curve showing 
ORD signal versus distance between the ORD 
surface and a reflecting metal surface. 

Unless otherwise specified all measurements 
were made at room temperature. In the experi- 
ment to evaluate the effect of temperature on 
response, the sensor temperature was raised 
above room temperature by placing it in a water 
bath at the desired temperature. To lower the 
temperature below room temperature, the sensor 
was placed in an ice bath. Response was mea- 
sured when the sensor reached the desired tem- 
perature. 

3. Results and discussion 

3.1. General observations 

All of our prepared membranes appear cloudy 
and reflect light. From previous work, we know 
that this is because the membranes contain pores 
with dimensions sufficiently large to reflect light 
[5]. In an aqueous environment, the pores are 
filled with water with dissolved solutes, which has 
a lower refractive index than the bulk polymer. 
The degree of cloudiness varies from batch to 
batch. One source of variability is the degree of 
prepolymerization. During prepolymerization, the 
solution becomes cloudy. As the polymer forms, 
the aliphatic component of the porogenic solvent 
separates into a distinct phase that eventually 
becomes pore space after polymerization is com- 
plete and the porogenic solvent is removed. Be- 
cause the polymer components are stirred during 
the prepolymerization step, this may facilitate sep- 
aration of the dodecane into smaller domains. 
Table 1 shows data from an experiment under- 
taken to assess the effect of the degree of prepoly- 
merization on membrane cloudiness. The data 
show that a higher degree of prepolymerization is 
accompanied by a higher degree of cloudiness and 
smaller response. 

When polymerization begins, it is very rapid as 
evidenced by an extremely rapid increase in vis- 
cosity with time. As a result, using our simplistic 
approach, it is difficult to stop the prepolymeriza- 
tio”n process at the same viscosity each time. 

While membranes tend to be cloudy through- 
out, the degree of cloudiness is not uniform. This 
suggests that there may have been some large 
scale phase separation arising because the poly- 
mer is more dense than the monomer and the 
porogenic solvents. A relative standard deviation 

Table 1 
Effect of viscosity after prepolymerization on response 

Viscosity (cp) Signal at pH 4.0 (mV) Signal at pH 10.0 (mV) Change in signal (mV) 

14.0 1300 2710 1410 
35.5 4330 4780 450 

100 4910 4920 10 
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of 11% has been observed for turbidance measure- 
ments at different locations in membranes from 
the same batch [6]. The relative standard devia- 
tion increases to 18% when membranes with the 
same formulation from different batches are com- 
pared [6]. These data emphasize the need to hold 
the membrane in a fixed position when it used for 
sensing. Sensor-to-sensor reproducibility is limited 
by membrane heterogeneity. 

The results shown in this paper are for 
polyVBC derivatized with diethanolamine. The 
aminated polymer swells at low pH because pro- 
tonation of the amine introduces a positive charge 
onto the polymer and increases its affinity for 
water. Previous work has shown that di- 
ethanolamine modified polymer beads are useful 
for sensing pH from 6.8-7.8 [l]. Because this is 
below the raPge of interest for seawater, attempts 
were make made to derivatize polyVBC with 
more strongly basic amines, e.g., piperidine, in the 
hopes that they would respond to higher pHs. 
However, the more strongly basic amines tended 
to attack the bond between the membrane and 
glass substrate causing the membrane to delami- 
nate during the derivatization step. 

A limited number of membranes were prepared 
using 2:l styrene (M.W. 2500): ocatadecane as the 
porogenic solvent. This porogenic solvent has a 
lower affinity for the polymer than 2:l 
xylene:dodecane. As a result phase separation oc- 
curs earlier in the polymerization process. These 
membranes responded more rapidly than mem- 
branes prepared using xylene: dodecane but were 
more ‘brittle’ and tended to flake. 

3.2. Response to pH 

Fig. 3 shows turbidity versus pH at four differ- 
ent ionic strengths measured in a spectrophotome- 
ter at 930 nm. As observed in previous work [2,3], 
there is a larger decrease in turbidity with decreas- 
ing PH. The polymer swells with water as it is 
protonated this dilutes the polymer chains with 
water, reducing its refractive index. AS the refrac- 
tive index of the bulk polymer gets closer to the 
refractive index of the water-filled pores, the tur- 
bidity of the membrane decreases. 

Fig. 3. Turbidity versus pH (in absorbance units) for a 75 pm 
thick membrane at four different ionic strengths measured at 
930 nm with a spectrophotometer. 

The magnitude of the change decreases with 
increasing ionic strength. Two effects contribute 
to this. First, the refractive index of the aqueous 
solution that occupies the pore space in the mem- 
brane is larger at the higher concentrations of 
sodium chloride that are used to adjust ionic 
strength. This in turn reduces the amount of light 
reflected at the interface between the bulk poly- 
mer and the aqueous solution in the pores. This 
explains why the turbidity decreases at high pH 
where the amine group is completely deproto- 
nated. 

The second effect of ionic strength is to reduce 
the extent of swelling of the protonated mem- 
brane. The swelling of charged crosslinked poly- 
mer networks can be viewed as an electrostatic 
repulsion effect or an osmotic pressure effect [7]. 
If it is viewed as arising from electrostatic repul- 
sion, the effect of increased ionic strength is to 
shield adjacent positive charges such that the re- 
pulsive effect is reduced. Viewed as an osmotic 
pressure effect, swelling arises from the difference 
between the charge density on the polymer and 
the ionic strength in solution. Increasing ionic 
strength in solution reduces this difference and 
thus leads to less swelling. 

In addition to affecting the degree of swelling 
and the membrane optical properties, increasing 
ionic strength also shifts the amine pKa. Nor- 
mally, increasing ionic strength favors the proto- 
nated form of the amine but the data in Fig. 3 
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show that the highest pK, is observed at the 
lowest ionic strength. We suspect that this effect is 
related to the activity of water. At high ionic 
strength, there is less water in the polymer. This 
means the activity of water in the polymer is 
lower and the tendence of water to solvate a 
charged site on the polymer diminishes. 

The data in Fig. 3 confirm earlier work showing 
that the diameter of aminated polyVBC beads 
depends on ionic strength [l]. If these materials 
are to be used for sensing in seawater or other 
high ionic strength media, provisions will have to 
be made for calibrating in media of equivalent 
ionic strength and correcting for any fluctuations 
in ion strength. 

Fig. 4 shows reflected intensity versus pH mea- 
sured with the ORD sensor. As expected it paral- 
lels the change in turbidity with pH measured in 
the spectrophotometer. Fig. 5 shows both the rate 
and range of response as a function of membrane 
thickness. The response rates shown are for a 
membrane exposed to a pH 4.0 buffer after it has 
equilibrated with a pH 10.0 buffer. As expected, 
the reflected intensity and response time both 
increase with membrane thickness. The 90% re- 
sponse times are 20, 180, 330 and 600 s for 
membranes that are 25, 75, 127 and 254 urn thick, 
respectively. As the membrane thickness is in- 
creased from 25-75 urn, the response time in- 
creases with the square of the membrane 

Fig. 4. Reflected intensity versus pH measured with the ORD 
coupled to a 75 urn thick aminated polystyrene membrane. 
The ionic strength is 0.1 M. 

0 

Time (see) 

Fig. 5. Reflected intensity versus time for membranes of 
varying thicknesses initially equilibrated at pH 10.0 and then 
exposed to a pH 4.0 buffer. This curve shows not only the rate 
of response but also the magnitude of the intensity change. 
The ionic strength is 0.1 M. 

thickness. This is expected if response is limited 
by the rate of diffusion into the membrane. This 
relationship does not extend to the thicker mem- 
branes, probably because these membranes have 
not completely equilibrated within the measured 
period. 

The signal for the 25 micrometer thick mem- 
brane decreases by a factor of 2.74 from 0.52 to 
0.19 volts. the signal for the 75 micrometer thick 
membrane decreases by a factor of 2.61 from 
1.96-0.75 volts. Although the relative change is 
slightly smaller, the absolute change is larger so 
this thickness was used for the other measure- 
ments presented in this manuscripts. At mem- 
brane thicknesses greater than 75 urn, both the 
swollen and unswollen membranes are sufficiently 
turbid to reflect a large percentage of the incident 
light. As a results, the difference in signals for the 
swollen and unswollen membrane decreases at 
high membrane thickness. 

Fig. 6 shows that reflected intensity decreases 
with increasing temperature. The largest effect is 
for the swollen polymer at pH 4.0. This is consis- 
tent with earlier data showing that the degree of 
swelling increases with temperature [I]. If the 
swelling is viewed as an osmotic pressure effect, 
then the explanation for the increase in swelling is 
that osmotic pressure is proportional to absolute 
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temperature. There is a smaller effect at pH 10.0. 
We do not have a ready explanation for this since 
previous work has shown that unprotonated ami- 
nated polyVBC shrinks slightly with increasing 
temperature. This should lead to a small increase 
in turbidity. Increasing temperature will also 
cause the refractive indices of both the solution in 
the pores and the polymer to change. Since the 
refractive index of liquids normally varies more 
strongly with temperature than the refractive in- 
dex of solids, it is likely that the refractive index 
difference between the twg phases is temperature 
dependent. However, this effect is expected to be 
smaller than the effect of temperature on swelling. 

3.3. Membrane stability 

Membrane stability is an important issue since 
one of our goals was to improve upon the stabil- 
ity of optical sensors based on indicator dyes. 
Consistent with previous work, we found that 
membranes that remain moist will respond for 
multiple swelling and shrinking cycles. One mem- 
brane was cycled between pH 4.0, 7.0 and 10.0 
over 30 days with less than 2% drift. However, 
dried membranes tended to crack and then would 
degrade mechanically when rehydrated. When 
used for practical applications, we envision that 

Fig. 6. Reflected intensity versus temperature for both the [I] S. Pan, V. Conway, Z. Shakhsher, S. Emerson, M. Bai, 
swollen (pH 4.0) and unswollen (PH 10.0) forms of a 75 pm W.R. Seitz, D.D. Legg, Anal. Chim. Acta 279 (1993) 
thick membrane. The ionic strength is 0.1 M. 195-202. 

each sensor would be individually calibrated and 
would have to be recalibrated at intervals. How- 
ever, the low degree of drift indicates that recali- 
bration intervals could be as long as a month, 
provided that the membrane is not allowed to dry 
out. 

When the membrane was repeatedly cycled be- 
tween pH 4 and 10, the relative standard devia- 
tion of intensity measurements at each pH was 
less than 1%. 

If the membrane accumulates compounds that 
absorb at 930 nm, then this will interfere with 
sensor response. Fortunately, few compounds ab- 
sorb at this wavelength so this is not expected to 
seriously limit sensor applicability. 

4. Conclusions 

This study shows that turbidity changes accom- 
panying the swelling of derivatized membranes 
may be coupled to optical reflective devices to 
make a chemical sensor that is inexpensive, has 
low power requirements and is stable with time if 
the membrane is not allowed to dry out. It also 
shows that response is affected by both ionic 
strength and temperature. These parameters must 
be accounted for when calibrating the sensor and 
a correction must be applied if there are varia- 
tions in either ionic strength or temperature. 
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Abstract

A novel method is proposed for the solvent extraction of palladium. A superamolecular compound, hexaacetato
calix(6)arene in low concentration in toluene quantitatively extracts microgram concentration of palladium at pH 7.5.
It can be stripped from the organic phase with 2 M nitric acid and determined spectrophotometrically as its stannous
chloride complex at 635 nm. The probable composition of the extracted species is Pd(HR)2Cl. As low as 1×10−3 M
of extractant is adequate for quantitative extraction. Toluene was the best diluent. With nitric and perchloric acid
(1.5–3 M) the stripping was complete. Palladium was separated in large ratios from alkali and alkaline earths (1:50).
The main group elements were tolerated in higher ratios (1:25), but ions like zinc, cadmium, iron, nickel, platinium,
thorium, vanadium and molydenum were tolerated at low concentrations (1:1). The ions showing strong interference
were copper, chromium. The relative standard deviation is 91.1%. © 1997 Elsevier Science B.V.

1. Introduction

Calix(n)arenes [1] are superamolecular com-
pounds which have a three dimensional network
of 4–8 bridged phenolic units with varying annu-
lar space in which metals can be trapped due to
the ionic interaction [2,3]. As the properties of
calixarenes can be varied by chemical modifica-
tion or effective substitution it was facinating to
investigate the solvent extraction behaviour of
metals. Calixarene form stable metal complexes
[4]. The planar structures were obtained for com-
plexes of crown ethers with alkali and alkaline
earths [5], however, cryptands formed three di-
mensional structure with transition metals im-
proving their selectivity [5]. The varying annular

size ranging from 1.4–2.4 Å in calixarenes facili-
tated separation of metals with varying atomic
sizes.

Calixarenes was used for solvent extraction of
alkali and alkaline earths [6]. Calix(4)arene
amides were also used for extracting and studying
solution thermodynamics of complexation of s-
block metals [7]. The ketone derivative of
calix(4)arene was used for extraction of palla-
dium and silver [8] from highly acidic nitrate
media. A new calixarene, diphenylphosphino
calix(4)arene methyl ether, was also used for ex-
traction of alkali metals and few transition ele-
ments [9]. The carboxylate derivatives of
calixarenes were used for the extraction of triva-
lent lanthanides [10–12]. N-Dimethyldithiocarbo-
moylethoxy-substituted calix(4)arene was used for
extraction of the chlorocomplexes of divalent pal-* Corresponding author. Fax: +91 22 57833245.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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ladium and platinum [13]. The thia crownether
[14,15] and azacrown analogues [16] of
dibenzo18crown6 were used for the separation of
palladium from platinum, gold and iron. Some
crownethers were also used in stripping voltamet-
ric studies of palladium [17]. The p-tertbutyl
calix(6)arene was used for first time for extraction
of palladium from ammonical alkaline solutions
to ascertain nature of the extracted species [18] as
1:1.

Calix(6)arene occupies intermediate position
between calix(4)arene and calix(8)arene in relation
to conformational mobility. The orthosubstituted
derivatives were effective in complexation, extrac-
tion and transport of metal ion. Our work on
extraction of cobalt with hexaacetato
calix(6)arene [19] promoted us to investigate simi-
lar method for extraction of palladium. Such
method is described in this paper.

2. Experimental

The hexaacetato p-tertiary butyl calix(6)arene
derivative (Fig. 1) was prepared by similar proce-
dure as described earlier [19].

The product was characterised with IR, 1H
NMR, 13C NMR spectroscopy. The m.p. and
elemental analysis also furnished useful informa-
tion. The solubility of the extractant in organic
phase was reasonable at room temperature to
facilitate solvent extraction studies.

A stock solution of palladium was prepared by
dissolving 1.66 g of palladium chloride (Johnson
Mathey, England) in 1 l of distilled water contain-
ing 5 ml of 11.5 M hydrochloric acid. The solu-

Fig. 2. Extraction as a function of pH.

tion was standardised gravimetrically with
dimethylglyoxine [20]. It contained 100 mg/ml of
palladium. The solution containing 5 mg/ml of
palladium was prepared by 20-fold dilution.

3. General procedure

An aliquot of solution containg palladium was
taken and its pH adjusted to 7.5 with diluted
ammonia or hydrochloric acid. Then, the solution
was made to 10 ml. It was transferred into a
separating funnel; 10 ml 1×10−3 M of hexaac-
etato calix(6)arene in toluene was added to it. The
resulting solution was equilibrated for about 10
min. The two phases were allowed to settle and
separate. Palladium from organic phase was
stripped with 2 M nitric acid. Palladium from the
aqueous phase was determined spectrometrically
[21] as its complex with stannous chloride at 635
nm. The amount of palladium was computed
from the calibration curve.

4. Results and discussion

4.1. Extraction as the function of pH

The extraction of palladium was carried out at
varying pH from 1.0–10.0 (Fig. 2). The extraction
commenced at pH 1.0 (52.4%) and at pH 4.0 it
was (60%). The extraction was quantitative be-
tween pH 7.0–7.4. shows the equilibrium inFig. 1. Structure of calix(6)arene and acetyl derivative.
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Table 1
Extraction as the function of calix(6)arene concentration

Hexaacetato D (DistributionE (% Extraction)
ratio)calix(6)arene

(1×10−4 M)

2.5 0.300.1
0.5 35.0 0.50

46.3 0.861.0
2.0 62.2 1.64

89.0 8.115.0
8.0 95.1 19.54

10.0 99.9 999.00
99.1 110.1050.0

5. Extraction as a function of calix(6)arene
concentration

Palladium was extracted at pH 7.2 with varying
concentrations of hexaacetato calix(6)arene. The
concentration was varied from 0.1×10−4 to
50×10−4 M. The extraction was 46.3% with
1×10−4 M of extractant. However, the extrac-
tion was quantitative with 10×10−4 M of extrac-
tant (Table 1). With increased concentration of
extractant the phase separation is rendered
difficult. We used 10×10−4 M of the extractant
for routine work.

6. Extraction with various diluents

The different diluents with varying dielectric
constant were used. The 0.001 M of calix(6)arene
in various diluents was equilibrated at pH 7.2
with equal volumes of aqueous phase containing
palladium (Table 2). Only with toluene as the
diluent, the extraction was complete. The extrac-
tion never exceeded 80% with all other diluents.
With cyclohexane and nitrobenzene the extraction
was B40%. This showed non-polar diluents were
best. This is because in polar solvents the associa-
tion of cationic species with extraction is mini-
mum, while in nonpolar solvents in absence of
repulsive process the extraction is maximum.
Toluene was preferred as the diluent as it has
minimum toxicity and offers better phase separa-
tion.

pH range 7.0–7.4 is favourable for the formation
of the complex. At higher pH of extraction there
is the possibility of hydrolysis. This indirectly
promotes competing equilibria with the formation
of complex, resulting in a decrease in extraction.

The probable mechanism of extraction can be
summarised as:-
1. (HR)aq= (HR)org, where HR=hexaacetato

calix(6)arene
2. Pd+2HR=Pd(HR)2+2H+ (in aqueous

phase)
3. Pd(HR)2+Cl− =Pd(HR)2Cl (Ion pair forma-

tion in aqueous phase)
4. (Pd(HR)2Cl)aq= (Pd(HR)2Cl)org (Transforma-

tion to organic phase)

Table 2
Extraction with various diluents

D (Distribution ratio)Dielectric constant E (% Extraction)Solvent

9.08Dichloromethane 78.0 3.55
74.410.50 2.90Dichloroethane

4.80Chloroform 78.0 3.55
2.24 2.90Carbon tetrachloride 74.4
2.28Benzene 90.2 9.24
2.30Toluene 99.9

Xylene 2.1568.32.38
39.0 0.642.0Cyclohexane

34.8Nitrobenzene 36.6 0.68
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Table 3
Effect of stripping agent

H2SO4 HClO4M HCl HNO3

%E %E D%E DD %E D

65.4 1.8 93.90.5 15.40– – 87.8 7.20
22.5495.12.41.0 78.0 70.73.55 89.6 6.45

73.2 2.7 96.31.5 26.3278.0 3.55 99.9 999.0
15.4093.93.02.0 79.3 75.03.82 99.9 999.0
12.3092.53.0 95.1 22.52 99.1 110.1 75.8 3.1

7. Effect of stripping agents

After extraction of palladium at pH 7.2 with
1×10−3 M of extractant it was stripped with
various mineral acids as the stripping agents
(Table 3). With 3 M hydrochloric the stripping
was more than 95.1%, with 0.5 M sulphuric acid it
was 85.36%, or 1.5 M perchloric acid it was
96.34%. With 2 M nitric acid the stripping was
quantitative because at this molarity the optimum
conditions of extraction were reversed. Hence 2 M
nitric acid was used as the stripping agent.

8. Nature of extracted species

The nature of extracted species was ascertained
by plotting graphs of Log D against Log (HR) at
fixed pH 7.2. The slope was 1.9 (Fig. 3). Therefore
the probable composition of the extracted species

is 1:2, i.e. Pd(HR)2. It may be assumed that the
calix(6)arene derivative exists in the ‘winged’ con-
formation, i.e. ‘1,4-alternate’ conformer. This sit-
uation gives rise to a conformation in which the
aryl groups in the 1- and 4-positions project out-
ward like a pair of wings perpendicular to the aryl
groups in the 2-, 3-, 5- and 6-positions which are
colinear, forming a channel into which other
molecules might comfortably fit. The metal ion is
probably held between two calixarene moieties by
ionic attraction to the substituted oxygens. It is
presumed that no true covalent bond formation
exists, but an ion-dipole electrostatic attraction
between the metal ion and oxygen atoms is possi-
ble.

Table 4
Effect of diverse ions

Amount tolerateedForeign ion Ratio
(mg)

Li+, Na+, K+, Cs+ 1500 1:50
Ca2+, Sr2+, Ba2+ 1:501500

1:25Mg2+, Al3+, In3+, Se4+ 750
, Mn2+

Zn2+, Cd2+ 300 1:10
1:5150Mo6+, V3+, Th4+

30Fe3+, Co2+, Ni2+, Pt2+ 1:1
0Cu2+, Cr3+, Rh3+, UO2

2+ Nil
, SCN−

1:100Cl−, Br−, SO2−
4 , SO3

2−, 3000
S2O2−

3

Pd, 30 mg; pH 7.2; 0.001 M in toluene.Fig. 3. Log D versus log calixarene concentration.
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9. Effect of diverse ions

Palladium was extracted in the presence of large
number of diverse ions (Table 4). The tolerance
limit was set as the amount of foreign ion causing
92% error in recovery of palladium. All the
anions (excepting thiocyanate which in fact is
strong complexing ligand for palladium) were tol-
erated in the ratio exceeding 1:100. The alkali and
alkaline earths were tolerated in the ratio of 1:50
while most of the main group elements were
tolerated in the ratio of 1:25. Some transition
metals were tolerated in ratios less than 1:10.
While iron, cobalt, nickel, platinum were tolerated
in ratios of 1:1, however, copper, chromium,
rhodium, uranium showed strong interference.

The proposed method is compared with the
existing methods of separations. The solvating
solvents [22] like tributylphosphate did not permit
extraction from nitric acid but it extracted it from
thiocyanate media. The extraction with B-dike-
tones was incomplete. The extraction with oxine
and oxime offered weakly coloured complexes
facilitating direct spectrophotometry. Thus, ex-
traction with hexaacetato calix(6)arene was possi-
ble at very low concentration of reagent. The
period of equilibrium was minimum. The use of
non-toxic solvents like toluene was favourable.
The method permitted separation of palladium
from iron, cobalt, nickel and platinum which were
commonly associated. The calixarene can be syn-
thesised at low cost, with high yield and best
purity. The proposed method is simple, rapid and
selective. It permits separation and determination
of palladium within 30 min. The relative standard
deviation is 91.1%.
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Abstract

The ability of cysteine to form complexes with cadmium(II) in aqueous solutions has been investigated at 25°C and
in constant ionic medium NaCl at two different concentrations, 1.00 and 3.00 mol l−1. The presence of chloride ions
was necessary to avoid the precipitation of cadmium(II). Two kinds of measurements were carried out. The
electromotive force of galvanic cells containing glass and cadmium amalgam electrodes was measured as a function
of cadmium and hydrogen ion concentrations in acid or moderately alkaline solutions in order to obtain the free
concentration of cadmium(II) and hydrogen ions. The experimental data obtained in 1.00 mol l−1 NaCl were
explained by assuming the presence of CdHL and CdH2L2, while those obtained in 3.00 mol l−1 NaCl were
accounted for with the formation of CdHL, CdH2L2, CdH3L3 and CdH2L3. Moreover, polarographic measurements
were carried out under the same experimental conditions but in alkaline solutions, and the formation of CdL2 and
CdL3 was assumed from the shift of E(1/2) of cadmium(II) with an excess of cysteine. The stability constants of the
assumed species were determined. Protonation constants of cysteine in 1.00 and 3.00 mol l−1 NaCl have been also
determined. A comparison with the behaviour of serine and a-aminopropanoate towards cadmium(II) is proposed.
© 1997 Elsevier Science B.V.

Keywords: Cadmium(II) complexes; Cysteine complexes; Sulfur containing amino acids complexes

1. Introduction

Among aminoacids, the sulfur-containing
aminoacids have raised interest in many respects.
Hughes [1] showed that the sulfhydryl group of
serum albumin combines with mercury(II) and
Benesch et al. [2] that it forms complexes with silver.
Klotz et al. [3], from absorption spectra studies,
found that the order of affinity for the sulfhydryl
group of bovine albumin is lead(II)\cadmiu-
m(II)\zinc(II)\copper(II).

The total concentrations for blood plasma mod-
els [4] show that among the amino acid components,
cysteine (2-amino-3-mercaptopropanoic acid) is
present at the highest concentration, reaching a
value ]100 mmol l−1. The ratio between cysteine
and cation concentration is higher than 2/1.

As it seems of interest to study quantitatively
the equilibria between cysteine (H2NCH(CH2SH)
COOH=H2L) and cations, the main and more
recent surveys of literature on this subject [5–7]
report only few papers. In particular the behaviour
of cysteine as ligand of cadmium(II) was studied
very little.* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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According to Li et al. [8], the formation of a
precipitate prevents the determination of the sta-
bility constants of cadmium(II) cysteinate com-
plexes at an ionic strength of 0.15 mol l−1

(KNO3). Also Walker et al. [9] confirmed that the
cadmium(II)—cysteinate system precipitated at
25°C and in 3.00 mol l−1 NaClO4 even at very
low concentration (�10−3 mol l−1). They ex-
plained their potentiometric measurements with
the formation of two species CdL and CdL2 with
log b=12.88 and 19.63, respectively. More re-
cently, Cole et al. [10] asserted again that cadmiu-
m(II) forms an insoluble complex with cysteinate,
but only in the range 5.05pH57.5, thus, a large
proportion of the formation curve could be ob-
tained. They explain their potentiometric mea-
surements at 37°C and 0.150 mol l−1 NaCl by
assuming the presence of the species: CdL
(log b1,1,0=10.3), CdL(OH) (log b1,1,−1=2.42),
CdL2 (log b1,2,0=16,92), CdL2H (log b1,2,1=
24.97), CdL2H2 (log b1,2,2=30.93), CdL3

(log b1,3,0=19.78), CdL3H (log b1,3,1=29.21).
The same authors determined the protonation
constants of the ligand (log k1=10.10, log k1k2=
18.03 and log k1k2k3=19.99) by using potentio-
metric titrations carried out by means of a glass
electrode. Most of the complexes found by
Walker et al. [9] and Cole et al. [10] are different
from one another. The latter authors propose the
formation of complexes also with the participa-
tion of OH or H. These differences are probably
due to the narrow pH range investigated because
of the precipitation and the different experimental
conditions.

More recently Berthon [11], by commenting
upon the results obtained by the above re-
searchers for investigating Cd(II)-cysteine, has
proposed the constants of Cole et al. [10] as
tentative.

Since cadmium(II) is one of the more toxic
metals in the environment, the cases of cadmium
poisoning are increasing and the assimilation of
cadmium from man depends on the form under
which the metal is present. It seems therefore very
important to know the behaviour of aminoacids
(in this case cysteine) present at high level in food
and in blood towards cadmium(II). As cadmiu-
m(II) behaves similarly to zinc(II) its block of the

normal process of zinc metabolism and its accu-
mulation for the kidneys, liver and blood vessels
can be supposed. On the other hand, as we have
studied the complex formation between many
amino acids (glycine, serine, histidine, ornithine,
aspartate, glutamate) and cadmium(II) [12–15],
we intend to investigate the behaviour of sulfur-
containing aminoacids towards cations.

As the aim of this work was to study cysteine as
ligand of cadmium(II) in a wide range of concen-
trations of the reagents, it was necessary to pre-
pare all the solutions in a constant ionic medium.
Use of an ionic medium of high concentration
with respect to the reagents, allowed to assume as
negligible the activity coefficients variations in
spite of the change of the concentrations of the
reagents [16].

By taking into account the results of earlier
researchers [8–10] and looking for a suitable ionic
medium, we found that, at high chloride concen-
tration, it was possible to obtain clear solutions of
cadmium(II) in the presence of cysteine. With 1.00
mol l−1 NaCl as an ionic medium, clear solutions
were obtained in a limited range of hydrogen ion
concentrations, but in 3.00 mol l−1 NaCl no
precipitation occurred in the whole range of hy-
drogen ion concentrations, even after a day and at
different ratios. It is reasonable to suppose that
the high Cl− concentration partially complexes
cadmium(II) and avoids its precipitation.

For the above reasons we studied the behaviour
of cysteine towards cadmium(II) at 25°C and in
both 1.00 and 3.00 mol l−1 NaCl. The protona-
tion constants of cysteine (L2−) were also deter-
mined under the same experimental conditions.

2. Experimental

2.1. Method

Complexation between cadmium(II) and cys-
teine was studied assuming that the reagents Cd+

+ , H+ and L2− react according to the following
equilibrium:

qCd+pH+rLUCdqHpLr bq,p,r
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where charges are omitted, q]1, p]50, r]1
and the constant bq,p,r is defined according to the
following relationship: cCdqHpLr=bq,p,r cq

Cd cp
h cr

L.
Here and in the following, small cx and capital Cx

stand for free and total concentration of the
generic species x, respectively. CH represents the
analytical excess of hydrogen ion with respect to
the ionic medium. Negative values of CH corre-
spond to hydroxyde ions concentrations and neg-
ative p values denote the presence of OH in the
species formed.

To find the prevailing q, p and r values and the
values of bq,p,r, 2 kinds of approaches were per-
formed. In the first one, electromotive force
(e.m.f.) measurements of the following galvanic
cells were performed:

(− )Cd(Hg)/SolutionS/R.E.(+ ) (I)

(− )R.E./SolutionS/G.E.(+ ) (II)

R.E. and G.E. are reference and glass elec-
trodes, respectively, and Cd(Hg) the amalgam
electrode. Solution S, prepared in the constant
ionic medium, alternatively 1.00 or 3.00 mol l−1

NaCl, had the following general composition:
CCd mol l−1 in Cd2+, CH mol l−1 in H+, CL

mol l−1 in cysteine, (Y-2CCd-CH) mol l−1 in Na+

and Y mol l−1 in Cl−. Y is the concentration of
the ionic medium, 1.00 or 3.00 mol l−1 NaCl.

The e.m.f. of the cells Eq. (I) and Eq. (II), at
25°C and in mV units, can be expressed, respec-
tively, as follows:

EI=E°I −29.58 log cCd−Ej;

EII=E°II+59.16 log ch+Ej

where E°I and E°II, 2 constants and Ej (the liquid
junction potential) were determined in the first
part of each e.m.f. measurement series, in the
absence of the ligand, when CCd=cCd and CH=
ch. The liquid junction potential, which depends
only on ch [16], under these experimental condi-
tions was found to be Ej= −61ch and −16ch in
1.00 mol l−1 and 3.00 mol l−1 NaCl, respectively.
After the determination of E°I , E°II and Ej, the
concentration of the ligand was increased gradu-
ally, whereas CCd and CH were kept constant for
each series of measurements. From the measure-
ment of EI and EII, the values of cCd and ch could
be obtained for each point.

The analytical values of CCd, CL and CH and
those measured cCd and ch, are the experimental
data provided by this approach.

In the investigation carried out at Y=1.00 mol
l−1, titrations were interrupted at − log ch55,
because precipitation occurred beyond this limit.
E.m.f. measurements carried out in Y=3.00 mol
l−1 could be continued further but only until
− log ch�8, because of two different difficulties.
The first was the response of the glass electrode
which, in 3.00 mol l−1 of Na+ agrees with that of
the H2 electrode only until − log ch59 as ex-
plained below. The second was the wrong re-
sponse of the cadmium amalgam electrode, which
does not reach stable e.m.f. values at high cysteine
concentration and at − log ch]8.

At very high − log ch values, the polarographic
approach was used. The shift of the E(1/2) of
cadmium(II) induced by the addition of an excess
of cysteine was measured at selected and constant
− log ch values. The E(1/2) value of a solution of
the following general composition was determined
in the absence of the ligand and at − log ch 5
3:CCd mol l−1 in Cd2+, CH mol l−1 in H+,
(3-2CCd-CH) mol l−1 in Na+ and 3.00 mol l−1 in
Cl-=solution P.An excess of NaOH and ligand
was added to solution P to reach the selected
value of CH in the same ionic medium. Keeping
CCd and CH constant, the concentration of the
ligand was gradually increased.

Based on the protonation constants determined
below, it was assumed that at − log ch]12,
CH=ch or COH=cOH and CL=cL. Several series
of measurements were carried out at different CH

and CCd. The experimental data DE(1/2), CCd, CH

and CL were elaborated according to De Ford
and Hume [17,18] and Rossotti and Rossotti [19]
to obtain the value of q, p and r and the relative
stability constants in these experimental condi-
tions.

Measurements of the e.m.f. of the cell:

(− )Pt,H2/Solution T/R.E.(+ ) (III)

were performed to obtain kn, i.e., the protonation
constants of L2-, defined as follows: cHnL=kn ch

cHn-1L. For cell (III), the liquid junction potential
due to OH- was calculated to be negligible in 3.00
mol l−1 NaCl, in 1.00 mol l−1 NaCl it was
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determined as E%j= −8cOH. Solutions T were
prepared in 1.00 or 3.00 mol l−1 NaCl, respec-
tively, so that protonation constants Kn could be
determined at 25°C and in both ionic media.
E.m.f. values of cell (III) reached equilibrium
within 1 h after each addition and their value
remained constant for several hours also in the
presence of cysteine.

2.2. Reagents

Cadmium(II) chloride was prepared and
analysed as described previously [14]. Hydrochlo-
ric acid, sodium hydroxyde and sodium chloride
were prepared and analysed as described in ref.
[20]. Preparation and behaviour of cadmium
amalgam (0.01% weight of cadmium) have been
described earlier [21]. Particular care had to be
taken for the purification and conservation of
cysteine in order to avoid its possible oxidation. A
Sigma (DL-cysteine product) was twice recrystal-
lized from bidistilled water. A DL-cysteine product
was used because preliminary tests carried out
with D-, L-, and DL-cysteine did not give signifi-
cant differences and other D-, L, and DL-ligands
(for example aspartate [22]) did not exhibit
stereoselectivity. The purified product was dried
by keeping it in a vacuum desiccator in the pres-
ence of P2O5 and under N2 atmosphere. Its stoi-
chiometric composition was checked by
iodometric and thermometric analysis. The results
of several determinations agreed within 90.1%
with the theoretical composition H2N-CH(CH2-
SH)COOH=H2L. However, from periodical
check, it could be deduced that, in spite of the
care paid to keep cysteine, it deteriorated after
about 10 weeks of the purification. It was neces-
sary to recrystallize again the product and to treat
it as described above. Test solutions were pre-
pared by checking cysteine the day before the use.
The contact with air was minimized by using N2

atmosphere during the preparation of the solu-
tions and the measurements.

2.3. Apparatus

E.m.f. measurements of cells (I), (II) and (III)
were carried out by using a Keithley mod. 199 or

a Leeds and Northrup mod K5 and Radiometrer
pHM64 or Metrohm mod. 654, respectively. The
potentiometric salt bridge and the reference elec-
trode (R.E.=Ag, AgCl/ Y mol l−1 NaCl, satu-
rated with AgCl) were similar to those previously
described [16]. The values of EI-E°I and EIII-E°III

were reproducible within 90.1 mV, while those
of EII-E°II within 90.2 mV. The values of EIII

were constant 30–45 min after each addition and
remain constant within 90.1 mV overnight.

Voltammetric measurements (DP50) were car-
ried out with a VA processor Metrohm mod. 646
connected with a Metrohm VA stand mod. 647.
As the polarographic reference electrode was the
same, DE(1/2) could be calculated by subtracting
the value of E(1/2) measured after the addition of
the alkaline solution of the ligand, from that of
the solution P. The DE(1/2) values were repro-
ducible within 93 mV. All measurements were
performed at 25°C. Nitrogen and hydrogen used
for the H2 electrode for the determination of the
protonation constants of cysteine (L2−) were ul-
trapure gas 99.999%.

The response of the glass electrode was checked
against that of the H2 electrode assumed to be
correct. Both measurements agreed within 90.1
mV until − log ch59, but beyond this limit the
glass electrode value started to deviate from H2

electrode markedly and consequently related
e.m.f. measurements could not be considered reli-
able.

3. Results and calculations

Two kinds of experimental data have been ob-
tained in this investigation: e.m.f. measurements
at two ionic medium concentrations and polaro-
graphic data.

3.1. E.m.f. measurements

3.1.1. Protonation constants of cysteine
According to Berthon [11], the relatively high

value of log k1 of cysteine, makes its accurate
determination difficult since a pH range where the
GE response becomes less reliable is investigated.
Furthermore, value of log k3 must be deter-
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mined at high CH, with possible variation in the
ionic strength. By using 3.00 mol l−1 NaCl as an
ionic medium and the H2 electrode we overcame
both difficulties.

Measurements of e.m.f. of cell (III) were per-
formed at 1.00 and 3.00 mol l−1 NaCl, respec-
tively. From the knowledge of CH, CL and
− log ch obtained from the e.m.f. measurements,
the protonation function Z was obtained for
CL=0.010, 0.025 and 0.050 mol l−1, in the range
15− log ch511 and 0.3]CH]0. Since Z was
independent of CL for both ionic medium concen-
trations, polymeric species were not present in
appreciable amount and then, from the depen-
dence of Z 6ersus − log ch, the values of protona-
tion constants of cysteine were obtained. Refined
kn and k %n values and their limits of error, ob-
tained by using a computer program BSTAC [23],
are collected in Table 1.

3.1.2. Complex formation in ionic medium 1.00
mol l−1 NaCl

Measurements were performed at different CH

(0.100, 0.070, 0.050, 0.035 and 0.025 mol l−1) and
different CCd (2.00, 1.00, 0.50 and 0.25)×10−3

mol l−1. Unfortunately, it was not possible to
carry out measurements at higher CCd concentra-
tions and even for CCd=2.00 and 1.00×10-3 mol
l−1, e.m.f. values were not stable at − log ch]
4.5. The slow formation of precipitate precludes
the increase in the ligand concentration.

For cadmium(II), the mass balance equation
can be written as follows:

CCd=cCd+SSSqb %q,p,rcq
Cdcp

hcL
r (1)

where q, p, r and b %q,p,r in this case are referred
to 1.00 mol l−1 NaCl as an ionic medium. In Eq.
(1) hydrolytic species of cadmium(II) were ne-
glected based on the studies of Biedermann and
Ciavatta [24].

The h [= log(CCd/cCd)] function, calculated for
each experimental point from Eq. (1), is plotted
6ersus − log ch in Fig. 1.

Fig. 1 shows that points obtained at the same
CH but at CCd 0.50 and 0.25×10−3 mol l−1 fall
on the same curve. By increasing CCd small devia-
tions could be observed. Based on the results
obtained in 3.00 mol l−1 NaCl where precipita-
tion does not occur, we supposed that these devia-
tions can be attributed to e.m.f. measurements
relative to solutions which do not attain real
equilibrium.

To verify the presence of mixed species with
protons, the free concentration of ligand, cL, was
calculated from the mass balance equation of CH,
which can be written as follows:

CH=ch+Snk %ncn
hcL+SSSpb %q,p,rcq

Cdcp
hcr

L (2)

where k %n are the protonation constants of the
ligand of Table 1, hydrolytic species of cadmiu-
m(II) are neglected and the constants refer to 1.00
mol l−1 NaCl, as an ionic medium. As only
CCd=0.50 and 0.25×10−3 mol l−1 points are
considered, first approximation values of cL for
each point can be calculated by means of Eq. (2)
by considering the last term as negligible.

By plotting h 6ersus − log cL, points fall on
different curves at different values of CH. Since h

is an increasing function of CH, complexes con-
taining protons (p\0) are also formed. From the
k %n values and the − log ch range investigated, it
can be inferred that most of the cysteine is in the
HL form. Thus, it can be supposed that cadmiu-
m(II) is bound to the form HL of cysteine. To
verify this hypothesis, h is plotted 6ersus −
log (cLch) in Fig. 2, where all the points fall on the
same curve, independently of CCd and CH.

The values of the constants obtained by apply-
ing the method of the normalized curves of Sillén

Table 1
Protonation constants of cysteine in both ionic media studied
at 25°C

NaCl log k1 log k3log k1k2

1.00 mol l−1 2.0490.1010.2690.02 18.4890.04
10.5690.02 19.0990.033.00 mol l−1 2.2690.10

Literature
values

KCl 0.2 mol 1.86 [29,30]10.16 18.26
l−1

2.50 [31]19.14NaClO4 0.5 10.37
mol l−1

10.35 19.02NaClO4 1.0 1.96 [31]
mol l−1

10.69 19.40NaClO43.0 2.40 [32]
mol l−1
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Fig. 1. Experimental data obtained in 1.00 mol l−1 NaCl, as ionic medium. Points at CCd]0.50×10−3 mol l−1 are not plotted.
Curves are calculated using constants in Table 2.

[25] and by using a computer program BSTAC
[23] and practically coincident, are collected in
Table 2.

3.1.3. Complex formation in ionic medium 3.00
mol l−1 NaCl

The high concentration of ionic medium was
employed to study a wider range of concentration
of the reagents and avoid the precipitation.

Measurements of e.m.f. of the cells (I) and (II)
were performed in the range 15− log ch 58, at
CH=0.300, 0.175, 0.100, 0.050 and 0.025 mol l−1

and at CCd= (5.00, 2.50, 1.00, 0.50)×10-3 mol
l−1 so that the formation of polynuclear or mixed
complexes with a high ratio p/r could be fa-
voured.

By applying the above explained procedure, the
function h could be calculated. Fig. 3, where h is
plotted 6ersus − log ch, shows that points at the
same CH and different CCd fall on the same curve.
Therefore, polynuclear complexes in cadmium(II)
are not present in appreciable concentration and
then q=1. Since points obtained in the range
0.005] CCd]0.0005 mol l−1 lie on the same

curve, the deviations observed at 1.00 mol l−1

NaCl were to be attributed to starting precipita-
tion. Thus the absence of polynuclear complexes
even at ionic medium 1.00 mol l−1 NaCl is confi-
rmed.

To find the prevailing values of p and r and the
values of b1,p,r, the free concentration of the lig-
and cL, was calculated for each point by means of
Eq. (2), by neglecting the last term and by using
the kn values determined in 3.00 mol l−1 NaCl.
The cL values obtained from Eq. (2) can be con-
sidered only as a first approximation. Although
all the test solutions were prepared so that CCd5
0.02 CH, at the highest CCd values (i.e., 0.005 mol
l−1) refined − log cL are different with respect to
the first approximation − log cL. The difference
never exceeds 0.02 units, but, the high number of
protons participating to the complex formation
implies significant differences in the calculation of
the theoretical curves.

Fig. 4, where h is plotted as a function of
− log cL, shows that points obtained at different
CH fall on different curves so that h is an increas-
ing function of CH. Therefore, protonated com-
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Fig. 2. Most of the experimental data plotted in the form h [= log(CCd/cCd)] 6ersus − log(cLch). All the points fall on the same curve.
The curve is calculated by means of the constants in Table 2.

plexes are formed and p]0. The experimental
data, treated as previously described [15], could be
interpreted by assuming the presence of the spe-
cies CdHL, CdH2L2, CdH3L3 and CdH2L3, with
the relative stability constants.

Taking into account the complexity of the sys-
tem, the b1,1,1, b1,2,2, b1,3,3 and b1,2,3 values ob-
tained as first approximations and the values of
− log cL had to be refined. A computing proce-
dure was applied. The BSTAC program was
used in which the analytical and measured data
were introduced. After a lot of different trials,
such as the introduction of new species or the
elimination of some the program interpreted the
experimental data by assuming the species found
with the graphic method. The differences between
first approximation and refined constants are
not very large and the proposed values are col-
lected in Table 3. The error limits reported next
to the b values are those given by the computer,
because they are higher in the graphic treat-
ment. Among a total of 310 points, 106 show a
positive deviation with [hex-hcal] never bigger than
0.008, whereas the negative residual never exceeds
0.007.

The values of the constants in Table 3 are used
to calculate the theoretical curves, which are
drawn through the points on Fig. 3 and Fig. 4.
The good agreement between points and curves
supports the validity of our procedures and con-
clusions.

3.2. Results of the polarographic measurements

Since we were not able to obtain stable and
reproducible e.m.f. measurements in cells (I) and
(II) at high free concentration of cysteine and
high − log ch]8, it was not possible to collect
information on the complex formation by means
of potentiometric measurements.

From preliminary approaches, it was observed
that by applying differential pulse polarography
(DP50) a peak relative to cadmium was obtained,
as expected, at −66092 mV versus R.E. By
adding to a cadmium(II) solution an excess of
cysteine and at − log ch�12, a peak relative to
the complex formation between cadmium(II) and
cysteine was obtained. The response the polar-
ographic measurements was very satisfactory, be-
cause the reduction of the complex took place at
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a more negative and very different potential with
respect to the cysteine peak.

It could be calculated that both the reduction
of cadmium(II) in acid solution (− log ch53) and
the reduction of the complex cadmium(II)—cys-
teine with ligand in excess and in alkaline solution
(− log ch]12) were relative to reversible pro-
cesses. For the former the slope of 3091 mV and
for the latter the slope 2991 mV could be calcu-
lated. Fig. 5 as an example, shows a polarogram
of a solution of the composition:

CCd=10−3 mol l−1, CH= −0.010 mol l−1,
CL=0.003 mol l−1 in ionic medium 3.00 mol l−1

NaCl. The first peak is due to the presence of

cysteine, while the second one is relative to the
reduction of the complex.

As it was not possible to measure accurately
− log ch in our solutions, we selected high values
of COH= −CH]0.01 mol l−1. On the basis of
the k1 value, cysteine could be considered com-
pletely deprotonated (i.e., in the form L) and the
equality CH=ch was assumed for each series of
measurements.

Several measurements were carried out at in-
creasing concentration of cysteine and at different
CCd and CH values. Polarograms at CH= −
0.010, −0.020, −0.035, −0.070 and −0.100
mol l−1 were obtained.

For each CH and CCd value, the total concen-
tration of cysteine was increased to about 0.050
mol l−1. By applying the method proposed by De
Ford [17,18] and Rossotti [19], the composition of
the complexes and their stability constants can be
obtained. From the DE(1/2) and the excess of
cysteine with respect to cadmium(II), it can be
calculated that the complex formation is indepen-
dent of CCd and CH (i.e., q=1 and p=0), but no
evidence is found for the 1:1 complex. The forma-
tion of CdL2 is assumed and a first approximation
value d1,0,2 is calculated, where it is supposed that:

d1,0,2=b1,0,2+b1,0,3cL (3)

By increasing the concentration of cysteine
could be observed an increase of d1,0,2 and then
the formation of CdL3 had to be considered. By
plotting d1,0,2 6ersus CL (Fig. 6), points fall all
together independently of the CH concentration,
but a linear dependence of d1,0,2 on CL must be
considered. All the points can be approximated
with a straight line, thus the hypothesis of Eq. (3)
is verified. The intercept on the ordinate and the
slope give the b1,0,2 and b1,0,3 values, respectively.
The values of log b1,0,2=14.4090.08 and
log b1,0,3=16.090.1 have been determined which
are reported with others in Table 3. On the points
of Fig. 6 the full line is calculated with the values
proposed for the constants, while dashed lines are
calculated by taking into account the proposed
limits of error. It can be deduced that CdL is not
present at appreciable concentration and polynu-
clear complexes or complexes with loss of protons
are not present.

Table 2
Values of the stability constants (log b1,p,r) of the complexes
assumed to explain the experimental data obtained in 1.00 mol
l−1 NaCl

GraphicalSpecies BSTAC Proposed

CdHL 15.2390.1 15.2090.04 15.290.07
(log b1,1,1)

30.4790.03CdH2L2 30.4790.0530.5090.1
(log b1,2,2)

Literature values
25°C and 3.00 mol l−1 Na- [9]
ClO4

CdL 12.88
(log b1,0,1)

19.63CdL2

(log b1,0,2)

[10]37°C and 0.15 mol l−1

NaCl

CdL 10.3
(log b1,0,1)

CdL2 16.92
(log b1,0,2)

2.42CdLH-1

(log b1,-1,1)
CdHL2 24.97

(log b1,1,2)
30.93CdH2L2

(log b1,2,2)
19.78CdL3

(log b1,0,3)
CdHL3 29.21

(log b1,1,3)
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Fig. 3. Experimental data obtained in 3.00 mol l−1 NaCl as ionic medium. Curves are calculated using constants in Table 3.

4. Discussion

Complex formation of cysteine and cadmiu-
m(II) has been studied at 25°C and at two differ-
ent concentrations of ionic medium NaCl. The use
of 3.00 mol l−1 of NaCl was necessary to investi-
gate a wide range of concentration of the reagents
in clear solutions, i.e., without precipitation.

The Cl− -complexing does not introduce, how-
ever, any significant complication but only the
general limitations of a constant ionic medium
[16], i.e., no distinction between species containing
a different number of solvent salt ions and
molecules. Thus the concentration of CdH3L3 re-
ally represents: SxSySw cCdH3L3 (Na+ )x(Cl− )y(H2O)w

with x]0, y]0 and w]0, unknown.
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Fig. 4. Most of the experimental data plotted in the form h(− log cL). The presence of protonated species is evident. The constants
in Table 3 are used to calculate the curves.

Protonation constants of the ligand were deter-
mined in both ionic media. Their values increase
by increasing the concentration of the ionic
medium, according to the trend found by Ellilä
[26] for the constant of acetic acid in NaCl at
different concentrations.

Species and constants proposed here to explain
the experimental data agree little with those of
literature. This is to be attributed to the very
different experimental conditions (temperature
and ionic medium) and to the narrow range of
concentrations previously investigated. The pres-
ence of the species CdH2L2 found by Cole et al.
[10] is here confirmed. Its stability constant

(log b1,2,2=30.62) is not too far from that of Cole
et al. (log b1,2,2=30.93) by considering the very
different experimental conditions.

Walker et al. [9] and Cole et al. [10] found the
presence of CdL and CdL2, even if with different
stability constants. Both groups performed their
experiments near the range of precipitation. Our
data do not give appreciable evidence of CdL and
the formation of CdL2 takes place in alkaline
solution where solutions with a high ratio cys-
teine/cadmium(II) (for instance 50:1) were investi-
gated. The stability constant of CdL2 is very
different that found by Walker et al. [9] and
Cole et al. [10] because they performed only e.m.f.
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Table 3
Values of the stability constants (log b1,p,r) of the complexes assumed to explain the experimental data obtained in 3.00 mol l−1

NaCl

Proposed MethodBSTACGraphicalSpecies

E.m.f.15.4090.08CdHL(log b1,1,1) 15.4690.1 15.4090.08
E.m.f.30.6290.0630.6290.0630.690.1CdH2L2 (log b1,2,2)

44.6590.05 44.6590.05CdH3L3 (log b1,3,3) 44.7290.08 E.m.f.
36.8090.04 36.8090.05CdH2L3 (log b1,2,3) 37.090.2 E.m.f.

14.4090.06— DE(1/2)14.4090.06CdL2 (log b1,0,2)
— 16.090.12CdL3 (log b1,0,3) DE(1/2)16.090.12

measurements and in alkaline solutions where the
response of the glass electrode deviates with re-
spect to that of hydrogen electrode. Moreover, the
experimental conditions were very different.

The presence of other species is not found here
in appreciable amount. The assumed complexes
explain very well the experimental data, as it can
be seen from the agreement between curves and
experimental points. The species CdL(OH) can be
excluded by considering the results obtained at
− log ch]12 polarographically, as proved also by
the plot of Fig. 6.

It can be interesting to compare the results
obtained in 1.00 and 3.00 mol l−1 NaCl. The
latter ionic medium allows a complete investiga-
tion. The comparison of the results is limited to
the constants of CdHL and CdH2L2. These con-
stants of CdHL and CdH2L2 are higher in 3.00
mol l−1 than in 1.00 mol l−1 NaCl. The k %n and kn

values provide an explanation for this surprising
evidence. Cysteine behaves as a stronger base in
3.00 mol l−1 than in 1.00 mol l−1 NaCl. If the
constants of the following equilibria are calcu-
lated at both concentrations of NaCl:

Cd2+ +HLUCdHL b1

Cd2+ +2HLUCdH2L2 b22

it is found that:
in 1.00 mol l−1 NaCl log b1=4.97 and

log b2=9.92
in 3.00 mol l−1 NaCl log b1=4.84 and

log b2=9.50.
The stability constants log b1 and log b2 in 1.00

mol l−1 are higher than in 3.00 mol −1 NaCl
because chloride forms complexes with cadmiu-
m(II) according to Biedermann et al. [27].

By using the constants of Table 3, distribution
curves of the species found can be calculated as a
function of − log ch for CL=0.100 and 0.050 mol
l−1 (Fig. 7(a) and (b), respectively). In the figures
the percentage of each species corresponds to the

Fig. 5. A polarogram, as an example, of cadmium(II) with an
excess of cysteine at COH=0.010 mol l−1 and in 3.00 mol l−1

NaCl. I(mA) and V(volt) stand for current intensity and ca-
thodic potential (6ersus R.E.), respectively.

Table 4
Comparison among stability constants of the 1:1 and 1:2
complexes formed by a-aminopropanoate, serine, and cysteine
with cadmium(II)

CdL CdL2Species

Ligand
a-Aminopropanoate (1.00 mol l−1 NaCIO4) 4.05 7.33

8.19Serine (3.00 mol l−1 NaClO4) 4.33
4.97Cysteine (1.00 mol l−1 NaCI) 9.92

Cysteine (3.00 mol l−1 NaCI) 9.504.84

For cysteine and only in this table, L denotes HL.
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Fig. 6. The dependence of the value of d1,0,2 on the concentration of cysteine. The full line corresponds to the values assumed for
b1,0,2 and b1,0,3. Dashed lines correspond to error limits.

distance between the two curves which define
the existence range of the species.

In both cases only the species CdHL,
CdH2L2, CdH3L3, CdH2L3 are present, because
even at − log ch=8 and CL=0.100 mol l−1,
the contribution of CdL2 is equal to or less than
1% of CCd. For both CL values, the formation
of complexes between cadmium(II) and cysteine
starts at − log ch�4 and the percentage of
CdHL does not exceed 20%. The percentages of
CdH2L2 and CdH3L3 are higher and CdH3L3

reaches at − log ch�7 the percentage of 70%.
At this value of − log ch, the species CdH2L3

represents 10% of the total cadmium(II), but at
− log ch�8 it becomes more than 50%.

Till − log ch�6.5, cysteine bonds cadmiu-
m(II) in the HL form, i.e., by means of its
monoprotonated form. The HL form can corre-
spond to the protonation of NH2 or S-. If it is
supposed that the sulfhydrylic group is proto-
nated first, CdHL, CdH2L2 and CdH3L3, could
be five-membered chelate rings formed between
aminic nitrogen and carboxylic group. At −

log ch]7, the contributions of sulfur and nitro-
gen must be considered. Thus, in CdL2 and
CdL3 the bond between cadmium(II) and sulfur
is also involved.

It becomes interesting to compare the be-
haviour of cysteine, serine, and a-amino-
propanoate towards cadmium(II). Complex for-
mation for the system cadmium(II) serine [12]
and a-aminopropanoate [28] was previously in-
vestigated and the stability constants are col-
lected in Table 4. The species CdL and CdL2 of
the other ligands correspond to CdHL and
CdH2L2 for cysteine, respectively.

Although the constants for Cd(II)-cysteine
have been obtained in NaCl as ionic medium,
the order of stability is a-amino -propanoateB
serineBcysteine. The presence of both oxygen
and sulfur atoms give more stability to the com-
plexes, and sulfur contributes more than oxygen.
The values collected in Table 4 are relative to
complexes formed by serine and cysteine with
alcoholic sulfhydryl groups, respectively
protonated. The stability constants of CdL2 and
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Fig. 7. Distribution curves of assumed species as a function of
pH at two different CL: (a) 0.050 and (b) 0.100 mol l−1.

gratefully acknowledged for helpful discussion on
BSTAC.
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[26] A. Ellilä, Ann. Acad. Sci. Fennicae, A (1953), 51.
[27] G. Biedermann, J. Lagrange and P. Lagrange, Chem.

Scripta, 5 (1974) 153.
[28] E. Bottari and O. Mancini, Ann. Chim. (Rome), 66

(1976) 663.

CdL3 of cysteine (deprotonated), found at −
log ch]12 are of another order of magnitude.
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Abstract

Polyoxyalkylene systems, namely, polypropylene glycol (PPG-1025), polyethylene glycol (PEG-600) and polybuta-
dieneoxide (PBDO-700) dissolved in either nitrobenzene or 1,2-dichloroethane have been tested as prospective
extractants for some lanthanide metal ions (Eu3+, Pr3+ and Er3+) from their aqueous solutions in the presence of
picrate anions. The metal ions were quantified before and after extraction using the inductively coupled plasma
emission spectrophotometry technique. The percent extraction and the distribution coefficients have indicated that pH
of the aqueous phase, picrate concentration and the organic solvent are the major parameters that affect the
extraction efficiency of the metal ions. The optimum pH range was found to be 3.5–5.5 and the picrate concentration
should be as high as possible; however, a picrate concentration of about 0.05 M proved to be adequate for a near
quantitative extraction. In all cases, nitrobenzene enhanced a higher percent extraction compared to 1,2-
dichloroethane. The efficiency of the polyoxyalkylene systems to extract certain lanthanide metal ions was in the order
PBDO-700\PPG-1025\PEG-600 when nitrobenzene was the organic solvent and in the order PPG-1025\PBDO-
700:PEG-600 when 1,2-dichloroethane used as the solvent in the organic phase. The extractability of PPG-1025
towards the lanthanide metal ions was in the order Pr3+\Eu3+\Er3+ irrespective of the organic solvent used. The
stoichiometry of the extracted polyoxyalkylene ion-pairs with the lanthanide metal ions has been estimated. Each
mole of metal ions is associated with three moles of picrate anions and 13 to 14 moles of propyleneoxide units in the
case of PPG-1025, and about 9 to 10 moles of ethyleneoxide units in the case of PEG-600 and 10 moles of
butadieneoxide units in the case of PBDO-700. © 1997 Elsevier Science B.V.

Keywords: Polyoxyalkylene; Lanthanides; Extraction; Picric acid

1. Introduction

Macrocyclic polyethers (crown ethers) have
been given extensive attention in terms of their
uses as selective and efficient extractants for some

metal ions from their aqueous solutions and as
active sensors in ion-selective membrane elec-
trodes. The acyclic polyethers, for example,
polyethylene and polypropylene glycols have
proved to compete with the crown ethers for their
use as metal ion extractants and active sensors in
many instances.* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Tetraphenylborate salts of polyoxyalkylene
complexes with some metal ions gave successful
electrodes for the respective metal ions like, for
example, Ba [1,2], Ca [3], and Li [4], ion selective
membrane electrodes.

Polyoxyalkylene nonionic surfactants having
the poly(oxyethylene) chain have been tested as
extractants for alkali and alkaline earth metal
ions. Solvent extraction studies allowed also the
assessment of the nature of the complex formed
between the ligands and the metal ions in terms of
complex stability and stoichiometry. The com-
plexation equilibrium constant and the extraction
efficiency of alkali and alkaline earth metal ions
have been studied with high molar mass noncyclic
poly(oxyethylene) ligands and their derivatives in
either nitrobenzene [5,6] or chlorinated organic
solvents such as dichloromethane, chloroform and
carbon tetrachloride [7–13]. These studies proved
that the extractability of polyoxyalkylene systems
towards the metal ions is almost similar to the
crown ethers and it is dependent on the nature of
polyoxyalkylene and its organic solvent, size and
charge of the metal ion, pH of the aqueous phase
and nature of the anion associated with the ion
pair extracted to the organic phase. The tendency
for extraction was found to be more effective with
bulkier anions like picrates and thiocyanates since
they are less hydrophilic compared to small an-
ions like chloride.

The rare earth metal ions have been mainly
separated by solvent extraction methods using
various extractants, for example, di-(2-ethyl-
hexyl)phosphoric acid [14] and long-chain alkyl
substituents of N-phenylhydroxylamine [15,16]
which showed large separation factors among lan-
thanides(III). Ion-associate extraction systems
[17], namely, 2,3-naphthalenediol as a diprotic
chelating reagent and benzyldimethyltetradecyl-
ammonium chloride as ion-associate reagent have
shown large separation factors for Pr3+, Eu3+,
and Yb3+ ions at low pH values. Crown ethers,
namely, 15-crown-5, 12-crown-4, and dibenzo-18-
crown-6 in nitrobenzene phase have been tested as
extractants for individual rare earth ions from
aqueous solutions containing picrate anoins.
Tb3+, Eu3+, Gd3+, Nd3+ and Yb3+ have been
extracted by 15-crown-5 [18]. Lanthanides have

been also extracted from an aqueous phase con-
taining trichloroacetate as a counter ion by 18-
crown-6 in 1,2-dichloroethane [19]. The extraction
selectivity towards lanthanides was enhanced
when EDTA has been added to the aqueous
phase.

Some lanthanide complexes with several
polyethylene glycols and glymes were isolated and
their properties were investigated by Hirashima et
al. [20]. Stability constants and some other prop-
erties of lanthanide nitrate complexes with tri,
tetra, and pentaethylene glycols have also been
investigated [21]. It was found that stability of the
complexes decreases with an increase in the
atomic number of lanthanides. Further more,
high molar masses polyethylene glycols in
dichloromethane phase have been tested [22] as
extractants in the liquid–liquid extraction of some
actinides (U, Np and Pa). It has been reported
that the extraction efficiency of the three actinides
from acidic thiocyanate solution increases in the
order U(VI)\Pa\Np.

It is obvious from the literature reports that the
studies concerning application of the poly-
oxyalkylene nonionic surfactants as extractants
for the rare earth metal ions are limited. The
extraction facilitates preconcentration of these
metal ions from their matrices and it may be
imperative when these metal ions are to be deter-
mined by many experimental methods.
Polyethylene glycols, polypropylene glycols of
various ranges of molar masses and polybutadi-
eneoxide in either 1,2-dichloroethane or nitroben-
zene phase have been tested as extractants for
three lanthanide metal ions, namely,
praseodymium, Pr3+, europium, Eu3+, and er-
bium, Er3+, from aqueous phases containing pi-
crate anions.

1.1. Extraction equilibria and stoichiometry of
extracted complex

Equilibria proposed in the literature for metal
ion extractions by either crown ethers or acyclic
polyethers were treated in different ways depend-
ing on the nature of the system since many
parameters should be considered in such systems.
The most possible equilibrium may be suggested
for this study is
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M z+ +b/nL*+zX− X MLb/nX*z (1)

where M z+ is the metal ion of charge z, L* is
the polyoxyalkylene ligand in the organic phase
(the asterisk refers to the organic phase), b/n, is
the number of moles of polyoxyalkylene ligand
associated with one mole of metal ions, where b
refers to the number of moles of alkylene oxide
units (AOU) associated with a mole of metal
ions and n is the average number of AOUs per
mole of polyoxyalkylene. X−, is the picrate an-
ion associated with the ion-pair extracted to the
organic phase. Assuming that dissociation of the
ion-pair, MLb/n X z*, in the organic phase is neg-
ligible, then the extraction equilibrium could be
expressed as follows,

Kex=
[MLb/nX*z ]

[Mz+][L* ]b/n[X−]z
(2)

The distribution ratio, D, is expressed by the
ratio of the organic metal ion concentration,
CMz+* , to the aqueous metal ion concentration,
CMz+, in all chemical forms, that is, D=CMz+*/
CMz+. Thus, D may be expressed as follows,

D=
[MLb/nX*z ]

[Mz+]+ [MLz+
b/n ]

Assuming that partitioning of the poly-
oxyalkylene into the aqueous phase is negligible,
consequently, [Mz+]\\ [MLb/n

z+]. Hence, the
distribution ratio will be expressed by the fol-
lowing equation,

D=
[MLb/nX*z ]

[Mz+]
(3)

Introducing the term D into the Kex expression
in Eq. (2) gives,

Kex=
D

[L* ]b/n[X−]z
(4)

Rearranging Eq. (4) and taking log of both
sides gives,

log Kex+b/n log [L* ]= log
D

[X−]z
(5)

Taking into consideration the dissociation of pi-
cric acid, HX, in the aqueous phase into H+

and X− ions and under the condition that
[HX]\\ [M3+], the concentration of picrate
anion X− in Eq. (5) may be expressed as fol-
lows,

[X−]= (Ka[HX])1/2

Inserting the value of [X−] into Eq. (5) gives,

Log Kex+b/n log [L* ]= log
D

k z/2
a [HX]z/2

(6)

Rearrangement of Eq. (6) gives,

Log D= log K z/2
a + log Kex+b/n log [L* ]

+z/2 log [HX] (7)

The terms, ka and kex are expected to be con-
stants under the extraction conditions, hence
when log D is plotted against log [L*] a straight
line with a slope of b/n and intercept of, log Ka

z/

2+ log Kex+z/2 log [HX], will be obtained. On
the other hand, when the polyoxyalkylene con-
centration, [L*], is kept constant while the picric
acid concentration, [HX], is varied and log D is
plotted against log [HX], a straight line with a
slope of z/2 is expected, where z is the number
of moles of picrate anions associated with one
mole of metal-picrate species. From the two
plots, stoichiometry of the complex MLb/n X z*
and log Kex may be estimated.

2. Experimental

2.1. Materials

Polyethylene glycol (PEG-600), polypropylene
glycol (PPG-1025 and PPG-2000) and polybuta-
diene oxide (PBDO-700) were all of reagent
grade from Polyscience. Picric acid was of pu-
rum grade from Fluka. Praseodymium, eu-
ropium, erbium and lanthanum stock solutions
were obtained either from a spectroscopic grade
(1000 ppm) stock solutions provided by Alfa
products or prepared from high metal ox-
ides provided by Fluke. Nitrobenzene and 1,2-
dichloroethane were of purum grade provided by



A.M.Y. Jaber, A.-E. Al-Naser / Talanta 44 (1997) 1719–17281722

Fluka. All other reagents used were of analytical
grade and all standard solutions were prepared in
distilled deionized water.

2.2. Instrumentation

A Perkin Elmer Plasma (400 ICP) spectrome-
ter was utilized for the metal ion analysis after
extraction. The spectra were measured at an ob-
servation height of 11 mm with an integration
time of 100 ms and a photomultiplier voltage of
600 V. For all lines the built-in auto-background
correction was applied. An Orion 720A pH me-
ter in conjunction with a Corning combination
pH glass electrode were used to measure the pH
of the solutions. A mechanical shaker (Burrell,
Model 75) was used to homogenize the samples
during the extraction process.

2.3. Extraction procedure and measurements

The aqueous phase was prepared by mixing
appropriate volumes of certain concentrations of
both, picric acid and the metal ion solutions.
The organic phase was prepared by dissolving
the required amount (B0.01–0.3 M) of the
polyoxyalkylenes (PEG, PPG or PBO) in either
nitrobenzene or 1,2-dichloroethane solvents.
Equal volumes (10 ml) of both phases were
transferred to a separatory funnel and shaken
mechanically for 30 min; a time found to be
enough to get complete separation. The mixture
was then left to stand for 30 min after which the
aqueous phase was separated and analyzed for
the metal ion concentration left using the ICP
technique. Lanthanum, La3+, at a level of 10
ppm was added as an internal standard into
both, the sample and the calibration solutions.
The correlation coefficients for all calibration
curves were better than 0.9999. As a check ex-
periment, the organic phase was separated and
the metal ion was stripped to the aqueous phase
by either 0.1 M HNO3 or HCl. Results obtained
indicated that the amount extracted into the or-
ganic phase is same as that lost from the
aqueous phase, thus further analysis of the or-
ganic phase was not needed.

3. Results and discussion

3.1. Effect of picric acid concentration on extrac-
tion

The lanthanide metal ion extraction studies
have been initiated by fixing the metal ion and
the polyoxyalkylene concentrations at levels of
about 100 ppm and 0.1 M, respectively. How-
ever, the picrate anion concentration was varied
in the range of 0.01 M to about 0.055 M; the
maximum picrate concentration was limited by
its water solubility. The studies indicated that
extraction is enhanced with the increase in the
picrate anion concentration irrespective of the
type of metal ion, polyoxyalkylene system or or-
ganic solvent. When picric acid concentration
was increased from 0.017 to 0.052 M, the per-
cent extraction of Eu3+, for example, has in-
creased from 9 to 52%, 6 to 45% and 2 to 20%
when the polyoxyalkylene was PPG-1025, PEG-
600 and PBDO-700, respectively, with nitroben-
zene as the organic solvent. However, when
1,2-dichloroethane replaced nitrobenzene in the
organic phase, the percent extraction of Eu3+

has increased from 3 to 31%, 7 to 38% and 1 to
5% in the case of PPG-1025, PEG-600 and
PBDO-700 extractants, respectively.

3.2. Effect of pH on extraction

The optimum pH for a maxim percent extrac-
tion was determined by carrying out the extrac-
tion with fixed concentrations of
polyoxyalkylenes (0.3 M), picric acid (0.055 M)
and the metal ion to be extracted (100 ppm).
However, the pH of the aqueous phase was
varied by incremental additions of 0.1 M sodium
hydroxide solution. It was not possible to raise
the pH to values higher than 5.5 due to hydroly-
sis of the metal ions in the aqueous phase. In
fact, the aqueous solutions became turbid at pH
values higher than 5.5 and a decline in the per-
cent extraction was observed.

Fig. 1 shows the extraction of Pr3+, Eu3+

and Er3+ by PPG-1025 in nitrobenzene (curves
1, 2 and 4, respectively) under the conditions
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mentioned above. Curve 3 of Fig. 1 shows the pH
effect on the extraction of Eu3+, for example, by
PPG-1025 in 1,2-dichloroethane. It is obvious
from all curves that the percent extraction in-
creases by increasing the pH until it levels off at
pH\3.5 for all metal ions studied. This behavior
has been noticed irrespective of the poly-
oxyalkylene system or the organic diluent used.
Thus, the optimum pH for an efficient extraction
lies within the range of 3.5–5.5. The low ex-
tractability at low pH values may be attributed to
the proton extraction to the organic phase rather
than the metal ion itself. However, the increase in
pH facilitates the dissociation of picric acid and
more picrate will be available for extraction.

3.3. Effect of polyoxyalkylene and the organic
diluent on extraction

Extraction of metal ions has been caried out
from aqueous solutions containing about 100
ppm of the metal ion, 0.055 M picric acid at pH
4.5, a value within the optimum pH range, using
varying concentrations (from B0.01 to �0.3 M)
of polyoxyalkylene. The percent extractions of
Eu3+, for example, by PPG-1025 and PEG-600 in

Fig. 2. Extraction of europium from aqueous medium contain-
ing 100 ppm Eu3+, 0.055 M picric acid at pH 4.5 into organic
phase containing various concentrations of polyoxyalkylenes
in nitrobenzene or 1,2-dichloroethane. (1) PBDO-700 in ni-
trobenzene, (2) PPG-1025 in nitrobenzene, (3) PPG- 1025 in
1,2-dichloroethane, (4) PEG-600 in nitrobenzene.

nitrobenzene have reached their maximum values
at polyoxyalkylene concentrations as low as B
0.05 M (Fig. 2, curves 2 and 4). Same behavior
has also been observed for Pr3+ extraction by
PPG-1025 and PEG-600 under same conditions.
However, the effect of polyoxyalkylene concentra-
tion on extraction efficiency was more significant
in cases such as PBDO-700 in nitrobenzene (Fig.
2, curve 1) and all polyoxyalkylene systems in
1,2-dichloroethane (Fig. 2, curve 3 as an exam-
ple). The percent extraction for these systems has
increased as a function of concentration and be-
came almost quantitative when its concentration
in nitrobenzene became 0.3 M indicating the in-
significance of a further increase in poly-
oxyalkylene concentration.

Table 1 shows the maximum percent extrac-
tions obtained at 0.3 M polyoxyalkylenes in the
presence of 0.055 M picric acid in the aqueous
phase at pH 4.5. The table indicates that the trend
for extraction efficiency of Eu3+ by poly-
oxyalkylene in nitrobenzene organic phase was in
the order PBDO-700\PPG-1025\PEG-600.
This behavior may be attributed to the relative
hydrophobic shielding of the alkyleneoxide units
to the dehydrated metal ion when the ion-pair is

Fig. 1. Extraction of lanthanide metal ions from aqueous
medium containing 100 ppm M3+, 0.055 M picric acid at
various pH values by 0.3 M PPG-1025. (1) Pr3+ into ni-
trobenzene, (2) Eu3+ into nitrobenzene, (3) Eu3+ into 1,2-
dichloroethane, (4) Er3+ into nitrobenzene.
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formed in the organic phase. The hydrophobicity
may increase in the order of PEG (with the ethyle-
neoxide units, –CH2–CH2–O)BPPG (with
propyleneoxide units, –CH(CH3)CH2–O)B
PBDO (with butadieneoxide units –CH2–
CH�CH–CH2O). However, the extraction of Eu3+

under same conditions but with 1,2-dichloroethane
as the organic phase was in the order PPG-1025\
PBDO-700:PEG-600. Thus, the extraction selec-
tivity with respect to PPG-1025 and PBDO-700 is
reversed when a relatively low dielectric constant
organic solvent is used.

The extraction efficiency has been found to be
dependent, also, on the molar mass of the poly-
oxyalkylene system, that is, the number of alkylene
oxide units surrounding the metal ion. The percent
extractions of Pr3+, Eu3+, and Er3+, from 0.055
M picric acid at pH 4.5 using 0.15 M of PPG have
been found as 80.0, 82 and 75.0%, respectively,
when PPG-1025 was used, meanwhile they have
been increased to about 93, 94 and 84%, respec-
tively, when PPG-2000 was introduced into the
nitrobenzene organic phase. Same trend but with
a higher relative increase has been observed when
1,2-dichloroethane was the diluent in the organic
phase; for example, the percent extraction of Eu3+

has been increased from 40.0% in the case of
PPG-1025 to 59% in the case of PPG-2000. A
similar trend has been reported previously
[7,13,24,25] for some transition metal ions, alkali
and alkaline earth metal ions using various
polyethylene glycols, polypropylene glycols, poly(-

oxyethylene) and poly(oxyethylene) derivatives of
different molar masses. The enhancement of extrac-
tion has been ascribed [7] to the increase of hydro-
phobic property by the increase of the number of
alkyleneoxide units.

Table 1 also shows that percent extractions of the
three metal ions by PPG-1025 in either nitroben-
zene or 1,2-dichloroethane is in the order Pr3+\
Eu3+\Er3+. This trend is consistent with the
ionic radii of the metal ions studied (ionic radii for
Pr3+, Eu3+ and Er3+ are: 1.013, 0.950 and 0.881
Å, respectively). A similar trend has been reported
for the extraction of some lanthanide metal ions
with crown ethers [18]. Since the ion-pair formation
in the organic phase should be preceded by dehy-
dration of the metal ions, Pr3+ with the relatively
larger ionic size and the smallest relative hydration
energy is expected to show the highest relative
extractability.

All extractions studied were carried out using
nitrobenzene and 1,2-dichloroethane as diluents in
the organic phase. The percent extraction in the
case of nitrobenzene was always higher than that
of 1,2-dichloroethane regardless of pH of the
aqueous phase, the polyoxyalkylene system or the
metal ion. This behavior may be attributed to the
configuration of the ion-pair formed in the organic
solvent as suggested earlier [26]. The poly-
oxyalkylene molecule coordinates to the metal ion
through the ether oxygen atoms and it wraps
around the cation in a helical configuration which
is stabilized in an organic solvent of high dielectric
constant. Further more, the energy of solvation of
picrate lipophilic anion by nitrobenzene is greater
than that by 1,2-dichloroethane [26].

3.4. Effect of metal ion concentration on
extraction

Europium has been extracted from aqueous
solutions containing various concentrations of
Eu3+, 0.033 M picric acid at pH 4.5 into nitroben-
zene or 1,2-dichloroethane containing 0.3 M PPG-
1025. The percent extraction of Eu3+ was constant
(about 92%) up to about 100 ppm Eu3+ (Fig. 3)
then it showed a significant drop in either nitroben-
zene or 1,2-dichloroethane; in fact, the percent
extraction has dropped down to about 25% when
the initial concentration of Eu3+ has reached 357
ppm (Fig. 3).

Table 1
Percent extractions of Eu3+, Pr3+ and Er3+ with various
polyoxyalkylenes at the optimum conditions

Organic phasePoly- M3+

oxyalkylene

Nitrobenzene 1,2-
Dichloroethane

PPG-1025 92.7Eu3+ 87.4
91.295.8Pr3+

Er3+ 80.3 61.4
PEG-600 60.085.0Eu3+

PBDO-700 96.7Eu3+ 61.1

[M3+] 100 ppm, pH 4.5, [Picric acid]initial 0.055 M, [poly-
oxyalkylene] 0.3 M in nitrobenzene or 1,2-dichloroethane or-
ganic phase.
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Fig. 3. Extraction of europium from aqueous medium contain-
ing various concentrations of Eu3+, 0.033 M picric acid at pH
4.5 by 0.3 M PPG-1025 in nitrobenzene.

[M3+], at a level of 100 ppm (6.7×10−4 M), that
of picric acid at 0.055 M and the pH at a value of
4.5 (a value within the optimum pH range for
extraction). Thus, the conditions for Eq. (7) are
met. Since [L*]initial\\ [M3+] even with the low-
est polyoxyalkylene concentration (�0.01 M),
the equilibrium concentration of poloxyalkylene,
[L*] in Eq. (7) may be replaced by the initial
concentration, [L*]initial. Consequently, the num-
ber of moles of AOUs, required to combine with
one mole of metal ions has been estimated from
plots of log D against log [L*]initial . Plots for the
ion-pairs of PPG-1025 (n=17.4 propyleneoxide
units, POU) with the M3+-picrate species are
shown in Fig. 4, curves 1, 2 and 3. The correlation
coefficients for these curves were better than 0.99
in most cases. From the slopes of these curves it
was possible to find that each mole of metal ions
studied (Pr3+, Eu3+ or Er3+) is bound to about
13 to 14 moles of POUs (Table 2). However,
when the data were plotted for extraction of Eu3+

with PEG-600 or PBDO-700 (Fig. 4, curves 4 and
5, respectively) it is found that number of ethyle-
neoxide units, EOU, estimated per a mole of

This behavior may be attributed to the deple-
tion of picrate anion in the aqueous phase which
is necessary to form the species, M3+.Pic- which is
readily extracted to the organic phase. Repetitive
extraction experiments were carried out in which
Eu3+ has been extracted from aqueous phases
containing \100 ppm Eu3+ in the presence of
0.033 M picric acid at pH 4.5 into either nitroben-
zene or 1,2-dichlorethane phase containing 0.3 M
PPG-1025. In each experiment, a fresh organic
phase has been added in the second extraction
step; almost nothing has been extracted in the
second step. This indicates the vital role of picrate
which has been almost depleted in the first step.
At high picric acid concentrations, some picrate
may be transferred to the organic phase in the
form of molecular picric acid [23] decreasing the
chance for ion-pair formation with the metal ion
M3+.

3.5. E6aluation of ion-pair stoichiometry and
extraction efficiency

In a series of experiments the initial concentra-
tion of polyoxyalkylene, [L*]initial in 1,2-
dichloroethane, was varied in the range of 0.01 to
0.3 M fixing the concentration of the metal ion,

Fig. 4. Log D versus log [L*] for lanthanide metal ions ex-
tracted by PPG-1025, PEG-600 and PBDO-700 in 1,2-
dichloroethane. [Picric acid] 0.055 M, [M3+] 100 ppm, pH 4.5.
(1) Pr3+ by PPG-1025, (2) Eu3+ by PPG-1025, (3) Er3+ by
PPG-1025, (4) Eu3+ by PEG-600, (5) Eu3+ by PBDO-700.
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Table 2
Number of moles of alkyleneoxide units (AOU)a associated
with a mole of M3+ extracted from an aqueous phase contain-
ing 0.055 M picric acid and 100 ppm of metal ion, into
1,2-dichloroethane containing varied concentrations of poly-
oxyalkylene

No. AOUs/metal ionaPoly- Log KexM3+

oxyalkylene

3.5014.4PPG-1025 Eu3+

3.7812.8PPG-1025 Pr3+

13.8 2.91PPG-1025 Er3+

10.2 2.94PEG-600 Eu3+

Eu3+ 10.0PBDO-700 2.63

Log Kex
a values for the ion-pairs POA.M3+.pic− are also

given.
a Number of AOUs and Log Kex values for the ion-pairs are
calculated, respectively, from the slopes and the intercepts of
the curves in Fig. 4.

linear relationship with a correlation coefficient
better than 0.99 and a slope of about 3 (ranging
from 2.7 to 3.2) regardless of the polyoxyalkylene
system, the type of metal ion or the solvent in the
organic phase. Consequently, M3+-picrate species
stoichiometry is consistent with what is expected
for a trivalent metal ion with a univalent anion.
This finding confirms the validity of the model
assumed for extraction according to Eqs. (1)–(7)
mentioned above.

Further more, Log Kex values for the various
metal ions with the polyoxyalkylenes studied have
been estimated from Eq. (7) assuming that z=3
and ka of picric acid=0.513; these values are
shown in Table 2. It is obvious from Table 2 that
Log Kex values estimated under same conditions
of pH indicate that the trend for extraction effi-
ciency of Eu3+ into the 1,2-dichloroethane phase
was in the order PPG-1025\PEG-600\PBDO-
700. However, the extraction efficiency for the
metal ions by PPG-1025 was in the order Pr3+\
Eu3+\Er3+.

The separation factors (K I
ex/K II

ex) for Pr3+/Eu3+

, Pr3+/Er3+ and Eu3+/Er3+ were calculated
from log Kex values given in Table 2 and found to
be 1.9, 7.4 and 4.0, respectively.

Eu3+ in the ion-pairs of PEG-600 (n=13.2 EOU)
is about 10 and number of moles of butadieneox-
ide units, BDOU, per a mole of Eu3+ for the
ion-pairs of PBDO-700 (n=10 PDOU) is also
about 10 (Table 2). The curves for BBDO-700
were not linear thus only the linear portion of the
curve was considered for the stoichiometry esti-
mation as shown in Fig. 4, curve 5. Thus, the
stoichiometry of the ion-pairs in the case of
PBDO-700 is almost 1:1, PBDO:Eu3+. These re-
sults are consistent with what has been reported
earlier, where about 12 moles of EOUs or POUs
are associated with a mole of alkaline earth metal
ions [27].

On the other hand, another set of experiments
have been carried out in which the concentration
of the metal ion, M3+, was fixed at 100 ppm
(6.7×10−4 M), the picric acid concentration,
[HX], was varied in the range of 0.01 to 0.055 M
and the polyoxyalkylene concentration was fixed
at 0.1 M in either nitrobenzene or 1,2-
dichloroethane organic solvent. Since [picric
acid]initial was \\ [M3+]initial, hence the condi-
tions for Eq. (7) are fulfilled. Thus log D was
plotted against log [picric acid]initial according to
Eq. (7). Typical plots are shown in Fig. 5 for the
extraction of Eu3+ (curves 2 and 4) and Er3+

(curves 1 and 3) into PPG-1025 in nitrobenzene or
1,2-dichloroethane. All curves plotted indicate a

Fig. 5. Log D versus log [HX] for lanthanide metal ions ex-
tracted by PPG-1025. (1) Er3+ into nitrobenzene, (2) Eu3+

into nitrobenzene, (3) Er3+ into 1,2-dichloroethane, (4) Eu3+

into 1,2-dichloroethane. [Picric acid] 0.055 [M3+] 100 ppm,
[Polyoxyalkylene] 0.1 M.
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Attempts were made to apply similar extraction
studies for the same systems under same condi-
tions but in the presence of nitrobenzene as the
organic diluent. Since the extraction has been
carried out at the optimum pH (4.5), the percent
extraction has reached its maximum values for
most systems at the lowest polyoxyalkylene con-
centrations used. Thus, plots of log D against
log [L*]initial were leveled off at very low poly-
oxyalkylene concentrations. Consequently, extrac-
tion experiments were carried out under same
conditions but without pH adjustment. In fact,
the pH measured was 2 or below where the ex-
traction efficiency for all systems is very low. plots
of log D against log [L*]initial under these condi-
tions were in a similar fashion as those for 1,2-
dichloroethane mentioned above. The slopes of
the curves showed that each mole of metal ions
(Pr3+, Eu3+, Er3+) studied is bound to about 14
moles of POUs, 9 EOUs and 10 BDOUs. Log Kex

values estimated from Eq. (7) indicated that the
efficiency of extraction for the metal ions studied
by the polyoxyalkylene systems was in the same
order as that in the case of 1,2-dichlorotethane
organic phase diluent.

4. Conclusion

Lanthanide metal ions represented by eu-
ropium, praseodymium and erbium can be ex-
tracted near quantitatively from their aqueous
solutions in the presence of a lipophilic anion,
namely, picrate anion, which forms an extractable
species with the lanthanide metal ions. the extrac-
tion is facilitated by ion-pair formation with a
polyoxyalkylene system in an organic solvent
which should possess a fairly high dielectric con-
stant. The optimum conditions for a maximum
percent extraction are: [Picric acid] 0.05 M, pH
3.5–5.5, [Polyoxyalkylene] 0.3 M, as well as ni-
trobenzene as the organic phase. The extraction
efficiency was in the order Pr3+\Eu3+\Er3+.
A larger number of alkyleneoxide units for the
same type of polyoxyalkylene (higher molar mass)
provides better extraction efficiency for these
metal ions. The extraction efficiency under the
optimum conditions mentioned above for the

same metal ion by different polyoxyalkylenes was
in the order PBDO\PPG\PEG in the case of
nitrobenzene organic solvent, but when 1,2-
dichloroethane was the organic solvent the extrac-
tion efficiency was in the order
PPG\PBDO:PEG. It has been found that 13
to 14 propyleneoxide units are associated with a
metal ion in each ion-pair with PPG-1025
molecule. In the case of PEG-600, about 9 to 10
ethyleneoxide units were associated with a metal
ion per an ion-pair. However, for the ion-pairs
with PBDO-700 the stoichiometry was 1:1, M3+

:PBDO. In all cases the species extracted from the
aqueous phase was M3+:3 picrate confirming the
validity of the proposed extraction equilibria.

The reproducibility of the extraction experi-
ments has been checked for extraction of Eu3+ at
the optimum conditions by PBDO-700 in ni-
trobenzene and found excellent; the relative stan-
dard deviation for 10 replicates was 0.27%.
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Abstract

Acid diffusion in the presence of hexamethyldisiloxane (HMDS) enables complete recovery of ionic fluoride from
standards containing varying concentrations of aluminium as one of the main interfering ions. Acid diffusion without
HMDS shows a decrease in fluoride recovery as aluminium ion concentration increases. The fluoride concentration
in the trapping solution is determined directly on the diffusion cover with a combination fluoride electrode after
neutralising and buffering. The same procedure was used for the analysis of fluoride in soil and plant materials
containing high concentrations of aluminium ions. For the same samples, the concentrations of aluminium, iron and
silicon were determined using atomic absorption spectrophotometer (AAS). © 1997 Elsevier Science B.V.

Keywords: HMDS microdiffusion; Interfering ions; GLC

1. Introduction

The determination of fluoride has been greatly
facilitated by the increased adoption of diffusion
procedures for the separation of fluoride from
interfering substances and the introduction of
suitable buffers. Severe problems still arise in
separation methods for trace fluoride analysis in
biological specimens due to interfering ions [1].
These ions have been removed by precipitation at
pH 8–9 [2] and by the use of complexing agents
such as Tiron, CDTA and EDTA [3].

In diffusion procedures, few authors have con-
sidered the effect of interfering ions, which form
strong complexes with fluoride, on the rate of
diffusion [4]. Some authors [5] have used sul-
phuric and perchloric acids for diffusion at 60°C
for 20 h to find the effect of aluminium and
silicon on fluoride recovery from standards. Both
ions showed higher interference in sulphuric acid.

The use of HMDS in diffusion experiments
have provided a more rapid method for fluoride
separation at room temperature [6]. Its use has
become widespread due to its simplicity and
adaptability to fluoride determination in large
number of samples. Several authors [7–9] have
used and modified the method in the analysis of
different biological samples. However, the effect
of interfering ions on the rate of HMDS-aided
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diffusion is not well documented. Aluminium lev-
els in vegetables and plants have been reported to
be in the range of 180–1350 mg g−1 [2] and this
work addresses itself to whether such aluminium
values would interfere with fluoride separation
while using HMDS in standards, soils and plant
materials. The effects of the presence of iron and
silicon on fluoride recovery have also been consid-
ered.

2. Experimental

2.1. Apparatus

Combination fluoride ion-selective electrode
(Orion, Cambridge, MA, USA, model 96-09), ion
analyzer (Orion Model 407A and 920A),
polystyrene Petri dishes 60×15 mm, Finn pip-
pettes, polystyrene tips, shaker (GFL model 315),
AAS Perkin Elmer model 2380, gas chro-
matograph (Chrompack model CP9001), and cen-
trifuge.

2.2. Reagents

All chemicals were of analytical grade. Double
distilled deionised water was used throughout the
work. Reagents and solutions were freshly pre-
pared and stored in plastic bottles except perchlo-
ric acid. Diffusion acid was prepared as reported
by Kimarua et al. [10].

2.3. Aluminium standard solution

Aluminium standard solution was prepared by
dissolving 13.90 g of hydrated aluminium nitrate
[Al(NO3)3 · 9H2O] in 250 cm3 of water then made
up to 1 l to make 1000 mg l−1. It was stored in a
plastic bottle.

2.4. Standard fluoride solution

First, 2.210 g of sodium fluoride (initially dried
for 2 h at 120°C) was dissolved in 250 cm3 of
water, then made up to 1 l to give 1000 mg l−1.
This was stored in a plastic bottle.

2.5. Silicon standard solution

A solution containing 10 mg l−1 (500 mg l−1

for soil samples) was prepared by mixing 1.30 g of
hydrated silicic acid powder (SiO2 ·nH2O) with 5
cm3 of water. Then, 1.52 g of sodium hydroxide
pellets were added to the mixture and shaken
gently. After complete dissolution 30 cm3 of water
was added and allowed to cool. The solution was
then diluted to 50 cm3 with water and stored in a
plastic bottle.

2.6. Iron standard solution

First, 1000 mg l−1 iron solution was made by
dissolving 8.63 g of hydrated ammonium iron(III)
sulphate [NH4Fe(SO4)2 · 12H2O] in water and di-
luted to 1 l. The solution was stored in a 1 l
plastic bottle.

2.7. Procedure with ion-selecti6e electrode

For fluoride analysis, polystyrene Petri dishes
whose lids had been edged with acetone then
rinsed with water were used. On each lid, a hole
was made about 1.5 cm from the edge, using a
soldering iron. The hole was for adding acid and
sample using a Finn pipette. Then, 50 ml of 0.5 M
sodium hydroxide was applied on the lid in form
of eight drops. After replacing the lid, the Petri
dish was sealed all round with a strip of parafilm.
A 2.0-cm3 aliquot of fluoride standard solution
with a known amount of aluminium was put
through the hole at the bottom of the Petri dish
which contained 0.2 cm3 of 1.0 M silver nitrate.
Then, 2.0 cm3 of 4.0 M perchloric acid was added
and the hole quickly covered with a piece of
parafilm. The dishes were placed on a shaker for
6 h at room temperature (20–23°C). After 6 h the
lids were kept in a dessicator for the drops to dry.
The dried up drops were dissolved in 50 ml of 0.5
M HCl and 50 ml TISAB II (pH 5.2) and the
fluoride measured with a combination fluoride
electrode. The same procedure was repeated using
0.1 g of plant materials and g of soil samples.
Calibration standards and blanks were also sub-
jected to the same diffusion procedures.
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Table 1
Fluoride recovery from 1.0 and 2.0 mg ml−1 fluoride standard
solution in the presence of 0.0–1000 mg ml−1 aluminium ions
at room temperature with and without HMDS

Aluminium added Mean percentage recovery
(mg ml−1)

WithoutWith HMDS
HMDS

BA AB

6.2 6.00.0 100.0 99.0
1.8 1.6100.0 103.0 102.0

98.0 1.4200.0 102.0 1.2
99.0 — 0.7102.0500.0

——800.0 100.0 100.0
— —1000.0 103.0 102.0

A, 1.0 mg ml−1 F.
B, 2.0 mg ml−1 F.
All concentrations are in mg ml−1.
A dash (—) indicates that the fluoride concentration was
below the detection limit.

carried out in a volume of 0.1 cm3 and between
measurements, the electrode was cleaned with wa-
ter. The electrode was stored in 10 mg ml−1 NaF
solution without any buffer. All the fluoride in the
samples were concentrated above the detection
limit of the electrode which was 0.02 mg ml−1.

2.9. Procedure for gas liquid chromatography

Fluoride was determined on a CP9001
(Chrompack) gas chromatograph with a back
flush system. It consists of a wide bore injection
system, two wide bore columns of 10 and 25 m
(WCOT Fused Silica with a coating of CP-SIL
5CB) and a flame ionisation detector [11]. The
samples were weighed into 4 cm3 borosilicate glass
vials. Then, 0.5 cm3 of water was added followed
by 1 cm3 of 8.0 M perchloric acid. The reagent
solution was added which consists of 1 cm3

toluene, 0.5% (v/v) trimethylchlorosilane (TMCS)
and 0.0025% (v/v) iso-pentane (internal standard).
The vial was closed immediately with a cap and
septum. The reaction mixture was rotated
overnight at 4°C then centrifuged for 2 min at
4000 rpm. A 1-ml sample was injected from the
toluene layer to the column in duplicates and
peak heights were determined and correlated to
standard injections of known amounts of fluoride.
Calibration curves were made with fluoride stan-
dards of 0.1–100 mg ml−1 from a stock solution
of 1000 mg ml−1. Straight lines were obtained
with r2=0.999.

2.8. Electrode calibration

NaF standards containing 0.1, 0.5, 1.0, 5.0, 10.0
and 20.0 mg ml−1 were prepared and treated the
same way as the samples. Calibration of the elec-
trode was done with two standards at a time on
the 420A ion analyser (used for measurements in
Table 1). At least five standards were used on the
920A concentration mode which then calculated
the blank and the slope (used for measurements in
Table 2). The measurement of the samples were

Table 2
Concentration of fluoride in the sample

[F−]1Sample [F−]2 [F−]3 % Rec. % CV

Tea bags 216.13 316.80 100.5 2.781.80
310.66 2280.00Green tea leaves 2390.00 110.0 0.4

Terere Amaranthus 0.00 2.04 102.45 100.41 2.6
5.7100.45105.090.00 4.64Spinach

100.33200.33 2.2100.0015.56Soil 113
Soil 118 22.17 229.75 338.00 108.25 1.2

[F−]1, fluoride levels in the absence of HMDS.
[F−]2, fluoride levels in the presence of HMDS.
[F−]3, fluoride levels in spiked samples (with 100 mg g−1 F) in the presence of HMDS.
CV, coefficient of variation for the recovery of spiked samples: S.D./Mean×100.
All concentrations are in mg g−1.
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2.10. Aluminium, silicon and iron

Two procedures were follows:
1. Using hydrochloric acid and hydrofluoric acid

for soil samples and concentrated nitric acid
and perchloric acid for plant samples in the
hot digestion method as reported in the AAS
manual [12].

2. Using 4.0 M perchloric acid under the same
conditions of the diffusion process. Then, 1.2 g
of the samples were placed in plastic contain-
ers and 50.0 cm3 of 4.0 M perchloric acid was
added. The contents were placed on a shaker
for 6 h. After filtering, the contents were ana-
lyzed for aluminium, iron and silicon using the
AAS.

3. Results and discussions

In direct potentiometric analysis of fluoride, the
tolerance limit of aluminium is 27 ppm at pH 6
and 2.7 ppm at pH 5.5 in the presence of Tiron as
the masking agent [3], while in the indirect spec-
trophotometric method, the critical concentration
is 22 ppm [13]. It is also indicated that the release
of fluoride ion from aluminium varies with the
masking reagent used, pH and the concentration
of fluoride and aluminium ions. At the diffusion
temperature of 60°C silicon forms a viscous gel in
the presence of acids and thus reduces the rate of
diffusion due to the trapping of the HF in the
micellar spaces [5]. However, at room tempera-
ture, no gel is formed and the residue does not
hinder the diffusion of trimethylflurosilane
(TMFS). The documented interference during HF
diffusion by Gustafsson and Njenga [5] indicates a
decrease in fluoride recovery in standards as alu-
minium and silicon concentrations are increased.
However, the literature on the effect of interfering
ions on HMDS diffusion is scarce.

In the present study, the HMDS method was
first tested with sodium fluoride standard solu-
tions in the range 0.5–1.0 mg ml−1 with a recov-
ery of 99.5–100.3% (n=4) indicating high
accuracy and precision of the method.

In the absence of aluminium and HMDS, acid
diffusion at room temperature gave recoveries of

about 5% added fluoride. This value does not
change significantly for aluminium concentrations
below 100 mg ml−1. However, above 100 mg ml−1

aluminium, recoveries decreases and at 500 mg
ml−1 no fluoride is recovered as shown in Table
1. It is stipulated that in the absence of HMDS,
HF reacts with other HF molecules and with
water to form higher molecular weight complexes
which do not diffuse due to their high boiling
points.

Table 1 also gives the recoveries of fluoride
from 1.0 and 2.0 mg ml−1 fluoride standard solu-
tions in the presence of 100–1000 mg ml−1 alu-
minium at room temperature in the presence of
HMDS. Recoveries between 99.0–103.0% were
realised indicating little or no interference from
aluminium ions when HMDS is used.

The study was extended to four plant samples
and two soil samples whose fluoride, aluminium,
iron and silicon contents were determined. Table
2 shows the fluoride levels, recovery from spiked
samples and analytical variations expressed as a
coefficient of variation for the recovery of the
added fluoride. Fluoride concentration ranges
from as low as 2.0 mg g−1 in Terere (Amaranthus)
to 2280 mg g−1 in green tea leaves. Regardless of
the very high aluminium concentrations (Table 3),
different levels of fluoride are obtained whose
comparison with spiked samples gives acceptable
recoveries with coefficient of variation between
0.4–5%. In the absence of HDMS, 10–15%
fluoride was available for measurement except in
tea bags which had 37%.

Table 3 gives the levels of aluminium, iron and
silicon. Except for tea leaf samples, the aluminium
levels during diffusion are lower than the total but
high enough to have an effect during diffusion.
The total levels of the ions are those obtained by
extractions with acids different from the actual
diffusion acids. To evaluate the actual concentra-
tions of the ions during diffusion, perchloric acid
was used for extraction and the levels determined
by AAS.

The concentrations obtained are an indication
of what is extracted by perchloric acid during
diffusion. Such levels have been shown to
fere with diffusion at 60°C but from the fluoride
levels and recoveries, there is no interference in
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Table 3
Concentration of aluminium, iron and silicon in the samples

c(Si)1 c(Si)2c(Fe)1Sample c(Fe)2c(Al)1 c(Al)2

BDL 0.09Tea bags 0.67 0.45 0.50 0.08
0.32BDL0.11Green tea leaves 0.604.98 5.04

0.25 26.00Terere amaranthus 1.18 0.17 0.80 0.20
0.30 9.00Spinach 1.54 0.12 1.10 0.12

204.003.45 0.64Soil 113 67.3077.00 3.83
1.97 166.00Soil 118 74.33 3.14 0.6648.60

c(Al)1, c(Fe)1, c(Si)1, concentrations of iron and silicon after wet digestion using HF.
c(Al)2, c(Fe)2, c(Si)2, concentrations of iron and silicon after digestion using HClO4.
BDL, below detection limit.
All concentrations are in mg g−1×103.

the presence of HMDS. The study clearly indi-
cates that HMDS can be used for samples with
high levels of interfering ions without any interfer-
ence in the diffusion and the procedure can be
applied to biological materials having high levels
of aluminium, silicon and iron.

In order to validate the results, the fluoride
concentrations of similar samples were also mea-
sured with a GLC. Table 4 gives the percentages
of fluoride in the samples while using both GLC
and HMDS microdiffusion. The data indicate
that the two methods are comparable. The princi-
ple behind the extraction of fluoride is similar in
both methods based on acid-promoted reaction
trimethylchlorosilane (TMCS) in GLC and
HMDS in microdiffusion with fluoride.
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Abstract

Using the model of ideally associated solution, the effect of ion association of the ion exchanger sites with main and
foreign counterions on the selectivity of ISEs based on liquid ion exchangers has been considered. Equations which
describe the potentiometric selectivity coefficient as a function of ion association constants in the membrane phase
and of standard free energies of transfer of the determined and foreign ions from water to the membrane are obtained
for the following main cases: (a) the determined and foreign ions are single-charged; (b) the determined ion is
double-charged and the foreign ion is single-charged. It is shown that in the case of single-charged main and foreign
ions, the ratio of the ion association constants has a great effect on the potentiometric selectivity of membranes, only
if the ion exchanger sites produce less strong associates with the determined counterion as compared with the foreign
one. Otherwise, this effect is insignificant. The selectivity for double-charged ions should increase, other things being
equal, as the first constant of association of these ions with the ion exchanger sites increases. The effect of producing
ion triplets of the type I2R (9 ) on the selectivity of ISEs is also considered. Experimental data are presented which
illustrate the effect of the nature of the ion exchanger on the potentiometric selectivity. Some procedures employing
the factor of ion association for increasing the potentiometric selectivity of liquid ion exchange membranes are
considered. © 1997 Elsevier Science B.V.

Keywords: Electrodes; Ion association; Potentiometric selectivity

1. Introduction

The presence of relationship between the poten-
tiometric selectivity of ISEs and the relative
strength of binding main and foreign ions with
the ion exchanger site follows directly from Sand-
blom, Eisenman and Walker’s theory [1] and is
one of the most important conclusions of Nikol-

sky-Schultz’s general theory of glass electrodes [2],
whose main statements are applicable to some
extent to membanes based on liquid ion exchang-
ers. Stover and Buck [3,4] have shown that apart
from forming ion pairs, the ratio of mobilities of
ion exchanger sites and counterions in the mem-
brane phase can also have an important effect on
the selectivity coefficient. It should be noted that
this effect increases with ion association. Arm-
strong and co-workers [5–7] have shown that* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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mobilities of ion exchanger sites and counterions
in plasticized polyvinylchloride membranes can
differ by more than an order of magnitude. Thus,
the possibility of exhibition of the mentioned ef-
fect seems quite realistic. On the other hand,
experiments have shown that the nature of the ion
exchanger usually does not have an important
effect on ISE selectivity [8–11]. It is interesting to
note that similar data were obtained both for fully
dissociated nitrobenzene-containing membranes
and for membranes with a relatively low dielectric
constant. In general, this situation is consistent
with results of the works on ion association
[12,13], from which it follows that ion exchanger
site-counterion association constants are almost
independent of the ion nature. Moreover, Morf
has shown [14] that even in those cases when
charged ionophore tends to selective interaction
with one of the ions, this property of the charged
ionophore cannot be transformed completely into
potentiometric selectivity. Therefore, for some
time the concept prevailed that use of charged
ionophores was not so promising as compared
with neutral carriers as concerns achievement of
high potentiometric selectivity.

However, for the recent 10–15 years the vari-
ous anion-selective electrodes based on charged
ionophores (derivatives of vitamin B12 [15–18],
porphyrins [19–28], phthalocyanins [29], tin-or-
ganic, palladium-organic compounds [30–34] etc.)
were described which were able to form suffi-
ciently strong complexes with the determined ion.
Selectivity of such electrodes differed substantially
from selectivity of the Hofmeister series, which
could not be explained reasonably within the for-
malism developed in [14]. Egorov and co-workers
[35,36] have shown that the theoretical prohibi-
tion of the transformation of the selective ion
exchanger affinity to the determined ion into po-
tentiometric selectivity could be overcome, if the
concentration of free ions of selective ion ex-
changer is stabilized in the membrane so that it
could not change greatly in the course of the ion
exchange reaction with the interfering ion. To do
this, it was suggested to introduce into the mem-
brane a lipophilic ionic additive having charge
opposite to that of the ion exchanger sites and
forming a rather well dissociating salt with the

latter. It was shown experimentally that this pro-
cedure could, for example, increase substantially
the selectivity to the cations of primary-tertiary
amines as compared with quaternary ammonium
cations which, according to [37], form less strong
ion associates. The mechanism of functioning of
the membranes based on highly selective ion ex-
changers (or charged carriers, according to the
classification [38]) was thoroughly considered by
Schaller and co-workers [39–41]. In particular,
they showed that introduction of a lipophilic ion
additive into the membrane was very important in
the case of cation-selective electrodes but not so
important in the case of anion-selective electrodes,
since PVC membranes always contain anion ad-
mixtures that actually function as a lipophilic
additive and provide selectivity close to optimal.
Those authors obtained quantitative expressions
for the electrode response and selectivity coeffi-
cients as a function of the membrane composi-
tion, solvation and complex formation
parameters, which is important both for under-
standing of the functioning mechanism of such
ISEs and for optimization of membrane composi-
tions and measurements conditions.

In the present contribution the influence of the
features of ion exchanger site-counterion interac-
tion on the potentiometric selectivity of the mem-
branes being in contact with sample solution
containing both primary and interfering ions is
discussed. New experimental data are presented
which illustrate the effect of the ion exchanger
nature on ISE selectivity.

2. Experimental

2.1. Reagents

2.1.1. Ion exchangers
Quaternary ammonium salts, namely, trinony-

loctadecyl-ammonium (TNODA), dimethyldioc-
tadecylammonium (DMDODA) and
N,N,N-tridecyl-2-hydroxyethylammonium (TD-
HEA) were synthesized by stepwise alkylation of
octadecylamine (the first two salts) and mo-
noethanolamine, respectively, by halogen alkyls
following the method of Veigand-Hilgetag [42].
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The produced compounds were isolated and
purified by extraction in the octane–dimethylfor-
mamide system [43]. For all compounds produced
the contents of the main substance determined by
nonaqueous potentiometric titration with respect
to halogen ion was at least 99%. The contents of
amine impurities in these compounds determined
spectrophotometrically in the form of ion associ-
ates with picric acid following Lestchev et al. [44]
did not exceed 0.01%. Trinonyloxybenzenesul-
phonic acid (TNBS) was produced by alkylation
of pyrogallol by nonyl bromide followed by
sulphonation [45]. The product was isolated and
purified by extraction in the hexane–dimethyl-
sulphoxide system. Di(2-decy-
loxyphenyl)phosphate (D(2DP)P) and
di(3-nonyloxyphenyl)phosphate (D(3NP)P) were
produced in the reaction of phosphorus chlorox-
ide with the appropriate alkoxyphenol. These
compounds were synthesized and purified follow-
ing the procedure used for these kind of com-
pounds [46]. For the last three compounds, the
contents of the main substance determined by
nonaqueous potentiometric titration amounted to
at least 97%.

2.1.2. Plasticizers and sol6ents
Dibuthylphthalate (DBP), 1-bromnaphthalene

(BN), o-nitrophenyloctyl ester (NPOE) and or-
ganic solvents toluene, nitrobenzene and cyclo-
hexanone of reagent grade were purified by
distillation. Dioctylphenylphosphonate (DOPP)
was synthesized in the reaction of phenylphospho-
nedichloride with octanol following Cosolapoff
[47]. Then, the product was isolated from the
reaction mixture by extraction in the hexane and
water/dimethylsulphoxide mixture (1:4). The iso-
lated plasticizer was purified in the chromato-
graphic column filled with S40/100 silicagel; the
mobile phase was a chloroform/methanol mixture
(9:1) [48]. Trihexylphosphate (THP) was purified
from acid admixtures by treatment of hexane
solution of the reagent with sodium hydroxide
solution in the water/dimethylformamide mixture
following [49]. 3-Nonyloxyphenol (NOP) was pro-
duced by alkylation of resorcinol by nonyl bro-
mide. The product was distilled after extraction
from the reaction mixture.

2.1.3. Polymer matrices and aqueous electrolytic
solutions

Polyvinylchloride PZh-S70 was used as a poly-
mer matrix of ISE membranes. Aqueous elec-
trolytic solutions were prepared using distilled
water. Dry salts used for these purposes were of
at least analytical reagent grade.

2.2. Preparation of samples

Membranes of ISEs were prepared following
the standard method [50]. The membrane compo-
sitions are presented in Table 1. Various interest-
ing series of compounds of quaternary
ammonium were obtained by ion exchange.

2.3. Measurements of ion exchange constants

Exchange of chloride for sulphate was studied
at the constant temperature T=29391 K in the
toluene-water system at an ion exchanger concen-
tration of 1.7 ·10−2 M. The contents of sulphate
ions in the water phase varied in the range 0.005–
1 M. After the system attained equilibrium the
chloride ion concentration in the aqueous and
organic phases was found by potentiometric titra-
tion by silver nitrate solution, and the sulphate
ion concentration was found from the difference
using the material balance equation. It was ob-
served that the anion exchange constant depended
substantially on the sulphate ion concentration,
which is consistent with the available literature
information [51] and can be ascribed to formation
of the complex anion NaSO4

−. Estimated concen-
tration constants of anion exchange are given in
Table 2.

2.4. Measurements of ion association constants

Ion association was studied at T=29391 K in
the toluene–nitrobenzene system containing 10%
v/v of nitrobenzene at constant current. Electric
conductivities of a series solutions of quaternary
amonium salts (QAS) were determined at concen-
trations of 10−2–10−7 M. Then, the constants of
ion association were calculated from the formula:

kass= (1−a)/(a2 · C)



V.V. Egoro6 et al. / Talanta 44 (1997) 1735–17471738

where a is the dissociation degree of QAS found
with Stokes’ method [52], C is the concentration of
QAS in the solution.

2.5. Potentiometric measurements

Potentiometric measurements were taken at T=
29391 K with an I-130 digital ionometer with an
EVL-1M.3 silver–silver chloride reference elec-
trode. Selectivity coefficients were determined with
the method of mixed solutions for SO4

2− ion
selective electrode with a constant sulphate-ion
background of 10−3 M and against the back-
ground of main ion of 0.1 M for the other ISEs.
K ij

pot was calculated from the equation:

Kpot
ij =

ai

(aj)zi/zj
(10(E2−E1)/u−1)

where ai and aj are the activities of the main and
foreign ions; zi and zj are the charges of the main
and foreign ions; E1 and E2 are the potentials of
ISE in the background and mixed solutions; u is
the slope of the electrode function.

3. Results and discussion

3.1. The model of ideally associated solution.
Single-charged ions

In media with low and moderate dielectric con-
stants such as ISEs membranes (except those based
on nitrobenzene or nitrogroup-containing plasti-
cizers), liquid ion exchangers are present mainly in
the form of ion associates with appropriate counte-
rions, when the relative amount of free ions in the
membrane is negligible. In these systems, the ion
exchange constant determined experimentally is
described by the equation:

K (2)
ij =K (1)

ij ·KjR/KiR (1)

where K ij
(2) is the equilibrium constant of the ion

exchange process, e.g., for cation-exchanger:

J+
aq+RI�

K(2)
ij

I+
aq+RJ (2)

K ij
(1) is the ion exchange constant only determined

by standard free energies of transfer of ions I and
J and is independent of the nature of the ion
exchanger:T
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Table 2
The effect of the ion exchanger nature on the ion association, ion exchange and potentiometric parameters

Ion association constant KSO2−4 , Cl−* for CSO2−4
Ion exchanger Ion Kpot

SO2−4 , Cl

1.0 M5·10−2 M

4.8 ·101 5.0 ·102TNODA SO4
2− 4.6 ·108 1.5 ·103 (IX)

4.9 ·109Cl−

Pic− 3.1 ·108

TPhB− 4.1 ·107

7.2 ·10−1 5.0DMDODA SO4
2− 4.8 ·108 6.5 ·101 (X)

8.0 ·109Cl−

Pic− 5.9 ·108

TPhB− 2.7 ·107

* KSO2−4 , Cl− is the equilibrium constant of the process: .2 Cl−+SO2−
4 ···(R+)2�2 Cl−···R++SO2−

4

K (1)
ij =exp[(DG0

i −DG0
j )/RT ], (3)

KiR and KjR are the constants of ion association of
I+ and J+ counterions with the ion exchanger
sites R−. Thus, as it was shown by Eisenman [1],
in highly associated systems, the ion exchange
selectivity depends directly on the ratio of the
constants of association of the ion exchanger sites
with the corresponding counterions.

While considering the potentiometric selectivity,
we restrict ourselves to the model including only
the effect of the foreign ion J+ on the interphase
potential at the membrane–solution interface, as-
suming that for membranes based on liquid ion
exchangers, the diffusion potential inside the
membrane is unimportant. If the differences of
the activities of ions I+ and J+ in the near-
boundary layer and in the bulk of the sample
solution are neglected, the effect of the foreign ion
J+ consists in changing the activity of the main
ion I+ in the membrane phase. In the first ap-
proximation this change may be described in
terms of the concentration constants of ion ex-
change and of ion association. In the case of
associated systems, concentrations of free (sol-
vated by the solvent but not bound to the associ-
ates) ions is described by the equation:

C( i=
C( iR

KiR · C( R

(4)

where C( R is the concentration of the free ion
exchanger site R−. In the approximation of the
model of ideally associated solution, this concen-
tration is described by the equation

C( R=
'C( iR

KiR

+
C( jR

KjR

(5)

where C( iR and C( jR are the equilibrium concentra-
tions of the corresponding ion associates de-
scribed by the equations

C( iR=
C( tot

R · Ci

Ci+K (2)
ij · Cj

(6)

C( jR=
C( tot

R · K (2)
ij · Cj

Ci+K (2)
ij Cj

(7)

where C( R
tot is the total concentration of the ion

exchanger in the membrane.
It follows from Eqs. (4) and (5) that the change

in the concentration of free counterions I+ in the
membrane that characterizes the interfering effect
of the foreign ion J+ is determined not only by
completeness of the ion exchange process but also
by the ratio of the ion association constants. Let
the condition KiR\KjR be satisfied. According to
Eqs. (1) and (2) this should lead to a decrease in
the concentration of the associate JR in the mem-
brane. However, decrease in the portion of the
less strong ion associate JR is compensated for, to
a great extent, by its greater ability to generate
free site R−, which, according to Eq. (4), is
accompanied by decrease in the concentration of
the free counterion I+ in the membrane. As a
result, use of a selective ion exchanger producing
stronger associates with the ion I+should not
lead to appropriate increase in the potentiometric
selectivity.
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In this case the equation that expresses explic-
itly the experimentally determined potentiometric
selectivity coefficient in terms of exchange
parameters of the system can be easily obtained
from the theory of ISEs based on liquid ion
exchangers developed by Morf. According to [14],
for an electrode immersed into the solution stud-
ied that contains simultaneously the determined
and interfering ions the membrane potential is
described by the equation:

E=E0
i + (1−t) · RT/F ln(ai+K (1)

ij aj)

+t · RT/F ln(ai+K (2)
ij ) (8)

where t is the electric transport number of the ion
exchanger site R−, and K ij

(1) and K ij
(2) are physi-

cally the same as was defined above.
Assuming the diffusion potential to be zero,

which is valid at t=0.5 and combining Eq. (8)
with Nikolsky’s equation:

E=E0
i +RT/F ln(ai+Kpot

ij · aj) (9)

we obtain

Kpot
ij = [(ai+K (1)

ij aj)1/2 · (ai+K (1)
ij · KjR/KiR)1/2

−ai]/aj (10)

As follows from [3–7], neglect of the diffusion
potential could hardly be considered quite reason-
able. Nevertheless, to simplify the formalism, the
assumption is ordinarily used in consideration of
the effect of ion association on the potentiometric
selectivity of the membrane [39–41,53].

If only foreign ions J+ are presented in the
solution analysed, Eq. (10) is reduced to the equa-
tion obtained in [39] for the separate solution
method:

Kpot
ij =K (1)

ij (KjR/KiR)1/2 (11)

When the association constants are equal
(KjR=KiR), Eq. (10) is reduced to Nikolsky’s
ordinary equation.

In the general form analysis of Eq. (10) is
rather difficult. Meanwhile, since this equation
express explicitly the dependence of K ij

pot on the
constants of ion exchange and ion association, the
effect of these parameters on K ij

pot can be investi-
gated in a simple way by mathematical modelling.
The obtained results are presented in Fig. 1. It can

be seen that K ij
pot�1 is the necessary condition

for attainment of high selectivity for the ion I+.
In this case the ratio of ion association constants
KiR/KjR is important only at KiRBKjR. On the
contrary, at KiR]10KjR further increase in the
constant of association of the ion exchanger site
R− with the main ion I+ has actually no effect
on K ij

pot which tends to (1/2)K ij
1. In the case when

K ij
1�1, changes in the ratio KiR/KjR has some

effect on K ij
pot at KiR\KjR as well. However, this

case has no practical interest, since K ij
pot is always

larger than 1, tending to (K ij
(1))1/2.

Of course, by virtue of the assumptions made,
the above scheme does not reflect the real situa-
tion quite rigorously. Nevertheless, it seems useful
since it allows us to follow, at least qualitatively,
the effect of ion association on K ij

pot.
The present conclusions agree well with experi-

mental data on the effect of the nature of the
quaternary ammonium cation on K ij

pot. The data
are summarized in Table 3. It can be seen that an
ISE based on salts of TDHEA containing a solva-
tion-active OH group in the direct vicinity to the
ion exchange centre, exhibit higher selectivity to
sulphonate- and carboxylate-containing anions in
the presence of perchlorate and picrate ions as
compared with ISEs based on salts of TNODA.
The observed effect can reasonably be explained

Fig. 1. Calculated selectivity coefficients for I (9 ) over J (9 ) for
ion exchanger based membranes. To calculate the selectivity
coefficients according to Eq. (10), the following assumptions
were made: ai=aj=1 ·10−2 M; K ij

(1) equals 1 ·103 (hollow
circle); (filled circle); 1 ·10−3 (hollow triangle).
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Table 3
The effect of membrane components on the values of ISE selectivity coefficients in the presence of foreign ions

Plasticizer Selectivity coefficientsDetermined ion Kpot
ij (TNODA)

Kpot
ij (TDHEA)

Ion exchanger TNODA Ion exchanger TDHEA

ClO4
−: 2 · 101 (4 ·10−1)*ClO4

−: 4.5 ·101 (8 ·10−1)*Dibuthylphthalate 2.25 (2.0)*Trichloroacetate
Pic−: 2 · 104 (4 ·102)* Pic−: 1.5 ·104 (2 ·102)* 1.3 (2.0)*
ClO4

−: 10 (1.7 ·10−1)* ClO4
−: 4 (1 ·10−1)*1-Naphthalenesulphonate Dibuthylphthalate 2.5 (1.7)*

Pic−: 4 · 10 (6 ·101)*Pic−: 6 · 103 (1 ·102)* 1.5 (1.7)*
ClO4

−: 1 · 102 (9 ·10−1)* ClO4
−: 4 · 101 (5 ·10−1)*2,4-Dinitrobenzoate Dibuthylphthalate 2.5 (1.8)*

Pic−: 3 · 104 (3 ·102)* 1.7 (1.7)*Pic−: 5 · 104 (5 ·102)*
ClO4

−: 8 · 102 ClO4
− 2.5 ·102Toluenesulphonate Dibuthylphthalate 3.2

ClO4
−: 3 · 102 ClO4

−: 1.4 ·102 2.1TrihexylphosphateToluenesulphonate
ClO4

−: 5.5 ·102 ClO4
−: 2.5 ·102Toluenesulphonate 1-Bromnaphthalene 2.2

ClO4
−: 1 · 103 ClO4

−: 3 · 102Toluenesulphonate o-Nitrophenyloctyl ester 3.3

* The membranes contain 14% w/w 3-nonyloxyphenol.

by increase in the strength of ion associates pro-
duced by anions with TDHEA cations as a result
of formation of a hydrogen bond additional to
electrostatic interaction. It is natural that the
strength of this bond should depend on polarity
of the anion, increasing from picrate and perchlo-
rate to sulphonate- and carboxylate-containing
anions. This effect results in a 10–20-fold increase
in the ion exchange constants for exchange of
benzoic acid derivatives for perchlorate and 2,4-
dinitrophenolate ions [54]. However, K ij

pot values
change only by a factor of 1.5 to 3. It is notewor-
thy that the observed change in K ij

pot is almost
independent of the nature of the plasticizer and
persists in the presence of the specific solvating
additive resorcinol monononyl ester.

Selectivity of such ISEs can be increased some-
what, if the membrane is manufactured so that it
functions as an indirect electrode, when only a
small part of the selective ion exchanger (5–10%)
is in the form of the determined ion I and the
other part is in the form of more lipophilic ion A
which is slightly capable of being displaced by the
main ion to the near-electrode layer of the sample
solution (K iA

(2)]104). If this electrode is immersed
in solution of the determined ion I, the concentra-
tions of the ion associates IR and AR in the
membrane remain almost invariant. Thus, the
concentration of the lipophilic ion A, that appears
in the near-electrode layer as a result of ion

exchange, is proportional to the concentration of
the main ion I in the sample solution and the
potential is a linear function of Ci. In this case the
effect of the foreign ion J should be exhibited to
the extent at which it leads to changes in the
concentration of the ion associate IR in the
boundary layer of the membrane, i.e. in accor-
dance with the experimental ion exchange con-
stant K ij

(2). We tested this method for a
toluenesulphonate selective electrode based on
TDHEA (picrate was used as a lipophilic anion)
and found that in the presence of perchlorate as a
foreign ion the electrode selectivity was two times
higher as compared to ISE based on individual
salt form of this ion exchanger. The electrode
works effectively at least 6 month and its main
analytical characteristics (the detection limit, the
slope of the emf response, stability of the poten-
tial) are not inferior to ISEs based on individual
salt form, because of which the suggested method
can be recommended for practice.

If the ion to be determined produces less strong
associates with the ion exchanger site as compared
with the interfering one, as it follows from the
results discussed, the potentiometric selectivity al-
ways can be improved by decreasing the ratio of
ion association constants KjR/KiR. In the case of
quaternary ammonium cations ions) and
primary–tertiary ammonium cations or alkaline
metal cations (foreign ions) the required effect can
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be easily achieved by using plasticizers with high
dielectric constant, that according to [55], results
in leveling of ion association constants. The effi-
ciency of this procedure is confirmed experimen-
tally as when o-nitrophenyloctyl ester or nonyl
ester of o-nitrobenzoic acid is substituted for
dibutylphthalate or dioctylphthalate, selectivity to
quaternary ammonium cations becomes 3–10
times higher [35].

3.2. The model of ideally associated solution.
Double-charged ions

If the membrane contains liquid ion exchanger,
which is the salt of single-charged site R− with
double-charged counterion I2+, according to [14],
the membrane potential in the solution containing
both the main ion I2+, and the foreign single-
charged ion J+ is described by the equation:

E=E0
i + (1−t)

· RT/F ln
�'

ai+
1
4

K (2)
ij a2

j −
'1

4
K (2)

ij a2
j

+
K (1)
ij a2

j
n

+t · RT/F ln
�'

ai+
1
4

K (2)
ij a2

j +
'1

4
K (2)

ij a2
j
n

(12)

where

K (1)
ij = (2KiRR/KjR)2 · K (2)

ij (13)

K (2)
ij = (KjR · kj)2/(2C( tot

R · KiR · KiRR · ki) (14)

KiR and KjR are the ion association constants
characterizing the ion pairing of ion exchanger
site R− with counterions I2+ and J+ respec-
tively, KiRR is the ion association constant charac-
terizing the ion pairing of ion exchanger site R−

with single-charged complex IR+, ki and kj are
so-called individual distribution coefficients pro-
posed by Eisenman [1], C( R

tot is the total concentra-
tion of ion exchanger sites in the membrane.

Neglecting the diffusion potential and assuming
t=0.5, we obtain

E=E0
i +RT/2F ln

�
ai

+
K (1)
ij a2

j
�'

ai+
1
4

K (2)
ij a2

j +
'1

4
K (2)

ij a2
j
�n

(15)

Combining Eq. (15) with Nikolsky’s expanded
equation for single- and double-charged ions:

Ei=E0
i +RT/2F ln(ai+Kpot

ij · a2
j ) (16)

we find:

Kpot
ij =

'K (1)
ij K (2)

ij

4
+
'K (1)

ij K (2)
ij

4
+

K (1)
ij ai

a2
j

(17)

With account of Eqs. (13) and (14), Eq. (17) can
be transformed to the following form convenient
for analysis:

Kpot
ij =

1
2

·
K (3)

ij KjR

C( tot
R KiR

+
'�1

2
·

K (3)
ij KjR

C( tot
R KiR

�2

+2
aiK (3)

ij KiRR

a2
j C( tot

R KiR

(18)

where K ij
(3), a hypothetic ion exchange constant in

a fully dissociated system, is described by the
equation:

K (3)
ij =k2

j /kiexp[(DG0
i −2 DG0

j )/RT ] (19)

DG i
0 and DG j

0 are standard free energies of trans-
fer of ions I2+ and J+ from aqueous phase into
membrane. Eq. (18) is equally valid for anion
exchange membranes too.

It follows from Eq. (18) that increase in KiR as
well as increase in C( R

tot should always be accompa-
nied by increase in the potentiometric selectivity
for double-charged ions in the presence of single-
charged ones. On the contrary, increase in K ij

(3)

and increase in KjR should always lead to increase
in the interfering effect of single-charged ions.
This situation seems quite reasonable. At first
glance, it is surprising that increase in the second
constant of ion association of the primary ion
with the ion exchanger site (KiRR) is accompanied
by deterioration of the selectivity. Two oppositely
directed factors act in this situation. On the one
hand, in accordance with ion exchange equi-
librium, increase in KiRR should lead to decrease
in the concentration of ion associate JR in the
membrane. On the other hand, as KiRR increases
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the role of the ion associate JR in the production
of free ion exchanger sites R− becomes more
important, so that even small concentration of ion
associate JR is able to lead to an essential change
in the concentration of free sites R−, and, as a
result, of free ions I2+ in the membrane. Eventu-
ally, the net action of these factors leads to a
weak dependence of K ij

pot on KiRR.
If in the analysed solution foreign ions J+ are

only present, Eq. (18) is simplified to:

Kpot
ij = (K (3)

ij · KjR)/(C( tot
R · KiR) (20)

It can be easily shown that Eq. (20) fully agrees
with the expression of K ij

pot obtained in [39] for
ions of different charges when it is determined by
the separate solution method:

Kpot
ij =

C( i

ki

�kj

C( j

�zi/zj

(21)

where C( i and C( j are the concentrations of free
ions Izi and Jzj in the boundary layer of the
membrane, which is in contact with the sample
solution containing the only ions Izi or Jzj, respec-
tively. Since, as follows from the Eigen-Denison-
Ramsey-Fuoss’ theory [56], KiR�KiRR, the
dissociation of single-charged associate IR+

makes a negligible contribution to the concentra-
tion of free sites R−. Therefore, according to the
equation of electroneutrality, in the absence of ion
J+C( R$C( Ri. As a result, the concentration of free
ions I2+ in the membrane is described by the
equation

C( i=
C( iR

KiR ·C( R

$
1

KiR

(22)

If the membrane is in contact with solution con-
taining only the foreign ion J+, the concentration
of free ions J+ in the membrane phase is de-
scribed by the equation:

C( j=C( R=
'C( tot

R

KjR

(23)

Bearing in mind that k j
2/ki=K ij

(3) and substituting
Eqs. (22) and (23) into Eq. (21), we obtain Eq.
(20).

The present theoretical conclusions agree quali-
tatively with experimental data. It can be seen
from the data summarised in Table 2 that ion

exchange affinity to sulphate-ion depends sub-
stantially on the nature of the ion exchanger: the
sulphate–chloride exchange constant becomes
70–100 times lower in the case of substitution of
DMDODA for TNODA. Meanwhile, the ratio of
the second constants of association of sulphate-
ion and of single-charged ions with cations of
these ion exchangers changes slightly. It suggests a
strong dependence of the first constant of associa-
tion of sulphate-ion on the nature of the ion
exchanger. This suggestion seems quite reasonable
in view of the fact that the sulphate-ion whose
charge is distributed uniformly among four oxy-
gen atoms is able to interact specifically with
positively charged hydrogen atoms nearest to the
cation centre provided their steric accessibility. It
is evident that the interaction in the case of atoms
carrying negative and positive charges, oriented in
an optimal way and located at the closest distance
from one another, should be more effective in
comparison with ‘indifferent’ electrostatic attrac-
tion of ions when this interaction is impossible
because of steric hindrances. This should lead to
increase in the sulphate-ion association constant
and manifest itself in potentiometric selectivity,
which agrees qualitatively with experimental re-
sults (see Table 2).

It is interesting that in the case of indirect
electrode, when 10% of DMDODA is in the sul-
phate form, and 90% is in the form of lypophilic
borohydride B10H10

2−, the value Kpot
SO2−

4 , Cl− is 3.5
times lower as compared with ISE based on (DM-
DODA+)2SO4

2− [57].

3.3. Violation of the model of ideally associated
solution. The effect of forming ion triplets on ISE
selecti6ity

If the ion exchanger interacts with the deter-
mined ion not only following the electrostatic
interaction mechanism, but is also able to form
coordination bonds with them and this ability is
partly preserved after forming an ion-pair, fa-
vourable conditions are provided for formation of
ion triplets of the type I2R

(9 ):

IR+I (9 )�
Ks

I2R (9 ) (24)
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In this case the ion associate IR is a kind of
neutral carrier for I (9 ) and the equilibrium con-
stant of this process is formally similar to the
complex formation constant.

The equation which expresses the experimen-
tally determined potentiometric selectivity coeffi-
cient in terms of ion exchange, ion association
and complex formation constants can be obtained
as follows. In the solution of determined ion the
membrane potential is described by the equation:

E1=E0
i9u lg[(ai)1/C( 0

i ]=E0%
i 9u lg(ai)1 (25)

where C( i
0 is the initial concentration of the ion

I (9 ) in the membrane.
In the presence of the foreign ion J (9 ) in the

solution studied, the equation is valid:

E2=E0
i9u lg[(ai)/C( i]=E0%9u lg(ai+Kpot

ij · aj)
(26)

where C( i is the concentration of the free ion I (9 )

in the membrane being in contact with the mixed
solution. Subtracting Eq. (25) from Eq. (26) and
performing simple manipulations, we obtained:

Kpot
ij =ai/aj · (C( 0

i /C( i−1) (27)

If the total portion of ions in membrane is
relatively small, i.e. the ion exchanger primarily
occurs in the form of ion-pairs, without foreign
ions the concentration of ion triplets is described
by the equation

C( 0
i2R=C( 0

i · C tot
R · KS (28)

With account of the equation of electroneutrality
we obtain

C( 0
R=C( 0

i +C( 0
i2R)=C( 0

i · (1+C( tot
R · KS) (29)

Finally, expressing the value of C( i
0 in terms of

the constant of ion association and substituting
C( R

0 from Eq. (29), we have

C( 0
i =

C( tot
R

KiR · C( 0
R

=
' C( tot

R

KiR · (1+C( tot
R · KS)

(30)

In the presence of the foreign ion J not tending to
formation of ion triplets, the condition of elec-
troneutrality becomes

C( R=C( i(1+C( tot
R · KS)+C( j (31)

In this case it is assumed that the addition of I
to the ion associate RJ is characterized by the
same equilibrium constant KS. Otherwise, more
bulky expressions are obtained but the essence of
the conclusions remains basically the same.

Expressing the free ion concentrations C( i and C( j

in terms of ion association constants, we obtain

C( R= (1+C( tot
R · KS) ·

C( iR

KiR · C( R

+
C( jR

KjR · C( R

(32)

Solving the above equation for C( R and substitut-
ing the obtained value in Eq. (4), we obtain:

C( i=
C( iR


KiR

·
1'

(1+C( tot
R · KS) · C( iR+

KiR

KjR

· C( Rj

(33)

Substituting Eqs. (30) and (33) into Eq. (27)
and expressing equilibrium concentrations C( iR

and C( jR by Eqs. (6) and (7), one can evaluate
K ij

pot.
The qualitative effect of forming ion triplets on

K ij
pot can be traced by comparison of the ratios

C( i
0/C( i for the case considered and for ideally

associated solution, when there are no ion triplets.
It follows from Eqs. (30) and (33) that

C( 0
i

C( i

=

C( tot

R

C( Ri

·
'

C( Ri+C( Rj ·
ki

kj

·
1

1+C( tot
R · KS

(34)

If ion triplets are absent, then

C( 0
i =

'C( tot
R

KiR

(35)

And according to Eqs. (4) and (5) we obtain:

C( 0
i

C( i

=

C( tot

R

C( Ri

·
'

C( Ri+C( Rj ·
ki

kj

(36)

Comparison of Eqs. (34) and (36) shows that in
the case of forming ion triplets the contribution of
the second term in the expression under the radi-
cal sign decreases proportionally to the factor
(1+C( R

tot~ ·~KS), which should be exhibited in the
appropriate increase in the potentiometric selec-
tivity for I. To summarize, it can be stated that
forming ion triplets leads to increase in the con-
centration of free ion exchanger sites in the mem-
brane. As a result, the concentration of the free
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Table 4
The effect of the nature of the ion exchanger on cation exchange membrane selectivity reversible to calcium cation

Selectivity coefficients relative to cationsMembrane

Mg2+ Zn2+Cu2+Fe2+Li+ Na+ NH4
+ K+

2.5 ·10−2 2 ·10−2 1.6 ·10−2XI 1.3 ·10−210−2 2 ·10−2 10−1 7 ·10−3

1.3 ·10−2 1.3 ·10−2XII 2 ·10−1 1.6 ·10−2 6 ·10−2 4 ·10−3 5 ·10−3 10−2

10−1 4 ·10−1 1.6 ·10−1XIII 5 ·104 1.6 ·102 2.5 ·10−18 ·102 6

ions I is also stabilized and not subjected to
strong changes when rather small numbers of
low-strength associates RJ penetrate into the
membrane. This mechanism is likely to be realized
in some anion-selective electrodes based on
charged carriers capable of forming coordination
bonds with appropriate anions.

We have found a very strong effect of the
nature of the ion exchanger on the ISE selectivity
in the study of Ca2+ –ISEs based on derivatives
or orthophosphoric acid (see Table 4). For mem-
branes based on TNBS and D(3NP)P the selectiv-
ity series typical of membranes based on
dialkyl(aryl) phosphoric acids is observed. On the
contrary, for membranes based on D(2DP)P the
selectivity for single-charged ions, especially, for
Li+, increases substantially (by 4 and more orders
of magnitude).

At present, we have no experimental data that
could give inequivocal and complete explanation
of the mechanism of the observed phenomenon.
However, a most probable reason seems to be
exhibition of a kind of the crown effect by
D(2DP)P molecules containing alkoxysubstitu-
tents in the ortho-position, which provide fa-
vourable conditions for coordination of
single-charged ions that results in forming ion
triplets:

For double-charged cations solvated effectively
by strong base dioctyl-phenylphosphonate, forma-
tion of such complexes should be less beneficial.

4. Conclusion

The present experimental and theoretical results
indicate that feasibilities of transforming ion ex-
change selectivity into potentiometric one are sub-
stantially different for single- and double-charged
ions. In ideally associated ion exchange mem-
branes, that do not contain ionic admixtures,
increase in the efficiency of interaction of the ion
exchanger with determined single-charged ions
has an important effect on the value of K ij

pot only
when KiRBKjR, which agrees with theoretical re-
sults [14]. However, if KiR\KjR, then without
special procedures intended to stabilize the ion
exchanger sites R (9 ) concentration in the mem-
brane phase, which are described in [35,39–41],
the gain in K ij

pot is not high, as a rule. The case,
when the ion exchanger sites form ion triplets of
type I2R (9 ) with the determined ion can be excep-
tion. In this case ion associate IR functions as a
kind of a neutral carrier for determined ion I (9 ).

In the case of double-charged ions, increase in
the first constant of ion association of the main
ion with the ion exchanger sites (KiR), all other
things being equal, should always lead to benefit
in potentiometric selectivity.
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Abstract

The molecular interactions between haloperidol and droperidol as electron donors and each of iodine; 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ); 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ); tetracyanoethylene (TCNE);
2,4,7-trinitro-9-fluorenon (TNF); and 2-3-5-6-tetrabromo-1,4-benzoquinone (Bromanil) as acceptors have been inves-
tigated spectrophotometrically. Different variables affecting the reaction were studies and optimized. Beer’s law was
obeyed in a concentration limit of 2.5–2500 mg ml−1 for the studied drugs with various acceptors used. Electron
affinities (EA) of the acceptors were found to correlate with both the time required for maximum colour formation
and the molar absorptivities of haloperidol and droperidol. A Job’s plot of the absorbance versus the molar ratio of
the drugs to iodine indicated 1:1 ratio. The proposed methods were found to be rapid and sensitive and may be
applied for estimation of named drugs in pharmaceutical dosage forms without interferences from the common
additives encountered. Percentage recoveries ranged from 99.1–102.2%. © 1997 Elsevier Science B.V.

Keywords: Charge transfer complexes; Droperidol; Haloperidol; Spectrophotometry

1. Introduction

Different reported methods for the determina-
tion of haloperidol (I) and droperidol (II) buty-
rophenone neuroleptics have been reviewed [1,2].
The methods reported involve the following tech-
niques: uv spectrophotometry [3], fluorometry
[4,5], extraction photometry [6], condensation re-
action with phenylhydrazine [7,8], reaction with
1,2-naphthoquinone-4-sulphonic acid [9], polarog-
raphy [10,11], proton magnetic resonance spec-
troscopy [12] and high performance liquid
chromatography [13–22]. USP XXII and NF
XVII specify a non aqueous titrimetric method

for the analysis of pure drugs and a uv spec-
trophotometric one for their dosage forms [23].

The molecular interactions between electron
donors and acceptors are generally associated
with the formation of intensely coloured charge
transfer complexes, which absorb radiation in the
visible region [24]. The photometric methods
based on these interactions are usually simple and
convenient because of the rapid formation of the
complexes. Haloperidol and droperidol are good
n-electron donors and will form charge transfer
complexes with s- or p-acceptors.

p-Acceptors such as TCNE, TCNQ, DDQ and
p-Bromanil are known to yield charge-transfer

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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complexes and radical anions with a variety of
electron donors [24–26]. This donor-acceptor in-
teraction has been investigated with two buty-
rophenones as electron donors (Scheme 1).

The reported spectrophotometric methods are
either non specific, time consuming, indirect, or
suffering from the disadvantage of low sensitivity.
In addition, most of the published assay methods
for butyrophenones were suggested for their de-
termination in biological fluids rather than in
pharmaceutical preparations.

This study describes simple, direct, sensitive
and precise spectrophotometric methods for the
determination of haloperidol and droperidol via
complexation with s and p-acceptors in their
common dosage forms and irrespective of the
presence of contaminants and additives.

2. Experimental apparatus

A Perkin-Elmer Lambda 3 B UV/VIS (Nor-
walk, CT, USA) and a Uvidec-320 (Tokyo,
Japan) Spectrophotometers with 10 mm matched
silica cells were used for all spectral measure-
ments.

2.1. Chemicals and reagents

Haloperidol and droperidol were obtained from
Gedeon Richter, Budapest, Hungary. Iodine re-
sublimed, Riedel De-Haen AG, Germany, 8.5 mg
ml−1 in 1,2-dichloroethane, the solution was sta-
ble for at least 1 week at 4°C.

7,7,8,8-tetracyanoquinodimethane (TCNQ),
Aldrich Chem Co., Milwaukee, USA, 1 mg ml−1

in acetonitrile, the solution was stable for at least
1 week at 4°C.

2,3-Dichloro-5,6-dicyano-p-benzoquinone
(DDQ), Merck-Schuchardt, Munich, Germany, 2
mg ml−1 in methanol, the solution was prepared
fresh daily.

Tetracyanoethylene (TCNE), Nacalai Tesque,
Kyoto, Japan, 1 mg ml−1 in acetonitrile, was
prepared fresh daily.

2,4,7-trinitro-9-fluorenon (TNF), Fluka,
Switzerland), 2 mg ml−1 in acetonitrile, was pre-
pared fresh daily.

2,3,5,6-tetrabromo-1,4-benzoquinone (p-Bro-
manil), Hopkin and William, Essex, England, 5
mg ml−1 in methanol, was prepared fresh daily.

All solvents used are of analytical grade.

2.2. Pharmaceutical formulations

The following commercial formulations were
subjected to the analytical procedures: Halodol®

decanoas ampoules labelled to contain 70.52 mg
decanoas ester of haloperidol equivalent to 50 mg
haloperidol ml−1, benzyl alcohol and sesame oil;
Halodol® drops, labelled to contain 2 mg halope-
ridol ml−1 (Janssen Pharmaceutica I Beerse I,
Belgium); Safinace® tablets; labelled to contain 5
mg haloperidol/tablet (Kahira Pharm. and Chem.,
Cairo, Egypt, under license of G.D. Searle, High
Wycombe, England); Droperidol self prepared
tablets, obtained by addition of 5 mg of droperi-
dol to 50 mg each of starch and sucrose and 10
mg each of gum acacia, lactose, magnesium
stearate and talc.

2.3. Standard solutions

Weigh accurately 1.25 g of either haloperidol or
droperidol into a 50 ml calibrated flask. Dissolve
the drug in methanol. Dissolve (DDQ or bro-
manil) in methanol, (TCNQ or TCNE) in acetoni-
trile and (iodine or TNF) in 1,2-dichloroethane
give a final volume of 50 ml. Dilute quantitatively
to obtain the suitable final concentration, Table 1.
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Table 1
Optimum reaction conditions for haloperidol and droperidol interaction with various acceptors

TNF BromanilDDQParameter TCNEIodine TCNQ

0.10 0.20Conc., % (m V−1) 0.05 0.10 0.40 1.00
CABSolvent CA B

15 10 90Time, min 70At once 60
460 454lmax, nm 414295a, 368b 413842

A=1,2-dichloroethane; B=acetonitrile; C=methanol.
a For haloperidol.
b For droperidol.

2.4. Procedure

2.4.1. General procedure for colour de6elopment
In 10 ml calibrated flasks, place aliquots vol-

umes containing 25–15 000 and 25–25 000 mg for
haloperidol and droperidol, respectively. Add 1
ml of the reagent and dilute to the mark with the
corresponding solvent, Table 1. Measure the ab-
sorbance of the solution at the wavelength of
maximum charge transfer bands after the appro-
priate time at 25°C95 against reagent blank
treated similarly.

2.4.2. Tablets
Tablets, 20, of the drug were weighed and

powdered. A quantity of the powdered tablets
equivalent to about 50 mg drug was transferred
into a 50 ml calibrated flask. Then, the procedure
is followed as under for standard solutions.

2.4.3. Drops
Dilute an appropriate volume of the solution in

a volumetric flask so as to represent 1 mg ml−1.
Proceed as directed under tablets.

2.4.4. Injection solutions
A volume of the solution containing about 50

mg drug was transferred into a 50 ml calibrated
flask. then the procedure is followed as directed
under tablets.

2.4.5. Molecular ratio of reactants in complex
The Job’s method of continuous variation [27]

with 2×10−3 M iodine solution with either
4.24×10−4 M haloperidol or 2.12×10−4 M
droperidol bases were prepared in 1,2-
dichloroethane.

3. Results and discussion

The immediate change of the violet colour of
iodine in 1,2-dichloroethane (520 nm) to a lemon
yellow upon reaction with the investigated com-
pounds was taken as suggestive of charge transfer
complex formation which justified scanning in the
uv range for the new bands (Fig. 1). The complex
formation is distinguished from other slow oxida-
tion or substitution reactions of the halogens with
butyrophenones, by being practically instanta-
neous, in analogy to ionic reactions. Further
confirmation of the charge transfer nature of the
reaction was obtained on extracting the drugs
from the complex by shaking with aqueous min-
eral acid, whereby the violet colour of iodine in
1,2-dichloroethane was restored.

All measurements with iodine were performed
at 295 and 365 nm for haloperidol and only at
368 nm for droperidol due to interference from its
native uv absorption (Fig. 1).

Fig. 1. Absorption spectra of: 1, haloperidol (15.2 mg ml−1); 2,
droperidol (10.3 mg ml−1); and 3, 4 their reaction products
with iodine respectively, all in 1,2-dichloroethane.
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Fig. 2. Absorption spectra of the reaction products of halope-
ridol 125, 127, 25.5, 1500 and 216.5 mg ml−1 with each of
TCNQ (1), DDQ (2), TCNE (3), TNF (4), and bromanil (5),
respectively.

view, PCNP anion is preferable to TCNE anion
on grounds of its higher molar absorptivity [28].
The weak and small molar absorptivity in case of
the reaction between TNF or bromanil and inves-
tigated drugs may be explained or due to the
insufficient ionization of these relatively week p-
acceptors which possess lower electron affinity
than DDQ, TCNQ and TCNE [24].

The results for variation of reagent concentra-
tion, Table 1, indicated that 1.0 ml of either 0.05%
iodine, 0.1% TCNQ, TCNE, 0.4% DDQ or 1.0%
bromanil are suitable. The higher concentrations
of the reagents may, on the other hand, be useful
for rapidly reaching equilibrium, thus minimizing
the time required to attain the maximum ab-
sorbance at the corresponding wavelength of
charge transfer complex. Neither the studied
drugs nor the reagents have a significant ab-
sorbances at the corresponding wavelengths of
maximum absorbance except in case of droperi-
dol.

3.1. Choice of sol6ent

Although, charge transfer complex as probably
been formed in many solvents, the high cut-off
points of some solvents obscured the scanning of
the shorter wavelengths and therefore clear-cut
spectroscopic evidence for charge-transfer forma-
tion could not be ascertained. Also the low solu-
bility of the drugs in some other solvent restricted
their use.

1,2-Dichloroethane may be used directly as an
assay solvent in case of iodine and TNF. With
iodine, haloperidol showed a major charge-trans-
fer bands at 295 and 365 nm and for droperidol at
368 nm.

The formation of TCNQ radical was possible in
methanol; however, response between absorbance
and concentration was not linear. Furthermore,
the molar absorptivity of the obtained chromogen
was relatively lower compared with that in ace-
tonitrile. The latter was considered as an ideal
solvent because it offered excellent solvating
power for TCNQ reagent and gave high ab-
sorbance.

The interaction of haloperidol and droperidol
with selective polyhaloquinones and poly-
cyanoquinones p-acceptors was found to yield
intensely coloured radical anions (Fig. 2). Buty-
rophenones interaction with TCNQ in acetonitrile
solution was found to yield a deep colour causing
characteristic long wavelength absorption bands.
The predominant chromogen with TCNQ is the
blue coloured radical anion which probably re-
sulted through the dissociation of an original
donor-acceptor complex with the drugs. The dis-
sociation of the complex was promoted by the
high ionizing power of acetonitrile solvent. Fur-
ther support to this assignment was provided by
the identity of the absorption maxima with those
of TCNQ radical anion produced by the iodide
reduction method in acetonitrile [28].

The resulting maxima of the investigated drugs
with DDQ, bromanil and TNF are similar to that
of radical anions of these acceptors obtained by
the reduction method and coincide with the values
reported in the literature [25,29].

With butyrophenones and TCNE, the charac-
teristic shaped absorption band of TCNE radical
anion with reported maximum in acetonitrile at
432 nm was not formed. Instead doplet at 394 and
414 in acetonitrile was formed which corre-
sponds to the 1,1,2,3,3-pentacyanopropenide
(PCNP) anion. From the quantitative point of
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Table 2
Quantitative parameters for the complexation of haloperidol (I) and droperidol (II) with different acceptors

Sandell’s sensitivityIntercept aAcceptors (EA)a Limits mg ml−1 Molar absorptivity 1 Corr. coeff. rSlope b
mol−1 per cm mg cm−2

0.04360 0.0455 0.9966Iodine, I 2.5–2b 0.02117700
0.0220.99960.0098(2.7) II 0.042502.5–30c 17100

0.00520 0.0650 0.9958TCNQ, I 25–200 0.1712200
0.0720 0.9934(1.7) II 25–200 2080 0.00470 0.185

0.9988−0.0110 0.179DDQ, I 0.0057010–150 2100
0.00550 0.0860 0.9984 0.179(1.9) II 10–150 2140

0.0260 0.9983TCNE, I 2.5–30 12600 0.03230 0.029
0.99200.0048 0.023(2.2) II 0.039402.5–20 15200

0.0013 0.9978TNF, I 500–1500 43 8.7720.00011
0.0695 0.9922(1.1) II 500–2000 60 0.00009 6.042

0.99140.1611 0.434Bromanil, I 0.0015025–500 866
0.00028 0.0328 0.9998 3.200(1.37) II 300–2500 120

a Electron affinity of different acceptors (Ref. [24]).
b Measured at 295 nm.
c Measured at 368 nm.

In case of TCNQ and TCNE, as an assay
solvent acetonitrile afforded maximum sensitivity
owing to its high dielectric constant which pro-
motes maximum yield of TCNQ radical anion.
Methanol afforded maximum sensitivity in cases
of DDQ and Bromanil, in spite, chloroform can
also be used.

3.2. Reaction time

The reaction time was determined by following
the absorbances of the developed colour at differ-
ent time intervals. The development of colour was
highest and immediate with iodine. Development
time with other acceptors increase up to 90 min
(in case of TNF). The developed colour for all
cases remained stable thereafter 2 h at room
temperature, Table 1.

3.3. Quantification

At fixed experimental conditions, the intensity
of absorption at the specified wavelength was
found a function of the concentration of the
investigated drugs. In all cases studied, Beer’s law
plots were linear with very small intercept, in the
general concentration range of 2.5–2500 mg ml−1,
Table 2.

3.4. Stoichiometric relationship

The application of the Job’s method of continu-
ous variation indicated 1:1 ratio for the two drugs
with iodine. This indicates that only one nitrogen
is responsible for the formation of the complex
although droperidol has three nitrogen atoms,
Scheme 1. This can be explained on the basis that
a univalent, partially positively charged droperi-
dol species may be formed initially during the
charge-transfer process, which may not be easily
engaged in additional complex formation. Both
the two nitrogen atoms in the bezimidazolinone
part are acidic. This suggestion is supported by
the behaviour of this compound in non-aqueous
medium where it was found to be titrated as a
monobase (pKa 7.64). In case of haloperidol (pKa

8.30), [30] the ratio was found to be also 1:1.

3.5. Correlation between electron affinity of the
acceptors with each of de6elopment time and
sensiti6ity

The electron affinity (EA) of the different accep-
tors varied with the sensitivity of the assay, ex-
pressed as (e) values as well as development time
(t), in a regular pattern.

Regression analysis of the above correlations by
the method of least squares afforded:
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Table 3
Determination of haloperidol and droperidol in commercial pharmaceutical preparations by proposed and official methods

Dosage form Label claim mg unit−1 Found, %9S.D.a

Reference methodsProposed methods

DDQIodine TCNQ

100.690.799.490.8Safinace® tablets 5 100.090.8 101.990.9
t : 2.60 t : 2.54t : 1.32

F : 1.42F : 1.71F : 1.25
100.790.6 99.590.6Halodol® decanoas injection 50 99.790.6 100.490.5

t : 2.59t : 2.01 t : 0.80
F : 1.29 F : 1.24F : 1.38
99.590.9 101.090.7 100.590.799.590.7Halodol® drops 2

t : 1.14t : 2.33 t : 2.01
F : 1.62 F : 1.12F : 1.06

99.690.7100.290.8 100.690.7100.890.7Droperidol tabletsb 5
t: 0.85 t: 2.28t: 0.45

F: 1.00F: 1.00 F: 1.24

a Average of five determinations.
b Self prepared tablets. Theoretical values at 95% confidence limit, t : 2.78 and F : 6.39.

(r=−0.9380)EA=2.42−0.0145 t
EA=1.40+0.000072 e (r=0.9203), for

haloperidol
(r=0.8998), forEA=1.42+000066 e
droperidol

3.6. Interference study

The presence of the fluoride atom acting as an
electron withdrawing group does not affect the
formation of the charge-transfer complex owing
to the existence of tertiary basic electron donating
group in the butyrophenone molecule. The energy
of charge-transfer depends on the ionization po-
tential of the donor and the electron affinity of
the acceptor, hence the lmax values of the other
p-donors mostly differ of that of the investigated
compounds if they are able to form charge-trans-
fer complexes.

3.7. Analysis of dosage forms

The proposed charge-transfer spectrophotomet-

ric methods were applied to the determination of
haloperidol in tablets, drops and injection solu-
tion in addition to droperidol in self prepared
tablets. The results were compared statistically
with those obtained by applying the official USP
XXII and NF XVII methods for safinace tablets
and halodol injection. These methods are based
on measuring the absorbances of the solution
from tablets or injections and standard solution
after certain treatments at 245 nm. The results for
halodol drops and droperidol prepared tables
were compared with their respective uv-absorp-
tion. In the t : and F : tests, no significant differ-
ences were found between the calculated and
theoretical values (95% confidence) of the pro-
posed and reported methods. This indicates simi-
lar precision and accuracy. Data of Table 3
suggested that the present procedures could be
applied to the assay of these drugs in their single
dosage forms without interference. Frequently
countered common ingredients of formulations
were found not to interfere. Percentage recoveries
ranged from 99.1–102.2%.
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4. Conclusions

From the aforementioned results, the suggested
procedures using s and p-acceptors confirm their
suitability for spectrophotometric analysis of
named compounds in the micro range. The
strongly red shifted bands combined with the
intensity of absorption and very low reagent
background obviously recommended these proce-
dures for routine analysis of haloperidol and
droperidol in bulk drugs and dosage forms with
minimum interference.
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Abstract

The chemical capacitor theory has been applied to accurately determine dissociation constants of H2S with the
Ag2S ion-selective electrode (ISE). The theory’s principle is based on the measurement of the change in electrode
charge density as a result of protonated or unprotonated sulfide adsorbed on the electrode surface. This charge
density is related to the potential. Connection of each individual capacitor in series amplifies the potential according
to the equation, Etotal=E1+E2+E3+ ···En. As the charges of individual capacitors are concentrated to one
capacitor area, the charge density rises, and the potential increases. The pK00, pK0, pK1, and pK2 are reported as 1.8,
2.12, 7.05, and 12.0, respectively. The pK00 and pK0 are reported here for the first time. The pK1 agrees well with the
literature values; however, the pK2 differs from those reported recently under extreme conditions. Reasons for
disproving the unreasonably high pK2�17–19 values are given based on calculations. Mainly, when pK2�17–19,
the experimental results do not fit the equilibrium equations, pH= (pK1+pK2)/2, pK1= (pK0+pK2)/2, and pH=
pK2+ log(HS−)/(S2−). © 1997 Elsevier Science B.V.

Keywords: Chemical capacitor; Hydrogen sulphides; Ion-selective electrode

1. Introduction

Electrode potential amplification has been ex-
plained by several authors [17,18] as the potential
amplification of a cell. Cheng, Song, and Yang
[15], however, have reported the theory of poten-
tial amplification of a chemical capacitor, empha-
sizing the difference between cells and capacitors
[16]. The principle of the capacitor technique is to
measure the potential change of protonated and
unprotonated adsorbates on the electrode surface,

which serves as a zwitterionic capacitor. The elec-
trode net charge density varies with changes in the
protonation and deprotonation, complexation, or
dissociation: the dissociation constants are deter-
mined from these changes in charge density. At a
certain pH, one may determine the species ratio in
the solution based on the reversible equilibrium
reaction. If two species of equal concentration are
involved in the equilibrium, pH equals pKa at the
intersection. The dissociation constants, therefore,
are easily determined. Amplification makes the
technique more sensitive and accurate for the
determination of dissociation constants of weak* Corresponding author. Fax: +1 816 2355502.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Fig. 1. Electrode assembly; (a) seven electrode connection; (b) measurement device.

acids, because it produces higher curve slopes
than does unamplified potential.

In this paper, we report the application of the
solid state Ag2S ion selective electrode (ISE) as a
capacitor to the amplified potentiometric determi-
nation of dissociation constants of H2S. With
appropriate ISEs, there may be applications for
the determination of constants of other weak
acids, complex reactions, and structural confirma-
tion.

2. Experimental

The solid state Ag2S ISE was prepared from
Ag2S precipitate pressed (under 12 tons cm−2

pressure) to produce a 1.0 mm×10.0 mm disc. It
was fixed atop a polymer electrode stem. Instead
of an internal solution, the inner membrane sur-
face was joined with liquid silver epoxy resin and
silver wire. The potential was measured with a
Fisher Model 825P pH meter and the pH was
measured with a Chemtrix Model 430 pH meter.
The experimental set-up is shown in Fig. 1. It
should be stated that the test solution must be
placed in each separate dish. Each indicator ISE
and the Ag/AgCl reference electrode in each solu-
tion served as a capacitor unit. All capacitor units
were connected in series (Fig. 1).

The 1×10−2 mol of Na2S was dissolved in 100
ml of SAOB solution (salicylic acid–ascorbic acid
oxygen buffer) and diluted to 1 l. A series of
standard Na2S solutions (10−2–10−6 M) were
prepared through dilution of the above standard
solution containing 10 ml of SAOB 100 ml−1.
The SAOB solution contained 40 g of NaOH, 80
g of acetyl salicylic acid, and 35 g of ascorbic acid
l−1. Addition of SAOB solution prevents the
oxidation of Na2S. The Na2S solution should be
stored in a tightly stoppered plastic bottle with a
shelf life of about 2 weeks. Discard it if it turns
brown or dark.

For the determination of dissociation constants,
80 ml of water and 5 ml of 1.0×10−2 M Na2S
solution were mixed in a 150 ml beaker; the
solution was adjusted to pH 13.5 or pOH 0.5 by
adding 0.5 M NaOH solution. After each addition
of 2 M HNO3 through a burette, the pH and
potential were recorded. The measuring interval is
preferred to be about 0.2–0.4 pH unit difference.
In the strong basic range the preferred interval
would be kept about 0.1–0.15 pH unit. In order
to avoid the loss of H2S gas in an acid medium,
the measurements were done quickly and the
beaker was covered with a plastic paper. After
addition of a base or acid, the solution was
mixed; however, the solution was not stirred dur-
ing pH and potential measurements.
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3. Results and discussion

We have indicated that a membrane electrode
acting as a parallel capacitor should follow the
capacitance law. Therefore, the Etotal resulting
from connecting the capacitors in series with mul-
timembrane electrodes is the sum of each capaci-
tor potential (not cell potential) [15].

Etotal=E1+E2+E3+ ···En (1)

When each capacitor is the same ISE in a same
sample solution, the above equation becomes

Etotal= %
n

i=1

Ei (2)

In the present experiment, n=4. The amplifica-
tion is illustrated in Fig. 2 and in acid and base
with the pH glass electrode [15]. This capacitor
potential amplification may find many applica-
tions, such as a simple portable voltameter with-
out any electronic amplification, a device for
surface charge measurement, etc. Here, we apply
it to the accurate determination of dissociation
constants of a dibasic acid, H2S.

For titration of a Na2S solution (already basic)
with a HNO3 solution, the potential versus pH
relationship is shown in Fig. 3. The relationship
indicates the distribution of each sulfide species
on the Ag2S electrode surface. The electrode sur-
face charge density changes due to the protona-
tion or deprotonation of electrode surface,
resulting in the potential change.

At the beginning, the S2− predominates; during
the protonation, (S2−) gradually decreases with

Fig. 3. Determination of pKa with amplified Ag2S ISE (four
electrodes).

increasing (HS−). There is a slope. At a point
where one-half of the S2− is protonated, further
addition of H+ starts to form HS− +H+�H2S
with a different slope. An intersection is produced
from the two slopes. At the intersection, (S2−)=
(HS−), pH=pK2 or pOH=pK2. Similarly, pK1

and pK2 are obtained from other intersections in
Fig. 3. The results are shown in Table 1. When a
single ISE was used, the pK1 and pK2 were found
to be 6.98 and 12.3–12.5, respectively. When four
ISEs were used, the pK1 and pK2 were found to be
7.05 and 12.0, respectively. Obviously, this is an
electrode reaction resulting in changes of the elec-
trode charge density and the electrode surface
potential.

Cheng derived the capacitor electrode potential
[16],

E=k
�% q+ −% q−�

(3)

where q+ and q− are the charge density of posi-
tive charges and negative charges at the electrode
surface. That is, only the net charge density is
counted, even though both positive and negative
charges are present, zwitterionic. The potential
amplification is the addition of all charges to-
gether from each individual electrode (capacitor)
to one electrode surface area. As a result, the
charge density rises, and the potential also in-
creases.

Our pK1 of H2S agrees well with most of the
values in the literature. The pK2 of H2S has been
widely in the literature (Table 1). In theFig. 2. Ampified calibration curves.
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recent literature, there seems to be an increasing
tendency to believe the pK2�12 is a better value
[2,10–13]. Our pK2=12.0 agrees well with the
early reported values (Table 1). After carefully
studying recently reported results (pK2�17–19),
we reached the following conclusions.

One of the reasons for obtaining the high pK2

of H2S may be attributed to the high concentra-
tions of NaOH and/or Na2S used. Experimental
results might be misinterpreted. The equilibrium

HS− vH+ +S2− (4)

is not intended for the presence of highly-concen-
trated electrolytes which may form other side
complexes or different equilibria. Indirect mea-
surements and extrapolation are sometimes not
reliable. Introduction of the term acidity function
(H

–
) instead of pH made their calculations and

conclusions questionable [10,13]. It is also im-
proper to use the terms activity and activity co-
efficient with high concentrations [10,12]. Our
simple and sensitive measurements from a dilute
solution are based on the direct measurement of
the variation of (HS−)/(S2−) and charge density
on the ISE electrode surface, which is the mirror
of the test solution. When (HS−)= (S2−),
pOH=pKb or pH=pK2=pKa. The pK2=12.0
obtained at the intersection in Fig. 3 is believed to
be accurate.

Unlike other techniques, such as acid–base ti-
tration which requires a high purity sample for
determining the 50% titration, the amplified po-
tentiometric technique does not require a 100%
pure sample, as it only measures the (HS−)/(S2−)
ratio change.

Several means are available for testing the reli-
ablilty of pK2 values of H2S.

1. Test with the equation

pk2= (pk1+pk3)/2 or

pk1= (pk0+pk2)/2 (5)

(See Table 2)

pk1= (pk0+pk2)/2= (2.12+12.0)/2=7.06

pk1= (pk0+pk2)/2= (2.12+19)/2=10.6T
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Table 2
Calculated second dissociation constants from equation pK2= (pK1+pK3)/2 or pK1= (pK0+pK2)/2 (no protonated amine acids
involved)

pK2 (experimental) pK3Acid pK1 pK2 (calculated)

13.80 11.5212.249.24H3BO3

6.8711.50H3AsO4 2.24 6.96
7.2012.357.202.14H3PO4

7.13 5.0Benzene-1,2,3,-tricarboxylic acid 2.88 4.75

7.05 12.0aH3S+ 2.12 7.06
(pK1) (pK2)(pK0)

7.613.0a

14.0a 8.1
9.617.0a

19.0a 10.6

a These are pK2 values of H2S reported in the literature Table 1.

Calculation of pK1 with pK2=19 leads to an
answer of 10.6, which does not agree with any
known value.

2. Test with the equation

pH= (pk1+pk2)/2

pH= (7.05+12.0)/2=9.5

pH= (7.05+19)/2=13.0

By using pK2=12.0, the pH=9.5 is in good
agreement with the experimental value pH=9.5
(NaHS solution), not pH=13.0 with pK2=19
(Table 3).

3. In the titration of Na2S solution with an acid
at the right part of Fig. 3,

S2+ +H2O X HS− +OH− (6)

pOH=pkb− log(S2−)/(HS−) (7)

When

(S2−)= (HS−), pOH=pkb=pk2 (8)

The titration yields an intersection at pH 12 or
pOH 2.0, not pK2=17 or 19. This experiment
shows that when Na2S is dissolved in water it
does not produce all OH− in Eq. (6), as assumed
by some of the authors [10].

4. The presence of O2 in the solution, which
interferes with the dissociation constant measure-
ments, was overemphasized [10,13]. Kubli found
no O2 effect in his pK2 determination [14]. Our
experiment was done in the presence of SAOB to
prevent oxidation of Na2S. Meyers also mis-
quoted (or misinterpreted) the titration of 0.04942

Table 3
pH values of NaHS solution at different concentrations (T=
21.5°C)

E (mV) pHConcentration (mol/l)

0.008 9.25−130.3
−131.6 9.270.009

0.01 −134.6 9.32
9.37−135.80.011

0.0823 9.76a−152.2
0.0927 −153.4 9.78

9.830.103 −156.3
9.85−157.40.113

−158.60.117 9.87
9.870.123 −158.6

−195.80.8 10.34
10.36−197.00.9

−200.01.0 10.41
1.1 −201.2 10.43

10.47−203.61.2
−221.02.9 10.76

10.81−224.03.0
10.83−225.23.1
10.86−227.03.2

3.3 −228.2 10.88

The o-phthalic acid is a dibasic acid with pK1 2.95 and pK2

5.41. Its KHP solution gives a pH of approximately 4.2 that is
in good agreement with the equation pH= (pK1+pK2)/2.
a This group of data was determined at 21.5°C.
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Table 4
Calculation of sulfide distribution ratio

log(S2−)/(HS−) (HS−)/(S2−)NaOH estimated pOH= pKb− (S2−)/(HS−)

(−1) 10105 M 3 0.12
1 1(0)22
0.1 101 2 (1)

(1.9) 1/800.1 2 80
1/100(2) 10020

(3) 1/1000−1 2 1000
1/2000 2000−1.3 2 (3.3)

(−1.7) 50−1.3 −3 1/50
(0) 1 1−3−3

(calculated)
(−3.7) 5000−1.3 −5 1/5000

1(0) 1−5−5
(calculated)

pOH=−1.3 18 M NaOH, pH 19 or pOH−5 would be equivalent to 105 M NaOH.

M NaOH solution in Kubli’s pK2 values of 12.
Meyers’ objection to Kubli’s experiment was not
justified, as Kubli titrated a solution of 0.04942 M
Na2S solution instead of 0.04942 M NaOH solu-
tion. As we know, Na2S is not completely hy-
drolyzed in water all the way to produce OH−

(see Eq. (6)) even assuming pK2\14 (See Table
4). Kubli just dissolved the Na2S in water without
adding any NaOH. Titration of OH− as shown in
Eq. (6) with 0.5223 N HCl by Kubli is an indica-
tion of how much OH− is produced under the
equilibrium.

The sulfide distribution ratio has been calcu-
lated according to Eq. (7) (Table 4). It is evident
that the (S2−)/(HS−) ratio depends on the pH of
the solution and pKa or pKb. For instance, at
pOH 1 or pH 13, and pK2=12.0 or pKb=2.0,
the (S2−):(HS−)=10:1. The Na2S is far from the
complete dissociation at pH 13. At pOH 0 or pH
14, and pK2=12.0 or pKb=2.0, the (S2−):(HS−

)=100:1. If the pK2=17, (S2−)= (HS−), or
(S2−):(HS−)=1:1; this would require pOH-3 or
103 M NaOH. This calculation based on Eq. (7)
disproves the possibility that pK2�12. The
figures in Table 3 also confirm that pK2=12.0 is
a reasonable value. Any questionable constant

should be scrutinized by other techniques and
calculations.

4. Conclusion

The dissociation constants of hydrogen sulfides
have been determined by the sensitive amplified
potentiometric Ag2S ISE method: pK00, pK0, pK1,
and pK2 are 1.8, 2.12, 7.05, and 12.0, respectively.
The pK1 agrees with the literature values. The
pK00 and pK0 from different acid media are re-
ported here for the first time; the pK00 should be
further studied. The pK2 value has always been
subject to considerable debate. Most textbooks
have used values of pK2�12–14, in general
agreement with ours. However, some authors be-
lieve pK2\17 or even 19, the value which has
been accepted by the modern text. A few means
have been applied to test the reliability of pK2

values, and reasons for unreasonably higher pK2

values are presented. One reason may be the high
concentrations of NaOH or Na2S used. The am-
plified potentiometric method to measure varia-
tion of sulfides adsorbates at the electrode surface
due to protonation and deprotonation. The
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present amplified potentiometric method may find
applications for other weak acids and complexes
with appropriate ISEs.
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Abstract

The diffusion coefficient values of In(III) in potassium chloride and potassium nitrate supporting electrolytes have
been determined by polarography. Also, the half-wave potential, E1/2, and the �E3/4−E1/4� values have been
calculated. The results show ionic strength and chloride concentration effects on electrode kinetics in the reduction of
In(III). © 1997 Elsevier Science B.V.

Keywords: Adsorption; Complex formation; Diffusion coefficient; Dropping mercury electrode; Indium; Reversibility

1. Introduction

Under the influence of a chemical potential
gradient, diffusion of an electroactive species in-
volves the interdiffusion of the redox species, sol-
vent molecules, and supporting electrolyte ions
[1]. The diffusion velocity of a species in a given
supporting electrolyte will be greatly influenced by
the solution composition resulting from molecular
and ionic interactions involved in the whole diffu-
sion process. In spite of the complexities involved
in the diffusion process, several methods for ob-
taining diffusion coefficient values for various spe-
cies have been devised. Our recent review presents
the diffusion coefficient values for a variety of
metallic ions [2]. We pointed out that even when
different studies have used the same techniques

and supporting electrolytes for the diffusion co-
efficient measurement, the values may turn out to
be different, sometimes quite substantially.

The electrochemical behavior of indium has
been of interest to many. In recent years Doyle, et
al. [3] developed a voltammetric immunoassay for
proteins based on the anodic stripping voltammet-
ric detection of an In(III) ion label. An aluminum
alloy containing indium has been used as a sacrifi-
cial anode for the cathodic protection of steel
structures in marine environments [4]. Indium has
also been used to alter the electrochemical proper-
ties favorable for battery applications [5]. Liquid
In/Ga alloy has been found useful by Sinclair, et
al. when applied to the surfaces of glasses and
ceramics for use as electrodes [6]. The electrocata-
lytic activity of an indium electrode for the reduc-
tion of CO2 has also been demonstrated [7,8]. The
diffusion coefficient of indium metal in mercury* Corresponding author.
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was determined by means of the dropping mer-
cury electrode by Stackelberg and Toome [9].
Turnham [10] has reported the In(III) diffusion
coefficient values determined polarographically in
several supporting electrolytes over the concentra-
tion range of 0.008–0.1 M. The diffusion coeffi-
cient values reported presently are for 0.5 mM
In(III) in concentrations of 0.024–3 M KNO3 and
KCl and are compared with those obtained by
Turnham [10]. Besides the determination of the
diffusion coefficient values, we report the E1/2 and
�E3/4−E1/4� values for In(III). These results
present aspects of the reduction process of In(III)
such as reversibility, complexation with chloride,
and adsorption of chloride on the dropping mer-
cury electrode.

2. Experimental

2.1. Equipment

The polarograms were obtained using an EG
and G Princeton Applied Research Corporation
(PARC) Model 264A Polarographic Analyzer/
Stripping Voltammeter connected to an EG and
G PARC Model RE 0089 X-Y Recorder. The
dropping mercury electrode (DME) had an aver-
age drop time (t) in KNO3 electrolytes of 2.29 s
and an average mercury flow rate (m) of 3.44 mg
s−1 with an applied potential of −0.75 V. At
−1.20 V, the average t and m values were 2.06 s
and 3.45 mg s−1, respectively. At −0.75 V, the
average values of t and m in KCl electrolytes were
2.23 s and 3.42 mg/s, respectively, while at −1.2
V the average values of t and m were 1.97 s and
3.43 mg/s, respectively. At each potential, the
drop time was determined by measuring the time
required for 20 drops of mercury to form and fall
while the mass flow rate was determined by col-
lecting mercury for not less than 10 min. The
height of the mercury column above the capillary
(EG and G PARC MCC0001) tip was 85 cm. The
depth of the capillary immersion into the elec-
trolyte was about 0.5 cm. The capillary had a
length of about 25 cm while the radius of its
lumen was about 0.16 mm. Besides the DME, the
electrochemical cell (EG and G PARC K0066/

K0060) was also equipped with a platinum wire
auxiliary electrode and an aqueous saturated
calomel electrode (SCE, EG and G PARC
K0077). A resin cartridge (Barnstead D8902) con-
nected to a glass still (Barnstead Fi streem2) was
used to obtain doubly distilled deionized water.
The pH of the solutions was measured using an
Orion Research Digital Analyzer M501 and pH
glass electrode (Orion Model 91-04).

2.2. Reagents and chemicals

The hydrated indium(III) nitrate (Alfa, Pura-
tronic grade—99.999%), potassium chloride
(Fisher Scientific, A.C.S. grade), potassium nitrate
(Lab Chemicals, 99.99%), and Triton X-100 (Z.D.
Gilman) were used as received. Mercury (Bethle-
hem Instrument, A.C.S. grade) was also used as
received. High purity nitrogen gas was used for
purging the In(III) solutions. The buffers of pH
4.00 and 7.00 used for calibrating the pH elec-
trode had been obtained from Fisher Scientific.

2.3. In(III) reduction

0.5 mM In(NO3)3 · xH2O in a given concentra-
tion of the supporting electrolyte was polar-
ographed by scanning the potential from −0.1 V
to about −1.8 V versus SCE. The baseline for
each polarogram was extrapolated from which
diffusion current measurements were made. To
confirm that the plateau currents used for mea-
surements were diffusion-limited, maximum cur-
rent values for In(III) reductions at particular
nitrate and chloride concentrations were plotted
against the square root of the Hg-column height.
The plots were linear with a correlation coefficient
better than 0.99. The maximum diffusion current
was measured either at −0.75 V or at −1.2 V.
Reduction of In(III) in each supporting electrolyte
containing 0.0002% Triton X-100 (w/v) was re-
peated four times from which the mean was
taken. During the polarographic measurements,
the temperature was maintained at 2590.1°C
with the help of a water bath. �E3/4−E1/4� values
were determined directly from the polarogram.
The E1/2 were determined by using the Heyrovsky
and Ilkovic equation [11].
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Fig. 1. Polarograms for (a) background and (b) 0.5 mM In(III)
in 0.04 M KNO3; scan rate=5 m V s−1; Ei= −0.1 V;
Temp.=25°C; 0.0002% (w/v) Triton X-100; At−1.2 V, m=
3.45 mg s−1 and t=2.06 s.

one Turnham [10] had previously used. Fig. 1
shows a typical polarogram of 0.5 mM In(III) in
0.04 M KNO3. As seen from the polarogram, two
reduction waves were obtained, the first one being
for In(III). The second plateau arises from the
reduction of hydrogen ions present in the solu-
tions as indicated by their pH values. Any forma-
tion of In(Hg) at the electrode surface might also
have catalyzed discharge of H2 by the reduction
of H2O. This possibility was not explored further.
The hydrogen reduction wave for solutions con-
taining In(III) was observed at a less negative
potential than without In(III).

The Ilkovic equation [13]

id=708nD1/2Ct1/6m2/3 (1)

was used to evaluate the diffusion coeffcient val-
ues. The symbol id is the diffusion limited current
in mA, n is the number of electrons involved in the
electrode reaction, D is the diffusion coefficient of
the electroactive species in cm2 s−1, C is the
concentration of the electroactive species in mM, t
is the drop time of mercury in seconds, and m is
the mass flow rate of mercury in mg s−1.

The diffusion coefficient values of In(III) in
KNO3 are listed in Table 1 and Table 2. The
diffusion current measurements in Table 1 were
made at −1.2 V while those in Table 2 were
made at −0.75 V. Changing of the potential for
the current measurements was found necessary
since at higher concentrations of the supporting
electrolyte (0.2 M–3 M KNO3), the hydrogen ion
reduction appeared shifted to potentials less nega-
tive than −1.2 V. The choice of −0.75 V as the

3. Results and discussion

3.1. In(III) in presence of nitrate supporting
electrolytes

3.1.1. Diffusion coefficients in KNO3 supporting
electrolytes

Solutions of In(III) in KNO3 supporting elec-
trolytes had a pH of 3.3690.10. The reduction of
In(III) in KNO3 supporting electrolytes gave
waves, which at low supporting electrolyte con-
centrations, were characterized by large maxima
of the first kind [12]. A concentration of 0.0002%
(v/v) of Triton X-100 was used as a maxima
suppressor. This concentration compares with the

Table 1
Diffusion coefficient valuesa (D), half-wave (E1/2), and �E3/4−E1/4� potentials for 0.5 mM In(III) in varying concentrations of KNO3

supporting electrolyte having 0.0002% (w/v) of Triton X-100

D×10−6 (cm2 s−1) Lit. [10] D×10−6 (cm2 s−1)�E3/4−E1/4� (mV)E1/2 (V)[KNO3] (M)

4.4094.28−0.5260.024 39
4.40934−0.522 3.930.04

39 3.86 4.1380.056 −0.528
35 3.84 —0.06 −0.524

4.2583.83320.072 −0.528
36 3.70 4.3630.08 −0.529

0.1 37 —−0.530 3.72

a D calculated with diffusion current measurements at −1.2 V.
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Table 2
Diffusion coefficient valuesa (D), half-wave (E1/2), and �E3/4−
E1/4� potentials for 0.5 mM In(III) in varying concentrations of
KNO3 supporting electrolyte having 0.0002% (w/v) of Triton
X-100

�E3/4−E1/4� D×10−6 (cm2[KNO3] (M) E1/2 (V)
(mV) s−1)

3.72−0.5280.2 34
−0.529 250.4 3.70

3.58221.0 −0.524
1.55−0.524 543.0

a D value calculated with diffusion current measurements at
−0.75 V.

3.1.2. Half-wa6e potentials and �E3/4−E1/4� 6alues
The expression for the determination of the

half-wave potential, E1/2, was derived by Hey-
rovsky and Ilkovic [11]. It takes the form:

E=E1/2−
0.05915

n
log

I
Id−I

(2)

where E is the potential of the working electrode
and I is the current at a given potential. By
plotting E versus log[I/(Id−I)], a straight line was
obtained whose intercept gave the E1/2 values. The
E1/2 values found in Table 1 and Table 2 appear
shifted to more negative values with increasing
ionic strength. An increase in the ionic strength of
solution results in a decrease in the activity coeffi-
cient of the reducible ion. However, since it is the
logarithm of the inverse of the activity coefficient
of the reducible ion that is related to E1/2 values
[16], a considerable change in the activity coeffi-
cient should have only a small effect on the E1/2

value. Our results qualitatively fit well with this
theory since no significant changes are observed in
the values of E1/2 with the increasing concentra-
tion of the supporting electrolyte.

The �E3/4−E1/4� values that were obtained are
listed in Table 1 and 2. They seem higher than the
predicted value of 18.8 mV [17,18] for a 3-electron
reversible reduction process. These findings sup-
port that the reduction of In(III) in KNO3 occurs
in an irreversible manner.

3.2. Indium in presence of chloride supporting
electrolytes

3.2.1. Diffusion coefficients in the KCl supporting
electrolytes

Solutions of In(III) in KCl supporting elec-
trolyte were found to have a pH of 4.1590.16.
Polarograms of In(III) had two reduction waves
as observed in KNO3 solutions. Further, the re-
duction waves of In(III) in low concentrations of
KCl supporting electrolytes had big maxima of
the first kind [12]. However, the maxima were not
as big as the ones found in KNO3. The maxima
found in In(III) in 0.024 M KCl required 0.0002%
(w/v) Triton X-100 to eliminate them. Further, it
was noted that the maxima found in In(III) di-
minished very rapidly with the increasing concen-

potential at which all the diffusion coefficient
current measurements would have been made
would have been an ideal one. However, large
maxima were observed at lower concentrations of
supporting electrolyte and at 0.0002% Triton X−
100. The maxima found in In(III) in 0.024 M
KNO3 required 0.0013% Triton X-100 to elimi-
nate them, but this lowered considerably the dif-
fusion currents at −0.75 V. A few of the
diffusion coefficient values obtained are similar to
the ones reported in the literature [10], while most
vary from the reported values. All the values
obtained are smaller. The diffusion coefficient val-
ues as seen in Table 1 and Table 2 tend to
decrease with the increasing concentration of the
supporting electrolyte.

The diffusion coefficient is related to the viscos-
ity of solution [14]. However, any changes in
viscosity for the concentrations of supporting
electrolyte and maxima suppressor we used, are
not expected to be large enough to cause a signifi-
cant change in the diffusion coefficient values that
we observed. The change in ionic strength for the
concentrations of supporting electrolyte we used
is however, major, and is therefore expected to
significantly contribute to the diffusion coefficient
values [15]. This effect of the ionic strength is
particularly notable in 3 M KN03, where
diffusion coefficient value at that concentration is
much lower than at other concentrations of sup-
porting electrolyte.



S. Kariuki, H.D. Dewald / Talanta 44 (1997) 1765–1771 1769

Fig. 2. Polarograms for (a) background and (b) 0.5 mM In(III)
in 0.4 M KCl; scan rate=5 mV s−1; Ei= −0.1 V; Temp.=
25°C; 0.0002% (w/v) Triton X-100; at −1.2 V, m=3.42 mg
s−1 and t=2.23 s. The polarogram exhibits a minimum at
−1.25 V.

cient values in the KCl supporting electrolyte
appear smaller than the literature values [10].

From 0.2 to 3 M KCl, the currents were found
to appreciably increase with the increasing sup-
porting electrolyte concentration, an effect that
may be attributed to changes in electrode kinetics
with the increasing concentration of the chloride
[19–23]. Several groups have explained the in-
creased currents of reducible species that form
complexes that adsorb on the electrode [24–28].
These groups found that in solutions containing
complex-forming molecules or ions adsorbable at
the electrode surface, the metal cations can accu-
mulate at the electrode-solution interface by en-
tering into complexes with the adsorbed ligands.
This accumulation of the metal cations leads to an
enhancement of current or sensitivity, a feature
that some groups [29,30] have taken advantage of
in electroanalytical determinations. A plot of the
current measured at −0.75 V of 0.5 mM In(III)
versus the concentration of KCl supporting elec-
trolytes from 0.2 to 3 M KCl suggests that as the
concentration of the KCl is increased, some spe-
cies whose reduction gives enhanced currents are
formed each time. The observed currents for the
reduction of In(III) in 0.2 to 3 M KCl appeared
influenced by adsorption phenomena and were
therefore not used to evaluate the diffusion coeffi-
cient values.

Engel, et al. [23] have also observed minima in
the oxidation of indium amalgams polarographi-
cally in perchloric acid, sodium thiocyanate, hy-
drochloric acid, and sodium bromide solutions.
They attributed the minima to the oxidation of

tration of the KCl supporting electrolytes. This
was not so for In(III) in KNO3 supporting elec-
trolytes. A concentration of 0.0002% Triton X-
100 was used to reduce the maxima found in
In(III) in KCl supporting electrolyte to make easy
measurements of the currents. However at higher
concentrations of the KCl supporting electrolyte
(from 0.2 to 3 M), a minimum (vice infra) could
be observed (Fig. 2). Thus the maximum currents
were made from the current measurements at
−0.75 V.

The diffusion coefficient values of In(III) in the
supporting electrolyte (Table 3) have an overall
trend of decreasing with the increasing concentra-
tion of KCl up to 0.1 M. Just like the case of
KNO3 supporting electrolyte, the diffusion coeffi-

Table 3
Diffusion coefficient valuesa (D), half-wave (E1/2), and �E3/4−E1/4� potentials for 0.5 mM In(III) in varying concentrations of KCl
supporting electrolyte having 0.0002% (w/v) of Triton X-100

[KCl] (M) �E3/4−E1/4� (mV) D×10−6 (cm2 s−1) Lit. [10] D×10−6 (cm2 s−1)E1/2 (V)

0.024 22−0.529 4.44 4.733
4.48−0.536 220.04 4.815

0.056 21−0.541 4.42 4.306
–200.06 4.41−0.543
4.586190.072 4.37−0.542
4.3754.19190.08 −0.544
–0.1 −0.550 22 3.95

a D calculated with diffusion current measurements at −1.2 V.
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In(Hg) through the adsorbed halide. Moorhead,
et al. [31] also reported observing minima in the
reduction of the In(III) species in the presence of
the 0.1 and 1 M KCl supporting electrolytes.
Visco [32] described a minimum as a region of
negative resistance in the reduction of the In(III)
in the acidic solution of halides or pseudohalides.
A further discussion about the minimum observed
in the polarographic wave of In(III) in aqueous
electrolyte solutions may be obtained from de
Levie and Husovsky [33]. The minima we ob-
tained increase in size with the increasing concen-
tration of the potassium chloride showing that
they are associated with the chloride concentra-
tion. The adsorption of the anion at the dropping
mercury electrode also appears associated with
the potential of the electrode.

3.2.2. Half-wa6e potentials, n and �E3/4−E1/4�
6alues

The E1/2 values obtained for In(III) in KCl
supporting electrolyte show definite shifts toward
more negative values with the increasing concen-
tration of the KCl. This contrasts with the pattern
of E1/2 values with the increasing concentration of
the KNO3 supporting electrolyte. Pines [34] earlier
made observations that E1/2 values of the metal
ions shift to more negative values by complex
formation.

The n values were also determined from the
slope of the straight line obtained by plotting the
potential of the dropping mercury electrode
against the values of log[I/(Id−I)]. �E3/4−E1/4�
values were determined directly from the polaro-
gram recorded. Lingane [35] obtained n values of
three for the In(III) species reduction in 0.1 and 1
M KCl, respectively. Our values agree well with
his. The �E3/4−E1/4� values that we obtained are
also close to the predicted one [17,21] of 18.8 mV
for a 3-electron reversible system.

4. Conclusion

We were able to obtain the diffusion coefficient
values for the polarographic reduction of In(III)
in KNO3 and KCl supporting electrolytes. The
values are smaller than the reported ones [10]

obtained under similar conditions. The calculated
value of the diffusion coefficient using the
Nernst–Einstein relation [36] is 5.94×10−6 cm2

s−1. This calculation, which is based on the molar
conductivity of an ion, assumes that at infinite
dilution intermolecular or interionic interactions
do not exist. In real solutions this can never be the
case. The values �E3/4−E1/4� predicted reversibility
of reduction of the In(III) in KCl supporting
electrolyte. An irreversible behavior is observed
for In(III) in KNO3. Finally, we note that due to
minima that occur in the reduction of the In(III)
species in high concentrations of KCl, polaro-
graphic analysis of mixtures with other ions, such
as gallium(III), would be more difficult.
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Abstract

The reaction between tetrabutylammonium periodate and phenothiazine in the presence of the strong acids in
chloroform was studied by potentiometry and the reaction pathways were determined. The oxidimetric titration
conditions of phenothiazine derivatives using a standardized chloroform solution of tetrabutylammonium periodate
were optimized and a potentiometric detection of end points was utilized. The relative standard deviation for the
determination of 5 mg phenothiazines was obtained about 1–1.5%. The method was applied for the determination of
phenothiazines in various pharmaceutical preparations after extraction into chloroform. © 1997 Elsevier Science B.V.

Keywords: Non-aqueous solvent; Phenothiazines; Potentiometry; Chloroform

1. Introduction

Several electroanalytical methods have been de-
veloped for the determination of phenothiazine
derivatives in pharmaceutical preparations [1–10].
Usually, the potentiometric method can be simple
and fast for pharmaceutical analysis. Ion selective
membrane electrodes have been used for the po-
tentiometric determination of some phenothiazine
drugs [11]. Two-phase potentiometric titration
was also reported [12]. Most of the employed
methods for the determination of phenotiazine
drugs in pharmaceutical preparations follow a
preliminary separation by solvent extraction into

an organic solvent, therefore direct application of
potentiometric titration method in extracts is fast
and sensitive when a suitable reagent and indica-
tor electrode is available [9,13,14]. Golabi et al.
[13] have applied the potentiometric titration for
the determination of phenothiazine drugs using a
chloroform solution of bromine. Since the
bromine solution in chloroform suffer from a lack
of stability and oxidizing strength, the use of a
suitable oxidizing agent in chloroform seem to be
interesting.

The aim of the present work is to study the
reaction between tetrabutylammonium periodate
and phenothiazines in chloroform in order to
develop a potentiometric method of analysis on
the basis of the oxidimetric titration for the deter-* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Table 1
Determination of pure phenothiazines by potentiometry and the official USP method

Fc tcPhenothiazines Potentiometric method USP method

RecoveryTaken (mg)a RSDRecoveryb RSD Taken (mg)

101.5 0.7 2.9Chlorpromazine HCl 1.45 100.4 1.2 75
2.613.40.3Promethazine HCl 5 101.9100.2 1.1 70

101.7 0.3 9.1Thioridazine HCl 4.55 99.2 0.9 70
1.510.20.5Perphenazine 5 100.799.2 1.6 40

102.4 0.9 2.8Trifluoperazine HCl 0.65 101.8 1.6 50

a 5 ml extract pahase corresponding to the extraction of about 25 mg of phenothiazines in 25 ml chloroform.
b Mean of three titrations using a standardized solution of AIO4.
c Theoretical values of F and t are 19 and 2.78 (P=0.05) respectively.

mination of phenothiazine derivatives. The inves-
tigated phenothiazines are given in Table 1.

2. Experimental

2.1. Apparatus

A Video titrator Vit 90 (Radiometer) coupled
with a Toshiba P321SL printer or an E 536
potentiograph equipped with an E 578 titration
stand (Metrohm) were used to plot the normal
and inflection forms of the titration curves.

2.2. Reagents

The solvent used was chloroform G.R. from E.
Merck, tetrabutylammonium periodate (AIO4),
perchlorate (AClO4), chloride (ACl) and iodide
(AI) were from Janssen. A 0.001 M solution of
AIO4 in chloroform was used. This solution was
stable in refrigerator during the weeks. Concen-
trated perchloric acid 70% and p-toluenesulfonic
acid (TSO3H) from E. Merck was used as a
suitable strong acid for acidifying the test solu-
tions up to 0.1 M. A 0.005 M phenothiazine
solution was prepared by dissolving the pure sub-
stance (Aldrich). Chloroform solutions of N-sub-
stituted phenothiazines such as promethazine,
chlorpromazine, perphenazine, trifluoperazine and
thioridazine were prepared from their pure hy-
drochlorides (purchased from local sources).

2.3. Electrodes

The reference electrode Ag/AgCl (sat’d), 0.05 M
ACl and 0.5 M AClO4 in chloroform prepared in
a separated compartment with a dense ceramic
plug in the bottom was used. The indicator elec-
trode was Pt wire or Pt disk.

2.4. Procedures

2.4.1. Extraction and separation of phenothiazines
from pharmaceutical preparations

The pharmaceutical preparations were obtained
from local sources in various forms (tablet, syrup
and injection) and phenothiazines were extracted
into chloroform as follows: An accurately mea-
sured volume of syrup and injection solutions or
weighed portion of finely powdered tablets equiv-
alent to about 50 mg of phenothiazine drugs (as
their hydrochlorides)were transfered to a 125-ml
separating funnel, 10 ml of 1 M NaOH, was
added and extracted with three 20-ml portions of
chloroform, shaking gently for 3 min to avoid
emulsion formation. The extracts were combined
in a 100-ml volumetric flask.

2.4.2. Standardization of AIO4

A 10-ml portion of 0.01 M AIO4 solution
in chloroform was pipetted into a 125-ml separ-
ating funnel and the required amount of AI
and a suitable strong acid such as p-toluene-
sulfonic or perchloric acid was added up to
0.1 M. The solution was shaken two times
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Fig. 1. Potentiometric titration of 5 ml 0.005 M phenothi-
azine+5 ml 0.2 M p-toluenesulfonic acid with 0.0009 M AIO4

solution (a) plots of E vs. VAIO4
, (b) DE/DV vs. VAIO4

and (c)
E vs. log[x/F(1−x)2], delivery rate: 0.5 ml min−1.

Fig. 3. Potentiometric titration of 5 ml 0.005 M phenothiazine
with 0.0009 M AIO4 solution in the presence of (a) 0.1 M
sulfuric acid and (b) 0.1 M p-toluenesulfonic acid, delivery
rate 0.5 ml min−1.

with a 10-ml portion of 1 M aqueous solution of
KI for 2 min. The aqueous phases were separated
and combined in a conical flask. The yielded I2

according to the following reaction [14]:

7AI+AIO4+8TSO3H

X 4I2+8ATSO3+4H2O

Fig. 2. Absorption spectra of (a) titrated solution of Ph with
AIO4 at the equivalence point, (b) partially oxidized Ph solu-
tion in chloroform with molecular oxygen and (c) acidified
iodine chloroform solution.

which extracted in aqueous phase, was titrated
with a 0.01 M standard solution of thiosulfate.

2.4.3. Titration of phenothiazine drugs
A 10-ml portion of chloroform extracts, ob-

tained from the extraction of pharmaceutical
preparation samples was pipetted into the reac-
tion vessel and a required amount of strong acid
such as p-toluenesulfonic acid or perchloric acid
was added up to 0.1 M. The solution was titrated
with AIO4 solution (about 0.001 M) at a delivery
rate of 0.5 ml min−1 using the autotitrator and
the titration curve was plotted.The quantitative
determination of phenothiazine drugs in the ex-
tracts is achieved in one of the following ways:
1. A standardized solution of AIO4 is used in

titration.
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2. Another titration is carried out with a second
10-ml aliquot of pure N-substituted phenothi-
azine. The quantity of phenothiazine is calcu-
lated by comparison of the volumes of titrant
used in 2 titrations.

2.4.4. Reaction pathways and stoichiometry
The results obtained from our previous works

reveal that: (a) the potentiostatic oxidation of
phenothiazines in chloroform occurs in two one-
electron steps by forming the cation radical and
dication respectively [9] and (b) the reaction be-
tween AIO4 and AI gives rise to the formation of
AI3 and I2, respectively [14]. Therefore on the
basis of results mentioned above (a,b) the titration

reaction may be proceeded according to one of
the following schemes:
1. Oxidation of phenothiazines to cation radical

involving a 3-step process.
(a) 8Ph+AIO4+8TSO3H

X AI+8PhTSO3+4H2O
(b) 11AI+AIO4+8TSO3H

X 4AI3+8ATSO3+4H2O
(c) 7AI3+AIO4+8TSO3H

X 11I2+8ATSO3+4H2O
2. Oxidation of phenothiazines to cation radical

involving a one step process only.
14Ph+2AIO4+16TSO3H

X I2+14PhTSO3+2ATSO3+8H2O
3. Oxidation of phenothiazines to dication in-

volving a 2-step process.
(a) 14Ph+2AIO4+16TSO3H

X I2+14PhTSO3+2ATSO3+8H2O
(b) 14PhTSO3+2AIO4+16TSO3H

X I2+14Ph(TSO3)2+2ATSO3+8H2O
where Ph and A show phenothiazine and tetra-
butylammonium cation, respectively.

Considering x= (added AIO4)/(Co/8) (where Co is
the initial concentration of phenothiazine), ac-
cording of scheme 1 the titration plots E vs. VAIO4

must show three inflection points at

x=1
�Co/8

Co/8
�

, 1.09
�3Co/44

Co/8
�

and

1.14
�Co/7

Co/8
�

respectively. While on the basis of Scheme 2 only
one potential rise is expected to appear at x=1
where

x=
added AIO4

Co/7

At least considering the Scheme 3, two equiva-
lence points at x=1 and x=2 are expected to
appear, where

x=
added AIO4

Co/7

Fig. 4. Potentiometric titration of 5 ml 0.005 M phenothiazine
with 0.0009 M AIO4 solution in the presence of 0.1 M
perchloric acid with delivery rate of (a) 1 ml min−1 and (b) 0.5
ml min−1.
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Table 2
Potentiometric determination of phenothiazines in pharmaceutical preparations

Foundb RSD Recoveryb RSDPhenothiazinesa Claimed Added (mg)

0.41.8 100.6Promethazine ampoule 49.850 mg 2 ml−1 25
101 0.6Promethazine tablet 25 mg tablet−1 25 26.5 1.5

0.85 99.8Chlorpromazine ampoule 50 mg 2 ml−1 25 50.3 0.4
1011.1 0.3Chlorpromazine tablet 24.925 mg tablet−1 25

10.1 1.6 102.2 0.7Thioridazine tablet 10 mg tablet−1 25
1.6 99.9Perphenazine ampoule 5 mg ml−1 25 5.23 1.1

101.71.7 0.8Perphenazine tablet 8.38 mg tablet−1 25
1.2 1.3 101.8 1.4Trifluoperazine ampoule 1 mg ml−1 15

1.2102.21.5Trifluoperazine tablet 5.65 mg tablet−1 25
1.6 101Promethazine syrup 5 mg 5 ml−1 25 5.3 1.3

a Commercial names are their generic names.
b Mean of three determinations using a standardized solution of AIO4.

3. Results and discussion

The potentiometric plot for the titration of 5 ml
0.005 M phenothiazine in chloroform with a stan-
dardized chloroform solution of AIO4 (0.0009 M)
in the presence of 0.1 M p-toluenesulfonic acid
was shown in Fig. 1. As seen in this figure the
potential ranges from 600 to 1000 mV vs reference
electrode and only one inflection point appears at
x=1. On the other hand the plot of E vs. VI2

during the addition of 0.001 M chloroform solu-
tion of I2 to 10 ml 0.005 M phenothiazine shows
that the potential remains unchanged. These ob-
servations lead us to conclud that the reduction
product of AIO4 by phenothiazine is I2 and the
titration reaction pathway corresponds to the
Scheme 2. Alternatively, this can be tested by an
analysis of the experimental titration curve. The
electrode potential on the two sides of the equiva-
lence point can be expressed as follows at 25°C.

Before the equivalence point:

Ph+ +e X Ph

E=EoPh+0.059 log
[Ph+]
[Ph]

(1)

because of the ion-pair formation, a dissociation
equilibrium must also be considered for PhTSO3

and ATSO3 as follows:

PhTSO3 X Ph+ +TSO−
3 ,

K1=
[Ph+][TSO−

3 ]
[PhTSO3]

(2)

ATSO3 X A+ +TSO−
3 , K2=

[A2][TSO−
3 ]

[ATSO3]
(3)

According to Eqs. (2) and (3) we can write:

[TSO−
3 ]= [Ph+]+ [A+]

=
K1 [PhTSO3]

[TSO−
3 ]

+
K2[ATSO3]

[TSO−
3 ]

[TSO−
3 ]2=K1[PhTSO3]+K2[ATSO3] (4)

and from Eqs. (2) and (4) we have

[Ph+]=
K1

2 [PhTSO3]2

K1[PhTSO3]+K2[ATSO3]
(5)

E=EoPh

+
0.059

2
log

K2
1[PhTSO3]2

[Ph]2(K1[PhTSO3]+K2[ATSO3])
(6)

Considering

x=
added AIO4

Co/7

on the basis of the reaction of Scheme 2, at any
point of the titration we can write:

[Ph]=F(Co−xCo), [PhTSO3]=FxCo



M.H. Pournaghi-Azar, K. Farhadi / Talanta 44 (1997) 1773–17811778

Fig. 5. Potentiometric titration curves of 10-ml portion of chloroform extracts containing about 5 mg of phenothiazine drugs with
a 0.00085 M solution of AIO4 in the presence of 0.1 M HClO4. The extracts correspond to the extraction of about 25 mg of
phenothiazine derivatives from (a) chlorpromazine 25 mg tablet−1, (b) promethazine 25 mg tablet−1, (c) thioridazine 10 mg
tablet−1, (d) chlorpromazine 50 mg 2 ml−1, (e) promethazine 5 mg 5 ml−1, and (f) perphenazine 5 mg 1 ml−1 into 25 ml (10, 10
and 5 ml) of chloroform.
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Table 3
Determination of phenothiazinic drugs by potentiometric and USP methods

Nominal content Founda

Proposed method USP method

25 mg tablet−1 2691 26.090.6Promethazine tablet
5.590.35.390.2Perphenazine ampoule 5 mg ml−1

5.590.3 5.390.2Trifluoperazine tablet 5 mg tablet−1

2591 2591Thioridazine tablet 25 mg tablet−1

a Mean of three determinations and 90% confidence interval of the mean.

[ATSO3]=FxCo/7, F=V/V+6, where V is the
initial volume of test solution, 6 is the volume of
added AIO4

E=a1+
0.059

2
log

� x
F(1−x)2

�
(7)

With:

a1=EoPh+
0.059

2
log

7k1

Co(k1+7k2)
(8)

After the equivalence point
2AIO4+14e+16TSO3H~

X I2+2ATSO3+14TSO3
−

E=EoIO4+
0.059

14
log

[AIO4]2[TSO3H]16

[I2][ATSO3]2[TSO−
3 ]14 (9)

Considering Eq. (4) and the concentration bal-
ance:

[I2]=FCo/14, [ATSO3]=FCo/7, [PhTSO3]=
FCo

[AIO4]=FCo(x−1)/7, [TSO3H]=0.2Fwe can
rewrite Eq. (9) as follows:

E=a2+
0.059

14
log F8(x−1)2 (10)

With: a2=EoIO4+0.067 log[TSO3H]/Co−
0.029 log(7k1+k2)+0.004

The plot of E vs. log[x/F(1−x)2] for 0BxB1
and E vs. log[F8(x−1)2] for x\1 gave straigth
lines with slopes of 0.059/2 and 0.059/14 respec-
tively (see Fig. 1C). This agree with the proposed
stoichiometry for the titration reaction according

to Scheme 2. The three replicate potentiometric
titration plots of the phenothiazine solutions of
various concentrations were analysed and the ti-
tration reaction pathway of Scheme 2 was confi-
rmed. The same stoichiometry were observed for
the titration reactions of the N-substituted phe-
nothiazines investigated.

3.1. Spectrophotometric in6estigation

The absorption spectra of (a) diluted (10 times)
of titrated solution of Ph (0.0025 M) with AIO4 in
the presence of 0.1 M TSO3H at the equivalence
point, (b) partially oxidized Ph solution by molec-
ular oxygen (Ph+ +Ph) and (c) violet coloured
solution of 0.001 M iodine+0.1 M TSO3H in
chloroform are given in Fig. 2. The absorption
maxima appeared at visible region 600–400 nm (a
and b) confirmed that the oxidation product of Ph
with AIO4 was Ph+ (cation radical). On the other
hand looking to spectrum (c) clears that the
iodine solution in acidified chloroform has three
absorption maxima at 502,359 and 3043 nm. In
titrated solution of Ph by AIO4 these absorption
maxima of I2 also appeared,while the first is over-
lapped by some absorptive maxima of Ph. Note
that the absorptive maxima for yellow-red
coloured AI3 in chloroform appeared at 509 and
288 which differs from the spectrum of I2. These
findings shows that the reduction product of AIO4

by Ph I2 and the reaction pathway of Scheme
2 is confirmed.
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4. Analytical aspects

4.1. Optimization of the titration conditions

In order to optimize the proposed potentiomet-
ric method the effect of some experimental vari-
ables were studied. Of the various acids tested,
p-toluenesulfonic acid and perchloric acid were
found to be the most suitable for phenothiazine
(Fig. 3). But for N-substituted phenothiazines the
titration reactions proceed according to scheme 2,
only in the presence of 0.1 M perchloric acid. On
the other hand the most reproducible and accu-
rate result was obtained with a delivery rate of 0.5
ml min−1 (Fig. 4)

4.2. Performence characteristics

The precision and accuracy of the proposed
method was evaluated by analysis of three pure
samples of each phenothiazine investigated and
comparing the results with those obtained by the
official USP method [15] based on acidimetric
titration in anhydrous acetic acid (Table 1). As
shown by the recoveries and standard deviations
ranging from 0.9 to 1.8% a satisfactory agreement
between the results was obtained (except thiori-
dazine). This was confirmed by statistical analysis,
based on the variance ratio test (F test) and
Student’s t-test (see Table 1). The detection limit
of the method depends on the oxidation ability of
phenothiazine via molecular oxygen. On the other
hand the reproducibility and accuracy of the de-
termination at low concentration level, suffered
from a lack of stability of the test solutions via
molecular oxygen. However we have demon-
strated that the satisfactory results with the rela-
tive S.D. of 0.8–2.5% for the determination of
0.0008–0.05 M of some phenothiazine derivatives
such as chlorpromazine and trifluoroperazine
(n=3) can be obtained and a concentration range
0.001–0.02 M may be suitable for the titration of
studied phenothiazines.

4.3. Application to dosage forms

Several phenothiazine drugs obtained from the
local sourses were analysed by the present

method. The results shown in Table 2 indicate
that the phenothiazines in dosage forms of vari-
ous claimed amount ranging from 5–25 mg per
tablet and 1–25 mg ml−1 of injection can be
conveniently determined by the proposed poten-
tiometric method with good precision. Fig. 5 illus-
trates the potentiometric titration of some
phenothiazines extracted from the dosage forms
(tablet, ampoule or syrup) into chloroform (see
experimental procedure).

We have evaluated the accuracy of the pro-
posed method by performing experiments on the
samples prepared from dosage forms and pure
drugs. A mean recovery of 101% (ranging from
99.8 to 102.2%) was found (Table 2). Furthermore
the results obtained for some typical pharmaceuti-
cal preparations by the present method were com-
pared with those obtained by the time
consumming official USP methods [15]. The re-
sults are given in Table 3. As can be seen, there is
reasonable fair agreement between the present
and official methods.

5. Conclusion

The proposed potentiometric titration method
in chloroform is fast, precise, accurate and gen-
eral. This method is suitable for the routine analy-
sis of commonly used phenothiazine drugs in
various commercial formulations (tablet, ampoule
and syrup) of various amount of drugs ranging
from 5 to 25 and 1 to 25 mg ml−1 for injections,
instead of the tedious time consumming official
methods. Interferences from common excipients
are prevented by the selective extraction of phe-
nothiazines into chloroform.
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Abstract

In this paper a study is accomplished on behavior in a mercury electrode, of the phytohormone abscisic acid and
of the conditions of accumulation in a HMDE. A mechanism is proposed of reduction based on its electrochemical
behavior and proving the product of the reduction through mass spectrometry of bulks. A method is proposed for
the determination of Abscisic acid (ABA) with a quantification limit of 58 ng ml−1. The procedure is applied wing
determination of ABA in pears through the combination of high performance liquid chromatography (HPLC) with
electrochemical quantification. © 1997 Elsevier Science B.V.

Keywords: Abscisic acid; Phytohormone; Mercury electrode

1. Introduction

Plant hormones or phytohormones are regula-
tors that are produced by the plant itself. In low
concentrations, they control the physiological
processes. Phytohormones are classified into four
groups: auxines, gibberellines, cytoquinines and
inhibitors. Abscisic acid (ABA) belongs to the
latter, which is quite different from the other
groups of plant growth substances, as it inhibits
or delays the physiological or biochemical process
of plants [1].

Abscisic acid was isolated from young cotton
fruit (Gossypium hirsutum) by a research group
led initially by Corns and subsequently by Addi-

cot [2]. Its structure, shown in Fig. 1, was deter-
mined by Ohkuma and associates [2].

The levels of concentration of this inhibitor
vary considerably from one plant species to an-
other and depend on environmental conditions
[1]. Philips and Waring [2] studied this variation
in Acer pseudoplatanus buds and leaves, finding

Fig. 1. Molecular structure of abscisic acid (ABA).* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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minimum levels of ABA in June in the terminal
buds and maxima in winter, precisely the opposite
of the leaves. This suggests that the inhibitor
formed in the leaves in summer shifts to the
terminal buds at the start of autumn.

Hormonal action depends on the hormone con-
centration, the presence and characteristics of the
receptor and the elements involved in the signal
transduction chain. The hormone-receiver com-
plex, i.e., the activated receiver, is the first link in
the signal transduction chain, which provokes a
primary response. This in turn begins a series of
changes which, as a whole, make up the complex
physiological response.

In the case of abscisic acid, there is no single
biological activity, which instead is manifested in
several types of physiological response. The ABA
has a great inhibiting effect on the growth of
many types of plants. It is not the only growth-in-
hibiting substance, but it is the only one that is
non-toxic. A seed treated with ABA, for example,
can germinate once it is placed in another
medium. With another inhibitor, this seed does
not germinate [2].

Seed germination is regulated by the level of
ABA and gibberellins (phytohormones that stimu-
late cell division or prolongation, or both). Gib-
berellins induce the synthesis of a-amylase, while
the ABA inhibits this action, stopping cell divi-
sion and hence growth [3].

Abscisic acid accelerates the abscission process
in flowers and fruit, as well as in the reproductive
organs of a wide variety of plant species [4], and
ABA is also responsible for the closure of the
stomas in the leaves of some plants such as
Triticum 6ulgare, thus producing a reduction in
transpiration [5].

In addition to plant activity, it has been sug-
gested that abscisic acid inhibits reproduction in
insects and the growth of tumours in some types
of mice [2].

Given its importance, abscisic acid has been
studied widely from an analytic perspective ever
since its discovery. The first technique used to
identify this acid, at the start of the 1960s, was
paper chromatography (PC), which was soon re-
placed by thin layer chromatography (TLC). De-
tection was by means of UV spectroscopy because

abscisic acid has an intense, well defined band [2].
As other techniques spread, however, TLC and
PC was left as a mere technique for sample pre-
purification. Gas chromatography (GC) and high
performance liquid chromatography (HPLC) be-
gan to be used in the 1970s to study abscisic acid,
and coupled to mass spectroscopy (MS) are an
excellent method of identification [6,7]. The prob-
lem in HPLC analysis is the low specificity of the
UV detector. GC-MS is a powerful method for
identification, but the samples must be cleaned
up. The lower limit of detection of ABA is 50 ng
in HPLC. Before the analysis, crude samples
should be purified by solvent partitioning and
preparative TLC or by a short column such as the
C18 Sep-pak cartridge [2]. Bioassay and im-
munoassay has been also used for determination
and quantification of abscisic acid, and does not
require pre-purification, although the experimen-
tal period tends to be very long due to the prepa-
ration of the antigen and the antiserum [8].

In recent times, the same techniques used in
previous years have continued to be used for the
determination and quantification of ABA, al-
though additional techniques such as ELISA have
arisen. We have not, however, found any litera-
ture on the electrochemical study of this phyto-
hormone. This analysis, discussed in the present
paper, is approached using square wave voltam-
metry (SWV), given that the coupling of an accu-
mulation step to an impulse technique would
enable us to obtain detection thresholds in the
order of ng ml−1. The use of an electrochemical
measurement provides an additional selectivity
which allows one to avoid the needed pre-purifica-
tion steps used on other methods, such as GC or
HPLC-UV. Likewise, the limit of detection ob-
tained in this proposed method for quantification
of ABA is similar to those obtained by using
other traditional methods.

2. Experimental

2.1. Reagents and equipment

� A 0.2 mg ml−1 solution of abscisic acid (ABA)
in methanol prepared from the crystallized
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form supplied by SERVA (New York, USA). The
solutions must by refrigerated and not exposed to
light.
� Analysis quality reagents.
� Deionised water using Milliro-MilliQ (Water
System) equipment.
� PAR polarographic analyser model 384B,
equipped with a Ag/AgCl/KCl (3M) reference
electrode and a platinum counter electrode. This
polarograph was used for the square wave and
cyclical voltammetry analyses using a hanging
drop mercury electrode (HDME).
� Bioanalytical System Potentiostat BAS 100,
equipped with a mercury pool electrode, a satu-
rated calomel electrode as the reference electrode
and a platinum electrode as the counter electrode.
These were used for a coulometric analysis of the
abscisic acid.
� HEWLETT PACKARD model 5890 Series II
gas chromatograph with a HEWLETT PACK-
ARD model 5971A spectrometry detector used to
identify the coulometric reaction products.
� High performance liquid chromatography
composed of a GILSON 302 pump connected to
a GILSON 802C manometric module, with a
GILSON 116 UV detector attached to the unit.
The HPLC was used a the preparative separation
method in a plant extract for subsequent electro-
chemical detection.

2.2. Procedure

The polarographic cell contains a 10-ml buffer
solution at a previously adjusted pH and a known
concentration of abscisic acid. The O2 was elimi-
nated by means of a stream of N2 for 5 min in the
first measurement and 30 s in the subsequent
potential scans. An accumulation time (tac) was
applied at an accumulation potential (Eac) with a
stirring speed of 400 r.p.m. The polarogram was
recorded between −0.4 and −1.1 V for a mer-
cury drop electrode of 0.0278 cm2 average area,
replaced for each measurement, against an Ag/
AgCl 3M electrode and a platinum counter elec-
trode. The equilibrium time was 5 s.

In order to establish the measurement condi-
tions, the corresponding variable was modified in
each analysis to find the optimum response value,

establishing initial conditions of: square wave fre-
quency ( f ) at 50 Hz with increments in the step
wave potential (E) of 2 mV in each cycle, produc-
ing a scan rate of 100 mV s−1. The pulse ampli-
tude (a) was 20 mV.

2.2.1. Extraction procedure
The procedure used was as follows: 51.35 g of

pears was pulverised after prior freezing with
liquid nitrogen. Methanol (200 ml) was added,
ensuring contact by constant stirring at 4°C for 24
h. The extract was vacuum filtered on a G4 filter
plate, and the resulting extract was evaporated at
40°C in a rotary evaporator to a minimum vol-
ume. The extract was centrifuged to remove pig-
ments and lipid phases, dissolved in methanol and
levelled to 10 ml.

2.2.2. Methylation of the ABA carboxyl group
[14]

100 ml of a 50 mg ml−1 ABA solution in
methanol was taken and the solvent was evapo-
rated by means of a N2 stream. The dry residue
was dissolved in 100 ml of a mixture containing
acetonitrile:water:methanol:pyridine (7:1:1:1),
adding 5 ml of methylchloroformate (MCF),
which acted as the methylating agent, 100 ml of
chloroform and 100 ml of 1M sodium bicarbonate.
The abscisic acid was methylated in this medium,
and afterwards the methylated compound was
extracted in the chloroform, which remained at
the bottom. After separating the two phases, the
chloroform was removed by evaporation using a
N2 stream, leaving a dry residue that was dis-
solved in 100 ml of hexane.

3. Results and discussion

3.1. Influence of pH and accumulation potential
on the abscisic acid reduction

The purpose of this study was to ascertain the
conditions that facilitate the greatest adsorption
of abscisic acid on the surface of the mercury
droplet.

The measurements were made in different solu-
tions containing 1.6 mg ml−1 of ABA in HClO4, 1
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Fig. 2. Square wave voltammograms of abscisic acid reduction
at different pH values: (a) pH 0; (b) pH 0.3; (c) pH 1; (d) pH
2 and (e) pH 3.

tion and the highest peak intensity corresponding
to the electroreduction of the phytohormone ap-
pear. We chose an accumulation potential of
Eac= −0.4 V and pH 1 for the subsequent analy-
ses.

From the analysis of the variation in the pH,
we obtain a shift in the peak potential towards
more cathodic values, indicating an intervention
of the protons in the reaction of the abscisic acid
electroreduction. This shift shows two linear
zones with differing slopes in the pH range under
consideration. For pH levels between 0 and 2, the
linear dependence fits the equation of the line:

Ep= −0.74−0.05 pH; r=0.986

when the pH is between 2 and 4, the variation of
the peak potential is linear, fitting the equation:

Ep= −0.64−0.1 pH; r=0.993

in which peak potential is expressed in V.
The point of intersection between the two

straight lines produces the value of pK corre-
sponding to the abscisic acid system, obtaining a
value of pK=1.9.

A coulometric study was performed in a BAS-
100 electrochemical analyser using a cell with a
mercury pool electrode as the working electrode.
A perchloric acid-sodium perchlorate solution at
pH 1 containing 200 g of abscisic acid was placed
in the cell. Applying a potential of −1.0 V, the
ensuing number of electrons involved in the pro-
cess was n=4 [9].

To identify the product of the electrolysis, the
solution was fed through a Sep-Pak C18 cartridge,
after which the reduction product was eluted with
methanol. The acid group of the molecule was
methylated, and the product was injected into the
GC-MS. The mass spectrum indicates the reduc-
tion of two double conjugated bonds (Fig. 3).

The proposed reduction mechanism for the
ABA is in Fig. 4.

3.2. Influence of the scan rate

The scan rate was analysed in cyclic voltamme-
try over a 1.6 mg ml−1 solution of ABA in HClO4

0.1 M at pH 1. In all the measurements, the
accumulation time was tac=30 s, and accumula-
tion potential was Eac= −0.4 V.

and 0.1 M, and H3PO4 0.04 M, obtaining the
desired pH for the analysis in each case with
KOH additions. An accumulation time of tac=30
s was used, along with the rest of the conditions
described in Section 2.2. The accumulation poten-
tial (Eac) was varied for each pH value.

Fig. 2 shows the results for pH lower than 3.
Beyond this pH, the width at half height grows
considerably while the peak intensity diminishes,
with a poor definition of the hormone reduction
wave. In the concentrations at which it was
found, the abscisic acid was not electroactive at
basic medium.

Our results suggest that the pH is
achieved at pH=1, where the best wave defini-
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Fig. 3. Mass spectrum for the methylated ABA (down) and for the methylated product of the ABA electrolysis (up).

The data obtained with an increase in the scan
rate indicate a shift in the peak potential towards
more cathodic values. This variation of the peak
potential in the abscisic acid reduction behaves
linearly with the logarithm of the scan rate, fol-
lowing the equation

Ep= −0.7185−0.0422 log 6 ; r=0.996

where Ep is the peak potential expressed in V, and
log 6 is the decimal logarithm the scan rate.

The intensity of the peak increases linearly with
the scan rate, fitting the equation
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Fig. 4. The proposed reduction mechanism for the ABA.

ip=0.0968+0.0021n ; r=0.9994

where the peak intensity is expressed in mA and
the scan rate in mV s−1.

This behaviour indicates that the abscisic acid
reduction is produced by means of an adsorptive
process controlled by diffusion [10] and is irre-
versible.

By representing the logarithm of the peak in-
tensity at different scan rates against the peak
potential, we obtain a linear relation that fits the
equation

log ip= −13.367−19.785Ep; r=0.995

Using the value of the slope and knowing the
number of electrons consumed in the electrore-
duction of the ABA, we can calculate the charge
transfer coefficient, obtaining a value a=0.31
[11].

The influence of the square wave frequency was
calculated under the conditions described in the
Section 2.2, with the exception of the frequency
variation. The results indicate that there is a linear
dependency of the peak intensity on the frequency
in accordance with the ratio:

ip=3.059×10−2+5.76×10−3f ; r=0.9998

expressing ip in mA and where f is the square wave
frequency expressed in Hz.

There is also a linear variation in the peak
potential against the decimal logarithm of the
frequency which fits the equation

Ep= −0.72−0.044 log f ; r=0.997

where Ep is the peak potential expressed in V and
log f is the logarithm of the square wave fre-
quency.

This analysis of the square wave frequency
enables us to ascertain kinetic parameters of the
electroreduction reaction of the abscisic acid in
the mercury electrode. The value of the slope can
be used to calculate the charge transfer coefficient
(a), which can be calculated via the expression

DEp/D log f=RT/Fna

obtaining a value of n=1.58. By means of cou-
lometry, we found that the number of electrons
exchanged by the molecule was n=4. Hence, the
value of the load transfer is a=0.33 [12].

Given that the peak intensity is linear with the
square wave frequency, and that the peak poten-
tial is linear with the decimal logarithm of the
square wave frequency, we can deduce that the
electrochemical reduction process of the abscisic
acid is of the adsorptive type controlled by diffu-
sion. This concurs with the data obtained in the
cyclic voltammetry analysis.

3.3. Influence of the square wa6e amplitude

From the variation in the square wave ampli-
tude, we can obtain the degree of absorption of
the ABA over the measurement electrode, i.e. the
coating coefficient (Г) of the mercury droplet used
for measurement [12,13].

For this purpose we used an abscisic acid solu-
tion at 1.6 mg ml−1 concentration in HClO4 at pH
1. We established an accumulation time of tac=
30 s and the rest of the conditions as described in
Section 2.2. The results are shown in Fig. 5.

In Fig. 5 we see an increase in the intensity of
the peak with the amplitude of the square wave
up to a value of a=40 For higher values of
the square wave amplitude, there is no significant
increase in the peak intensity.
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For square wave amplitude values lower than
20 mV, there is a linear increase in the value of
the peak intensity that fits the equation:

ip=0.038+0.013a ; r=0.992

where the peak potential is expressed in mV and
the peak intensity in mA. On the basis of the slope
of the line obtained for small square wave ampli-
tudes, and knowing that the electrode has an
surface area of 0.0278 cm2, we can calculate a
value for the coating coefficient of the mercury
droplet of 1.990.7×10−11 mol cm−2 [12,13].

3.4. Influence of the scan increment

Variations in the value of the scan increment
produce changes in the intensity of the peak,
which affect the sensitivity of the method. At the
same time, however, the width at half height also
varies, which affects its selectivity. A compromise
must therefore be sought between the two factors.

In our measurements, we used a 1.6-mg ml−1

solution of ABA at pH 1 in HClO4 0.1 M, which
acted as the supporting electrolyte. An accumula-
tion time of tac=30 s was set, using the rest of the
initially established parameters.

Applying selectivity and sensitivity criteria, we
took E=5 mV as the optimum value for subse-
quent measurements as this combines a width at
half height of w1/2=95 mV with a peak intensity
of ip=0.709 mA.

Fig. 6. Variation in peak intensity with accumulation time for
different concentrations of ABA: (a) 0.1 mg ml−1; (b) 0.2 mg
ml−1; (c) 0.3 mg ml−1; (d) 0.4 mg ml−1; (e) 0.6 mg ml−1; (f)
0.8 mg ml−1; (g) 1.0 mg ml−1; (h) 1.2 mg ml−1; (i) 1.4 mg ml−1

and (j) 1.6 mg ml−1.

Fig. 6 graphs the results of varied accumulation
times. In all cases, the adsorption of the hormone
to the electrode reaches the highest peak intensity
at an accumulation time of 10s. If this time is
increased, the intensity of the peak diminishes.
The optimum value is therefore tac=10 s.

3.5. Influence of the buffer type

In the analysis of the influence of pH, the
optimum working value was set at pH 1. On the
basis of this condition, we tested different types of
electrolytes: hydrochloric acid–sodium chloride,
sulphuric acid–sodium sulphate, and finally
perchloric acid–sodium perchlorate. Solutions of
all these electrolytes at different concentrations
were prepared to fix the ionic strength of the
medium. Sulphuric acid–sodium sulphate solu-
tions produce the highest peak intensities, the
higher, the greater the concentration of elec-
trolyte. This solution was thus used as a buffer
medium and a support electrolyte at a 1 M con-
centration.

Fig. 5. Variation in peak intensity with square wave ampli-
tude. Conditions in text.
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3.6. Influence of the ABA concentration

In the study of the effect of abscisic acid con-
centration on the peak intensity, the optimum
conditions of the medium were set at those dis-
cussed in the previous sections.

The polarographic cell contained 10 ml of sul-
phuric acid-sodium sulphate solution at 1 M con-
centration, pH 1, which acted as a support
electrolyte and different amounts of abscisic acid.
An inert atmosphere was created by a stream of
N2 prior to each measurement. An accumulation
potential Eac= −0.4 V was applied for 10 s, with
an equilibrium time of 5 s. The initial scan poten-
tial coincided with Eac, and the final potential was
set at −1.2 V to permit the full development of
the wave.

Instrumental variables during the measurement
stage were set at, pulse amplitude a=40 mV, scan
increment E=5 mV, and square wave frequency
f=120 Hz, producing a scan rate of 600 mV s−1.

There is an increase in the peak intensity with
the concentration, shown in the superimposed
voltammograms in Fig. 7.

This dependence of the peak intensity on con-
centration follows a linear relationship, which fits
the expression

ip= −1.76×10−2+7.89×10−4C ; r=0.999

The intensity of the peak is expressed in mA
while the concentration is in ng ml−1.

The relative error of the method ranges between
0.3 and 0.8% in absolute values and the relative
standard deviation varies between 2.1 and 7.8%,
producing a detection threshold of 30 ng ml−1

and a quantification threshold of 58 ng ml−1.

4. Application

After optimising the abscisic acid determination
method, it was applied to an extract of pears
taken straight from the tree at the initial growth
stage.

The extract obtained from little pears, like ab-
scisic acid, contains many other compounds that
interfere with voltammetric measurements, mak-
ing purification necessary. For this purpose,

HPLC was used as the preparatory technique in a
10-mm column of C18, using a 0.01M mixture of
methanol:phosphoric acid at pH 3 (1:2 v/v) as the
eluent at a flow of 1.8 ml min−1, and a UV
detector at a wavelength of 270 nm. The retention
time of the abscisic acid was 19.51 min. The
corresponding fraction was collected at the
column outlet.

For the purification process, we injected into
the column a mixture containing 3 ml of extract
and 6 ml of phosphoric acid with a 500 ml loop.

Fig. 7. Square wave voltammograms of abscisic acid reduction
at different concentrations: r=residual current; (a) 75 ng
ml−1; (b) 125 ng ml−1; (c) 150 ng ml−1; (d) 250 ng ml−1; (e)
300 ng ml−1; (f) 350 ng ml−1; (g) 400 ng ml−1; (h) 450 ng
ml−1 and (i) 500 ng ml−1.
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Fig. 8. Square wave voltammograms of real sample (a) and
spiked samples with different concentrations: (b) 50 ng ml−1;
(c) 100 ng ml−1; (d) 150 ng ml−1; (e) 200 ng ml−1; (f) 250 ng
ml−1; (g) 300 ng ml−1; (h) 350 ng ml−1 and (i) 400 ng ml−1.

This process was repeated four times, collecting a
total volume of 20.3 ml at the outlet of the
column.

Square wave voltammetry was used for the
measurement under the same conditions as the
calibration of the abscisic acid. In order to find
the ABA concentration contained in the extract,
we performed standard additions. The intensity of
the peak increases linearly with the concentration
of the added ABA, fitting the equation:

ip=0.0529+2.108C ; r=0.999

where the peak intensity is expressed in mA and
the concentration in mg ml−1 (Fig. 8).

Extrapolating from the straight line, we find a
0.025 mg ml−1 concentration of ABA in the mea-
surement cell. Taking into account the successive
dilutions of the sample, and the calculated extrac-
tion yield (78%), we can calculate that the amount
of abscisic acid contained in the initial pear sam-
ple was 3.190.1 mg per gram of pear. This is the
average value obtained in 5 samples for which the
same extraction process was carried out. This
method has been used since the signal obtained
for the ABA through HPLC determination with
UV detection remains under its quantification
limit. In the same way, with a direct electrochem-
ical measure, the nature of the sample produces
adsorptions in the electrode that make the signal
of the ABA to disappear. So, in this work, a
separation through HPLC is combined with a
very sensitive electrochemical detection. Hence, in
whatever the vegetal sample it was necessary to
determine ABA, this proposed method can be
applied.
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Abstract

Two methods for the determination of iron by normal FIA and reversed FIA were developed using sodium
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4%,4¦-disulphonate (ferrozine). The reagent formed a chelate with Fe(II) in
hexamethylentetramine buffered medium at pH 5.5. In one previous reaction coil Fe(III) was reduced to Fe(II) by
ascorbic acid and in the other reaction coil the complexation reaction was developed. The linear range of the
determination was 0.5–6 and 0.1–5 mg ml−1 of iron for normal FIA and reversed FIA respectively. The proposed
method was sensitive (detection limit 0.012 and 0.010 mg ml−1), rapid and reproducible (RSD 0.3 and 0.28%). The
method was satisfactorily applied to the determination of iron in waste water, toadstool tissue, potato leaves, human
hair and bauxites at a sampling rate of 90 and 50 samples h−1 for normal FIA and reversed FIA respectively. © 1997
Elsevier Science B.V.

Keywords: Flow system; Spectrophotometry; Iron; Ferrozine

1. Introduction

The relative importance of iron for man can be
assessed when compared with other common ele-
ments. So, accordind to Nelson [1], iron is seen to
make up 1.5% of, and is the eighth most abun-
dant element in, the lithosphere. A means of
measuring the relative importance of different ele-
ments in pure chemistry is to compare the relative
numbers of compounds they form. Such a com-
parison showed a few years ago that iron oc-
curred in around 2.3% of all known compounds,
the total number listed being around 8.5 millions

[2]. The iron is one of the most important element
involved in the living process, being indispensable
to all members of the plants and animal kingdom.

Flow-injection analysis (FIA) is a well accepted
analytical technique owing to its versatility, flexi-
bility, ease of operation and high sample through-
put [3].

The measurement of the absorbance of the
complex formed between iron(II) and some typi-
cal chromogenic reagents is one of the methods
most frequently used for the determination of iron
in many kinds of samples. Before total iron can be
determined, either oxidation of iron(II) to
iron(III) or reduction of iron(III) to iron(II) is
required [4–9].* Corresponding author.

0039-9140/97/$17.00 © 1997 Published by Elsevier Science B.V. All rights reserved.
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This paper describes the development of two
flow injection systems (normal and reversed) for
the determination of total iron based on the use
of ferrozine (sodium 3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine-4%,4¦-disulphonate)(Fz), as a chelat-
ing agent for iron (II) after reduction of Fe(III)
with ascorbic acid. Fz is a very sensitive and
selective reagent for iron(II) giving a 1:3 (Fe:Fz)
magenta chelate with a sharp absorption peak at
562 nm and a molar absorptivity of 27 900 l.
mol−1 cm−1 [10]. This is an important advantage
with respect to the popular method based on the
iron(II)-1,10-phenantroline complex. Neverthe-
less, Fz is a more expensive reagent. For this
reason, as is usual in FIA techniques when the
reagent constitutes the major cost of the determi-
nation, a second method based on reversed FIA
[11] (where the reagents are injected into a contin-
uous stream of the sample) is also proposed in
this paper besides normal FIA method. Reversed
FIA mode increases the sensitivity in many appli-
cations providing a lower range of concentrations
to be reached [3]. This is a very important feature
in trace analysis when the volume of sample is not
a limiting factor. The reverse FIA mode is here
adequate, compensating the drawback of the
higher consumption of sample volume.

2. Experimental

2.1. Reagents

All reagents were of analytical-reagent grade
and bidistilled water was used throughout.

Standard iron(III) solution. Prepared by dis-
solving 0.0860 g of iron(III) ammonium sulphate
(Panreac R.A.) in 0.1 M sulphuric acid, which
was standardized by EDTA titration, to give 100
mg l−1 stock solution of iron(III). The stock
solution was diluted to an appropriate concentra-
tion as required after adding 0.05 M sulphuric
acid.

Sodium 3-(2-pyridyl)-5,6-diphenyl-1,2,4-tri-
azine-4%,4¦-disulphonate (ferrozine, Fz) (Fluka,
R.A.). Solutions of various concentrations were
prepared by dissolving Fz in water. These solu-
tions were stored under refrigeration. In these
conditions they went stable for at least 30 days.

Buffer solutions (pH 5.5.) were made by dis-
solving 4 g of hexamethylentetramine (HMTA)
and 2 ml of hydrochloride acid 1 M in 200 ml of
water.

Ascorbic acid solution 1%.

2.2. Apparatus

Ultraviolet and visible spectra and real-time
data acquisition of flow injection peaks were ob-
tained using a Lambda 2-UV-VIS Spectrophoto-
meter (Perkin Elmer). The instrument was
interfaced to an IBM PS/2 mod. 30-286 running
Perkin-Elmer computerized spectroscopy software
(PECSS V 4.1). The flow cell used (Hellma
178.011-OS) had a 80-ml internal volume and a
10-mm light pathlength. The pump used was a
GILSON MINIPULLS three peristaltic pump.
The pH measurements were made with a Crison
Model 2002 pH-meter fitted with a glass-saturated
calomel electrode assembly and a temperature
probe.

2.3. Manifolds

The two manifolds used are shown in Fig. 1.

2.4. Treatment of samples

2.4.1. Water
Waste water was filtered through a 0.45-mm

membrane filter (Millipore) and collected in a
polyethylene container carefully cleaned with ni-
tric acid. The sample was stored at 4°C until
analysis. Analyses were performed with the least
possible delay. The usual general precautions were
taken to avoid contamination.

2.4.2. Toadstood tissue (Amanita muscaria)
Firstly all foreign matter, especially adhering

soil, was removed from the sample by means of
successive washings with distilled water, 0.1 M
HCl and doubly distilled water (we avoided an
excessive washing in order to prevent leaching).
The sample was rapidly dried into a forced draft
oven for 24 h at 70°C prevent decomposition
or weight loss by respiration and ground in a
hand-mill. A suitable quantity was weighed
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Fig. 1. Manifold configuration. (a) Normal FIA; (b) reversed FIA; S, sample; C, carrier solution (water); r, reducing agent solution
(ascorbic acid 1%); R, buffered solution (pH=5.5) of Fz (10−2 M); P, pump; V, 4-way rotary injection valve equipped with teflon
tube loops of 600 ml (a) and 30 ml (b); A and B, confluence points; RC1 reaction coil (0.8 mm i.d; 100 cm long); RC2 reaction coil
(0.8 mm i.d; 150 cm long); W, waste; D, detector equipped with flow cell; MC, microcomputer; I, impresor.

(1.0370 g dry material) into a quartz crucible and
placed in a cool furnace; the mineralization was
carried out as described by Pinta [12], heating slowly
to 450°C for 2 h and holding at this temperature
for 2 h. further. The sample was removed, cooled,
the ashes were carefully wet with a fine stream
doubly distilled water, and then 1 ml of 3 M HCl

was added. The crucible was covered with a watch
glass, cautiously heated on a hot plate until boiling
point and finally let to stand for a few minutes. The
solution was filtered through Whatman No. 42
paper over a 100-ml volumetric and diluted
to volume. The iron content was determined on an
aliquot, as described in the procedure.
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2.4.3. Human hair
Firstly, the sample was washed with Mistol

detergent and then, oven-dried with forced-draft
for 24 h at 60°C. A suitable quantity was
weighed (10 g) and treated successively with 30
ml of nitric acid and 3 ml of sulphuric acid
until boiling. Finally, 25 ml of hydrogen perox-
ide were added little by little until the solution
was colourless and then evaporated nearly to
dryness. The final solution was transferred to a
25-ml volumetric flask, and diluted to volume.

2.4.4. Bauxites
The sample (:0.1 g) was dissolved in a HF–

HCl–H2SO4 mixture in a teflon crucible in the
usual way and the solution obtained transferred
to a 100-ml volumetric flask, and diluted to vol-
ume.

2.4.5. Potato lea6es
The sample was oven-dried with forced-draft

for 18 h at 65°C. Then, the sample was ground
into fine pieces successively with a glass roller
and a hand-mill and overnight dried at 70°C. A
suitable quantity was weighed (5 g) into a
quartz crucible and burned at 450°C as de-
scribed above. The solution obtained was quan-
titatively transferred into a 25-ml volumetric
flask.

3. Results and discussion

The iron reacts with Fz forming an only
coloured (magenta) chelate compound whose ab-
sorption spectra measured against a reagent
blank had a maximum absorption at 562 nm, as
indicated in the literature [10].

4. Normal FIA

4.1. Flow injection procedure

The manifold of the normal flow injection
system used is shown in Fig. 1a. A 3-line system
was used for the determination of iron. The
sample (600 ml) containing 0.5–6 mg Fe/ml at

pH 2, is injected into the carrier (bidistilled wa-
ter) stream by a 4-way injection valve Reodhyne
to which a volume control loop is attached. In
the first confluence point, the stream is mixed
with the reductor (ascorbic acid) in the 100-cm
reaction coil (RC1). At this point the reduction
of Fe(III) to Fe(II) is achieved. The 1×10−3 M
ferrozine solution buffered at pH 5.5 with
HMTA/HCl is pumped at 4.3 ml min−1 and
mixed in the 150-cm reaction coil (RC2) where
the formation of coloured complex is carried
out. The absorbance of the complex in the flow
cell is measured at 562 mn. The PTFE tubing is
of 0.8 mm i.d.

4.2. Optimization of flow system

4.2.1. Effect of pH on iron complex formation
The dependence on pH of the complex forma-

tion with ferrozine was studied in the range pH
1–11 (Fig. 2) using Fe(II) and without using
buffer solution. The peak signals were maximum
and constant between pH 4 and 8. These results
agree with those found by other authors [10,13].
The manifold used was similar to the one de-
scribed above but suppressing the line of the
reducing agent and the raction-coil RC1. The
chosen value of pH was 5.5.

Buffer nature and concentration. Different
buffer solutions (KH2PO4/NaOH, potassium ph-
thalate/HCl, HOAc/NaOAc and HMTA/HCl)
were tested. The latter buffer (pH 5.5) was
found to yield the best results. The effect of the
concentration of buffer solution was investigated
from 0.07 to 0.25 M HMTA and no change in
the absorbance values was found. As concentra-
tions below 0.10 M are not recommended be-
cause the ‘buffering capacity’ is low, we propose
a solution of 0.14 M HMTA. If we work with
Fe(III), a previous step of reduction, which has
to be made at low values of pH, is necessary. If
the buffer is made to merge after mixing the
reagent and the sample, the signal decreases ow-
ing to the dilution and dispersion. By
buffered reagent merge with the reduced iron,
the signal remains. This option was chosen for
ulterior experiments.
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Fig. 2. Effect of pH on the iron complex formation. [Fe(II)]=8.96×10−5 M; [Fz]=3.60×10−4 M.

4.3. Sample 6olume

The influence of the sample volume on the
absorbance was investigated by injecting volumes
in the range 100–700 ml of 8.96×10−5 M
iron standard solutions. A 600-ml volume was
selected as optimun because the maximun signal
of absorbance reached a constant value from 500
ml.

4.4. Reagent concentration

The influence of Fz concentration was studied in
the range 1.0×10−4 to 1.0×10−2 M being the last
selected.

4.5. Effect of reducing agent

For the determination of total iron, a reductant
must be used. The effect of the nature of a few
reducing agents was examined and the ascorbic acid
(1%) was chosen.

4.6. Influence of pH of the sample

The influence of pH sample is shown in Fig. 3.
The absorbance decreases drastically from pH 2.5
because the reduction of Fe(III) by ascorbic acid
requires high acidity according to other authors [14].

The pH values above four give no detectable
signals. A value pH 2 is recommended for the
procedure. The decrease of the reducing efficiency
of the ascorbic acid (AC) on Fe(III) has two reasons:
(i) The reduction is due to the fully protonated form
of the AC, that is why the shape of Fig. 3 resembles
a titration curve. The dissociation constant of AC
is K1=6.17×10−5 and (ii) the formation of
Fe(OH)3 for pH�3 it is also possible by this
concentration of Fe(III) in the working solutions,
because the solubility of Fe(OH)3 is very low
(Ksp=6×10−38).

4.7. Effect of the reaction coil lengths

The effect of the length of the reaction coils (RC1

and RC2 in Fig. 1) was examined. The results
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Fig. 3. Effect of sample acidity. [Fe(III)]=8.96×10−5 M; [Fz]=10−2 M; [Ascorbic acid]=1%.

indicated that both reaction of reduction (RC1)
and formation of coloured chelate compound
(RC2) are fast because the influence of reaction
coil lengths are not very significant. If the lenghts
of both coils were shortened by 50%, the signal
decreases only by 10%. The chosen values were
100 and 150 cm respectively.

4.8. Effect of flow-rate of the solutions

The effect of the flow-rate of the peristaltic
pump was examined by varying the range from
2.63 to 5.25 ml min−1. Since the absorbance value
is constant from 30 rpm, the optimum value
chosen was 4.6 ml min−1.

4.9. Calibration graph

The calibration graph was linear in the range
0.5–6.0 mg ml−1 of iron(III). The analytical
parameters are summarized in Table 1.

4.10. Interferences

The effect of various ions on the determination
of 5 mg ml−1 of Fe(III) were investigated using
the proposed manifold. The tolerance limit was
taken as the amount which caused an error of
95% in each peak height. The tolerance limits for
the ions studied are shown in Table 2. Of the ions
tested, the only major interferences were from
EDTA, PO4

3− owing to the reaction with the

Table 1
Analytical parameters for the determination of iron

Parameters n-FIA r-FIA

0.5–6.0 0.1–5.0Linear dynamic range (mg ml−1)
0.0180.011Intercept
0.1770.158Slope
0.0100.012Detection limit (K=3) (mg ml−1)
0.0330.040Determination limit (K=10) (mg

ml−1)
0.280.30RSD (%)
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Table 2
Effect of foreign ions on the determination of 5 mg ml−1 of
iron

Tolerance (ngForeign ion
ml−1)

�1000SO4
2−, Cl−, Na+, NO3

−, K+, Zn(II),
Mn(II), CO3

2−, HCO3
−, Ca(II),

Mg(II), CN−

1000NO2
−

500Ni(II), F−, As(III)
100Al(III), Cr(III)

Co(II) 15
4Cu(II)
1PO4

3−

0.1EDTA

vided by National Bureau of Standard. Since no
matrix effect was found, the determination of iron
in these samples was performed by applying the
standard calibration graph method (y=0.011+
0.158x). As in the above samples, the results
obtained were compared with those found by
AAS or with the certified values and equally the
concordance was excellent, by using the same
criterion as above.

4.14. Waste water

The method was applied to the determination
of iron in a waste water from ‘Batán’ (Jaén city),
by standard calibration graph. The result ob-
tained was 0.116 mg ml−1. In order to check the
accuracy of the proposed method, a recovery
study was carried out. The results shown in Table
3 confirm the validity of the method proposed.

5. Reversed FIA

In this case, the manifold used is shown in Fig.
1(b). Now, the sample is used as carrier and it is
reduced by ascorbic acid in reaction coil RC1.
Once this reduction takes place, buffered Fz is
directly injected in the manifold, the colour being
developed in the reaction coil RC2. No significant
influence on the signal was found when varying
the length of RC1 and RC2. Therefore, the same
length as for the manifold for normal FIA mode
(Fig. 1(a)) was used. The flow-rate of the pump
gave the highest signal at 2.41 ml min−1. The
influence of the concentration of the reagent and
the acidity of the sample was also similar to that
in normal FIA mode. The optimum sample injec-
tion volume was 30 ml.

Calibration graph was linear for the iron range
0.1–5 mg ml−1, which means that reversed FIA
allowed determinations over a wider range than
normal FIA. Other figures of merit are shown in
Table 1. As it is evident from the results the
reversed FIA offers a some more high sensitivity
and a lower detection limit than normal FIA
mode. Nevertheless, the most remarkable advan-
tage of reversed FIA versus normal FIA method
is the lower consumption of a very expensive

sample, and Cu(II) owing to the reaction with the
reagent. 0.1 M semicarbazide removes the last
interference. The method is very selective.

4.11. Applications

The method was applied successfully to the
determination of total iron in waste water, toad-
stool tissue, potato leaves, human hair and baux-
ites.

4.12. Potato lea6es

Two samples were analysed by the proposed
procedure. The standard addition calibration
graph method was applied owing to the matrix
effect. This fact could be evaluated from the ratio
of the slopes of the standard addition calibration
graph to that of the standard calibration graphs.
The ratios were 0.834 and 0.677 respectively. The
results obtained (Table 3) by the proposed
method were in good agreement with those ob-
tained by atomic absorption spectrometry (AAS)
because there was not significative difference
(P�0.05) between the average values obtained by
both methods (t-Student criterion).

4.13. Human hair, toadstool tissue (‘Amanita
Muscaria’) and bauxites

The bauxites selected were Bauxite (Dominican)
Ref. 697 and Bauxite(Arkansas) Ref. 69b pro-
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Table 3
Analytical applications

Iron content found Iron content found by AASSample
(mg g−1)(mg g−1)

Sample 1 223915bPotato leavesd

22493225915c

Sample 2 296911b

294912c 28993
4.290.1bHuman hair
4.390.1c 4.390.3

Iron content found by AASIron content found
(mg g−1) (mg g−1)

33.890.633.390.1bToadstool tissue (‘Amanita Muscaria ’)
34.090.1c

13992b 140aBauxites Ref. 697
14192c

50aRef. 69b 5091b

5191c

Recovery (%)Iron found (mg ml−1)Iron added
(mg ml−1)

—Waste watere (Batán) 0.166b

— 0.117c

98.80.61b0.5
0.60c 96.6

1.0 1.10b 98.3
1.12c 100.3

1.5 1.60b 99.4
98.21.59c

Data are average of three determinations.
a Certified values.
b Normal FIA.
c Reversed FIA.
d Standard addition calibration graph.
e Recovery study. Standard calibration graph.

reagent such as Ferrozine. Sampling rate was 50
samples h−1.

5.1. Applications

Reversed FIA mode was also applied satisfacto-
rily to the same samples as it is shown in Table 3.
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Abstract

A new method using microemulsified samples is presented. It is for the determination of chromium naphthenate in
gasoline by flame absorption spectroscopy. The method has the advantage of simplicity, speed and the use of aqueous
standards for calibration instead of organic standards. Coexistent elements do not disturb the determination. Results
obtained by this method were better than those obtained by other methods for the same samples. © 1997 Elsevier
Science B.V.

Keywords: Chromium Naphthenate; Gasoline; Microemulsion; Flame atomic absorption spectroscopy

1. Introduction

In order to apply gasoline to various uses,
certain amounts of organometallic additives are
often added to gasoline to improve its property.
The most commonly encountered additive ele-
ments in gasoline are lead, manganese, calcium,
magnesium, copper, cobalt, chromium, nickel,
and zinc. For examples, alkyl lead compounds
and methylcyclopentadienyl manganese tricar-
bonyl are added to gasoline as anti-knock agents.
Chromium naphthenate and cobalt naphthenate
are added to gasoline as anti-static agents. The

control of the additive concentrations is impor-
tant in the control of the physical and chemical
properties of gasoline. Atomic absorption spec-
troscopy is a technique of particular utility in the
determination of the additive element concentra-
tions in gasoline. It combines the virtues of sim-
plicity, sensitivity and relatively low cost. In
recent years the flame is still by far the most
popular and convenient atomization source em-
ployed in atomic absorption spectroscopy. The
flame provides sufficient sensitivity for most
organometallic additives’ analysis requirements
met in the petroleum industry.

The gasoline sample must be prepared for anal-
ysis prior to its presentation to the atomic absorp-* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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tion spectrometer. The choice of sample prepara-
tion is varied, each method having its own partic-
ular advantages and limitations. The conventional
methods to prepare gasoline samples are: dry
ashing, wet digestion, extraction and dilution with
solvent. A major disadvantage of dry ashing is the
possible loss of volatile elements or compounds.
The wet digestion method and the extraction
method involve intricate steps, are time-consum-
ing and prone to causing deviation. The method
of dilution with solvent may cause low nebuliza-
tion efficiency, fuming flame and unstable absorp-
tion measurements when the gasoline samples
have especially great viscosity and interfacial ten-
sion values. In addition, this method is inconve-
nient because the standards must be prepared
with organometallic standard substances that are
difficult to purify and prepare. We have solved
above problems by adding surfactant, cosurfac-
tant and water into gasoline to form microemul-
sion systems, then directly introducing the
microemulsions into the flame of an atomic ab-
sorption spectrometer. This principle has been
applied to the determination of ferrocene and
cobalt naphthenate in gasoline samples [1,2].

2. Experimental

2.1. Apparatus and reagents

A Model GFU-202 atomic absorption spec-
trometer made by Beijing Analytical Instrument
Factory, equipped with an air–acetylene flame
burner and hollow-cathode lamp for chromium
were used. All glassware and polythene bottles
were acid washed with a solution containing 2.0
mol l−1 HNO3 and 1.5 mol l−1 HCl and rinsed
with redistilled water (18.0 MV cm−1).

Standard chromium stock solutions of 1000 mg
ml−1 was prepared by dissolving chromic chloride
(CrCl3) in redistilled water and diluted to needed
concentration when being used.

The reagents including sodium dodecyl sulfate
(SDS), sodium dodecyl sulfonate (AS), butanol,
n-hyptane, octane and nonane were of analytical
reagent grade, and water was redistilled.

2.2. Operating parameters for determination

Wavelength: 357.9 nm; lamp current: 2.5 mA;
slit width: 0.2 mm; air flow: 7.5 l min−1; acetylene
flow: 1.75 l min−1; burner height: 19.0; measure-
ment time: 5 s.

2.3. Procedure

In a 25 ml volumetric flask, 1.00 ml oil to be
analyzed was added accurately. Then, 5.4 ml bu-
tanol, 1.8 g sodium dodecyl sulfate were added.
Finally, water was added to adjust the volume to
25 ml. After being vibrated for 1 min, the microe-
mulsion system of the oil sample was obtained.
Absorbance was then measured at selected operat-
ing parameters of the apparatus.

2.4. Method for preparing standard solution

In a 25 ml volumetric flask, 1.00 ml n-heptane
was added accurately; 5.4 ml butanol and 1.8 g
sodium dodecyl sulfate were added also. Then
standard solution of chromium in needed volume
was added, and water was added to adjust the
volume to 25 ml. After being vibrated for 1 min,
the standard microemulsion system of chromium
was obtained.

3. Results and discussions

3.1. Properties of microemulsions

Microemulsions are transparent or translucent,
low viscosity and homogeneous stable systems
consisting of water, oil, surfactant and cosurfac-
tant, spontaneously formed at appropriate ratio.
According to their different compositions, microe-
mulsion systems can be divided into three types:
the O/W (oil in water) type, the W/O (water in
oil) type and the B.C. (bicontinuous) type. Parti-
cle diameters of the disperse phase in microemul-
sion systems are between 0.01 and 0.1 mm, and the
oil–water interfacial tensions are less than 10−5

N m−1. Microemulsion systems have great stabil-
ity, are mixable with oil, water certain concen-
tration ranges. They have strong solubilization
power to organic and inorganic substances [3–5].
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Table 1
Concentration ranges of water in the microemulsion systems

AS (g) Butanol (ml)Systems Gasoline (ml) SDS (g) Water (ml)*

10.7–\504.23.3A 0.5
7.8–355.4B 1.0 1.8
8.4–19.85.42.6C 6.0

7.2 6.4–15.2D 8.0 2.2
4.2 7.3–\50E 0.5 3.4

6.7 8.4F 5.5–21.53.0

*The lower limits are clear points, the upper limits are cloud points.

3.2. Selection of the concentration ranges of
water in microemulsion

In the experiments, the amounts of gasoline,
SDS, AS and butanol were decided respectively at
first. Then water was slowly added into the sys-
tems. Volumes of water added into the systems,
were recorded respectively at clear points and
cloud points. Thus the concentration ranges of
water in the microemulsion systems at experimen-
tal conditions were decided. The results are given
in Table 1.

Different compositions were chosen for the re-
spective determination of the samples according
to the concentrations of chromium naphthenate in
gasoline to be analyzed. In our previous experi-
ments [1,2], we found that SDS, one of the most
typical anionic surfactants, acts not only to en-
hance absorption but also to suppress interfer-
ences. Using the slope of the working curve as a
measure of sensitivity, the optimum the concen-
tration ranges of water in the microemulsion sys-
tems is system B. In subsequent experiment, the
system B was chosen as the concentration ranges
of water in microemulsion. No difference of rala-
tive standard deviation (RSD) was observed be-
tween the system B microemulsion system and a
nonideal microemulsion system.

3.3. Effects of existing forms of chromium in
microemulsion systems on absorbance

Experimental results showed that the ab-
sorbances of microemulsion systems only had

connection with concentrations of chromium, and
the existing forms of chromium are not relevant
to it. That is to say, both organic standards and
inorganic standards were good.

3.4. Effects of coexistent elements on absorbance

In a 25 ml microemulsion system containing
chromium of 1.0 mg/ml, 50 mg Ca2+, 50 mg Mg2+,
50 mg Hg2+, 50 mg Pb2+, 50 mg Zn2+, 40 mg
Al3+, 40 mg V5+, 30 mg Cu2+, 30 mg Cd2+, 30 mg
Mn2+, 30 mg Co2+, 20 mg Fe3+ and 20 mg Ni2+

were added respectively, and absorbances were
obtained according to the method stated above.
The results showed that, compared with the mi-
croemulsion systems having no coexistent ele-
ments, the variations of absorbances were all less
than 5.0%. So it could be concluded that the
coexistent elements stated above did not disturb
the determination of chromium naphthenate in
gasoline.

3.5. Effects of 6ariety of alkanes on absorbance

Gasoline is a kind of alkane mixture system
mostly consisting of 7–9 carbons. In the experi-
ments, microemulsion systems containing 1.0 mg
ml−1 of chromium were prepared using n-hep-
tane, octane, nonane as oil phases respectively.
The results showed that the variations of ab-
sorbance were less than 5.0%. So in our experi-
ments, n-heptane was chosen as oil phase in place
of gasoline to prepare the standard microemulsion
systems.
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Table 2
Analytical results of gasoline samples and standard addition recovery experiments

Recovery (%)Cr Recovered (mg/ml)RSD (%)Samples Cr added (mg/ml)Cr Found (mg/ml)

10.00 10.241 18.71 102.42.04
9.73 97.32 17.54 2.77 10.00

10.00 9.653 17.15 3.41 96.5
10.00 103.910.392.204 19.67

9.66 96.65 17.17 1.55 10.00

3.6. Working cur6e

The standard microemulsion systems contain-
ing chromium of 1.00, 2.00, 3.00, 4.00 and 5.00 mg
ml−1 were prepared and their absorbances were
determined. The corresponding regression equa-
tion and coefficient of correlation were calculated.
The results were as follows:

A=0.0034+0.0571C (mg ml−1)

r=0.9962

The standard addition curve of gasoline sam-
ples was also determined and graphed at the same
time, and the two curves have almost the same
slope ratio. That also showed that coexistent ele-
ments in gasoline samples did not disturb determi-
nation.

3.7. Determination of the samples

According to the experimental method stated
previously, concentrations of chromium naph-
thenate in five gasoline samples were determined
respectively. At the same time, standard addition
recovery experiments were conducted. The results
were given in Table 2.

4. Conclusions

When the method is applied to analysis of
gasoline, the dry ashing and wet digestion steps
to prepare the samples can be avoided. The ana-
lytical time is shorten. At the same time, because
of the small interfacial tensions of microemul-
sion systems, the nebulization efficiency of the
samples is high, the average diameter of gasoloid
particles is small, the combustion of the flame is
stable. Another advantage is that in the analyti-
cal process there is no need to substitute
aqueous standards of chromium for organic
standards.
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Abstract

The analyses of 2-ethylhexyl-p-methoxycinnamate (EHMC) using HPLC and Raman spectroscopy have been
undertaken and compared. EHMC, which is one of the most widely used sunscreen agents in suncare products in the
US, exhibits a strong Raman signal. This signal clearly appears in both ethanol solutions of EHMC as well as in
commercial sunscreen lotions containing this sun screen agent. A method for the direct detection and analysis of
EHMC has been developed using Raman spectroscopy. This was accomplished by correlating the Raman intensities
with the HPLC assays for a series of prototype suncare formulations. Based upon this information, it would be
possible to employ Raman spectroscopy as an in-process control method in the commercial production of suncare
products containing EHMC. The possibility of applying surface-enhanced Raman scattering for trace analysis was
discussed. © 1997 Elsevier Science B.V.

Keywords: Sunscreen lotion; HPLC; Raman spectra; Surface-enhanced Raman scattering; Fiber optic probe

1. Introduction

Because skin cancer and photoaging appear to
be related to excessive sunlight exposure, and the
layer of ozone above us (providing protection
from UV) is reported as decreasing, sun screen
product use is becoming more popular than ever
[1]. It is well-known that the most dangerous UV
light is UVB (290–320 nm) which has short wave-
lengths and thus relatively higher energy. It is
important to protect human skin from damage
which can be caused by UVB. Among the various

UVB sunscreen agents approved for use in sun
screen products, 2-ethylhexyl-p-methoxycinna-
mate (EHMC) is the one most widely used [2]. It
is effective in absorbing UVB, is insoluble in
water, has a good safety record and is relatively
inexpensive. Being considered as drug products,
sunscreen products must be analyzed for their
sunscreen content. Consequently, it is important
to have a simple, fast analytical method for the
product quality control. Like most drug and cos-
metic products, EHMC in sunscreen lotions is
usually analyzed by HPLC using UV detection
[3]. Compared to infrared, ultraviolet, nuclear
magnetic resonance and mass spectrometry,* Corresponding author. Fax: +1 901 6783447.
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HPLC not only makes the isolation of the many
components in sunscreen products possible, but
also provides qualitative and quantitative infor-
mation. While these benefits are significant, the
method is also rather time-consuming, fails to
supply definite qualitative information from a
simple experiment, and can not be used as an
on-line detection method.

Like infrared spectroscopy, Raman spec-
troscopy can provide ‘finger prints’ for molecules
and is useful for quantitative analysis and struc-
tural determination. Applying multichannel detec-
tion techniques has significantly reduced the
Raman data collection time. Additionally, an op-
tical fiber probe can be employed in conjunction
with a Raman spectrophotometer to collect Ra-
man spectra of samples in remote sites [4]. These
would make it possible to develop an on-line
analytical process, which is useful for more rigor-
ous production control of sunscreen products. If
surface enhanced Raman scattering (SERS) [5] is
applied, a very high sensitivity of detection can be
achieved [6].

2. Experiment

2.1. Instrumentation

The Raman spectroscopic system used in the
present study has been described previously [7].
An argon ion laser (Lexel Laser, Model Excel
3000) line at 514.5 nm was used with the laser
power adjusted to 100 mW at the laser head
unless mentioned otherwise. Glass capillary tubes
filled with solution samples were positioned by
using a Spex 1438 sample holder. The resulting
Raman scattering signals were collected with a 6:1
off-axis ellipsoidal mirror. Silica/silica optical
fiber (200 mm cone diameter, 230 mm cladding
diameter, NA 0.22) was used for sample excita-
tion and Raman signal collection. The excitation
fiber and the collection fiber (3M company) were
arranged in a 1×6-fiber bundle configuration,
and oriented normal to the sample surface. The
optical probe was fabricated by Nanjing Institute
of Glass Technology, China. An Eppendorf
Model 5414 centrifuge was employed in the sam-
ple preparation.

HPLC assays used an octadecyl silica (ODS)
column which was a 250×4.6-mm Supelcosil LC-
18 (5 mm) and kept at ambient temperature during
analysis. The guard column was a 20×4.6-mm
cartridge column filled with a 5-mm Supelosil
packing and was held on a reusable column
holder. UV detection was at 308 nm and ab-
sorbance unit full scale was at 0.50. The mobile
phase was composed of 85% methanol, 14.5%
water and 0.5% acetic acid with a constant flow
speed of 1.5 ml min−1.

2.2. Chemicals

EHMC, 2-ethylhexyl-2-hydroxybenzoate
(EHHB) and 3,3,5-trimethylcyclohexyl-2-hydroxy-
benzoate (THHB) were provided by Schering-
Plough Healthcare Products and used without
further treatment. Glacial acetic acid was ACS
grade while isopropanol and methanol were
HPLC grade. Ethanol was obtained from Aaper
Alcohol and Chemical Co. and used as received.
Different concentrations of a prototype suncare
formulation were provided by Schering-Plough
Healthcare Products. Water used throughout this
work was deionized with Milli-Q™ Water System
and subsequently distilled.

2.3. Procedure

All sunscreen active ingredients used in this
study are soluble in ethanol. For Raman measure-
ments, samples of the pure ingredients or their
alcohol solutions were directly injected into glass
capillary tubes through the open end and these
open ends were immediately sealed using
Critoseal. Ethanol was also used as a solvent to
extract the active ingredient from the sunscreen
lotion prior to Raman measurements. After mix-
ing a defined weight of lotion with ethanol, the
mixture was mixed ultrasonically at 50–60°C for
30 min, stirred at room temperature for 5 min,
and then again ultrasonically treated at 50–60°C
for another 30 min. The liquid fraction of the
mixture was separated by centrifuging the sample
for 30 min. The resulting liquid was then used for
Raman However, when an optical
fiber probe was used for Raman detection, no
extraction and isolation was conducted.
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SER experiments were carried out by adsorbing
samples onto the surfaces of silver particles or
silver films. The SERS-active substrates were pre-
pared following the methods described previously
[8,9].

For HPLC analyses, both standard and sample
solutions were prepared using isopropanol as the
solvent. The stock solution was prepared by dis-
solving 0.5 g EHMC into 250 ml of isopropanol.
The working standard solution was then prepared
by diluting 8.0 ml of the stock solution to 100 ml
with isopropanol. The sample solution was ob-
tained through 1:10 dilution of the extraction
solution.

3. Results and discussion

3.1. Raman spectroscopy of EHMC, EHHB and
THHB

Fig. 1 shows the Raman spectra of pure
EHMC, EHHB and THHB. For EHMC (Fig.

Fig. 2. Raman spectra of two different mixtures of EHMC,
EHHB and THHB. Weight rates: (A) EHMC/EHHB/
THHB=1:1:1; (B) EHMC/EHHB/THHB=7.5:5:8. The in-
tensity of spectrum A has been reduced by a factor of 2.5.

Fig. 1. Raman spectra of pure sun block agents: (A) EHMC;
(B) EHHB; (C) THHB. The intensity of spectrum A has been
reduced by a factor of 15.

1A), there are three very strong peaks located at
1176, 1608 and 1640 cm−1. The bands around
3000 cm−1 are relatively weak. Raman spectra of
EHHB and THHB (Fig. 1B and Fig. 1C, respec-
tively) are distinctly different from that of
EHMC. Additionally, the relative intensities of
Raman signals of both EHHB and THHB are
quite low when compared with the three intense
peaks of EHMC (about 1:15).

3.2. Raman spectroscopy of mixtures of EHMC,
EHHB and THHB

In this study, two different mixtures were pre-
pared and their Raman spectra were recorded.
The first one is composed of an equal proportions
of each ingredient. The second mixture contained
all these ingredients in the appropriate ratios sim-
ilar to those employed in commercial sunscreen
products. Fig. 2 displays the Raman spectra of
the mixtures. Due to large Raman cross sec-
tion of EHMC, the spectra of the mixtures pri-
marily show EHMC features.
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3.3. Calibration cur6e for EHMC

Because of the dominance of the EHMC Ra-
man intensity in common mixtures, quantitative
information of EHMC can be obtained from Ra-
man spectroscopy without isolation or other pre-
treatment. In this study, the 1176-cm−1 band of
EHMC was chosen for all measurements because
of its high intensity, better resolution, and lack of
interference from the other nearby bands. In the
Raman spectral intensity measurements, two pos-
sible sources of deviation are the uneven back-
ground near the measured Raman peaks and the
optical misalignment. One method to reduce the
deviation and to improve the analytical precision
is the use of an internal standard. In the Raman
spectra of EHMC solutions, there are no overlap-
ping major peaks between ethanol (solvent) and
EHMC (see Fig. 3) that may reduce the accuracy
of intensity measurements. Fig. 3 also clearly
shows that the Raman spectral intensity of

Fig. 4. Calibration curve of EHMC by Raman spectroscopic
analysis. Linear regression equation: Y=0.2082X−0.0202.

EHMC increases with the weight percentage of
EHMC in the ethanol extractions from the suns-
creen lotion. It appeared that ethanol is a good
internal reference because of the absence of over-
lapping of its 888-cm−1 band.

To reduce the effect of the uneven background
of the Raman spectra, we measured the base-line
at several different wavelengths and used them as
background reference points for the intensity
measurement of the 888 cm−1 band. Similarly,
eight measurements of base-line were made as
background reference points for correcting the
measured intensity of the EHMC band at 1176
cm−1. The final intensity was the average value of
these measurements. Fig. 4 shows the calibration
curve constructed for EHMC based on the inten-
sity ratio of EHMC and ethanol in the concentra-
tion range of 0–10% by weight. This calibration
curve demonstrates that a high degree of linearity
exists between concentration and relative Raman
intensity in the concentration range studied. A
linear regression of the intensity data gave:

Y=0.2082X−0.0202

,where X is the concentration of EHMC in %
(W/W), and Y is the relative Raman intensity.
The correlation coefficient for the linear regres-
sion equation is 0.9993.

3.4. Analysis of EHMC in ethanol solution by
Raman spectroscopy

Three different methods, Raman detection via
capillary method, Raman detection via optical

Fig. 3. Raman spectra of sun block lotions solutions obtained
for ethanol extractions from different amounts of the lotion:
(A) 30%; (B) 25%; (C) 20% by weight. Peaks marked with *
are contributed by ethanol; unmarked peaks are due to
EHMC. The composition of EHMC in the lotion is 7.5% by
weight.



J. Cheng et al. / Talanta 44 (1997) 1807–1813 1811

Table 1
Measured concentrationsa of EHMC in ethanol solution analyzed by Raman spectroscopy and HPLC methods

Raman capillary method Raman optical fiber methodConcentration of EHMC HPLC mean concentrationc

S.D. S.D.Mean valuebMean valueb

1.200.1681.25 1.14 0.048 1.35
2.270.0942.440.0432.51 2.56

0.112 2.943.17 3.23 0.067 3.16
0.545 4.895.05 5.02 0.107 5.07

6.27 0.4276.20 6.25 0.292 5.90
7.27 0.315 6.900.0527.46 7.59

0.363 9.17 0.459 8.608.85 8.71

a All concentrations are expressed as % (W/W).
b Each given value obtained by Raman spectroscopic method is an average of three measurements.
c HPLC concentrations are obtained from duplicate measurements.

fiber probe method, and HPLC, were used. In the
capillary method, Raman scattering measurement
was conducted for the sample filled into a capil-
lary tube. In the fiber optical method, the optical
fiber probe was either inserted into the sample
solution or placed close to the solution/air or the
solution/glass interface.

In the Raman spectroscopic analysis of suns-
creen samples, the same conditions as those used
in establishing the EHMC calibration curve were
used. Seven different concentrations of solu-
tions were prepared by mixing the weighed
amounts of EHMC and ethanol. The concentra-
tions of these samples were determined by mea-
suring the relative Raman intensity of the solu-
tion along with the use of the calibration curve.
For each sample, the spectral intensity measure-
ment was repeated in triplicate with the use of
an internal standard. The mean concentrations
along with the standard deviations are listed in
Table 1. No significant differences between the
results obtained from these two Raman optical
configurations are noticeable. The Raman signal-
to-noise ratio obtained with the capillary method
was better than that obtained by the fiber optical
method. For this reason, the results obtained
from the capillary method have smaller standard
deviations than those obtained with the fiber optic
probe.

3.5. Analysis of EHMC in ethanol solutions by
HPLC

Also listed in Table 1 are the measured concen-
trations of EHMC using HPLC method. In each
case, the listed concentration is an average of two
HPLC measurements. It is seen from Table 1 that
the accuracy of the results obtained by HPLC for
the low concentration sample is better than that
from the Raman spectroscopy methods. This
probably arises from the low Raman spectral
intensity resulting from the low concentration of
sunscreen agent present in these sample solutions.
However, there are no obvious differences among
these three methods at higher concentrations.

3.6. Analysis of EHMC in sunscreen lotion

In the Raman spectroscopic analysis, only the
capillary method was used to determine the con-
centration of EHMC in sunscreen lotion from the
measured spectral intensity. In the experiments,
each datum point was determined in triplicate.
Listed in Table 2 are the measured concentration
obtained by Raman spectroscopic method and by
HPLC method. For the same reason given above,
the experimental results obtained the low con-
centration of EHMC are more accurately deter-
mined by HPLC than by Raman spectroscopy.
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Table 2
Measured concentrationsa of EHMC in sunscreen lotion extracted with ethanol by Raman spectroscopy with capillary and HPLC
methods

Raman capillary spectroscopy method HPLC mean conc.cConcentration of EHMC

S.D.Mean conc.b

2.62 0.0162.50 2.52
4.86 0.0415.00 5.04

0.028 7.367.327.50
9.27 0.056 9.3510.00

a All concentrations are expressed as % (W/W).
b Each measured value by Raman spectroscopic method is an average of three measurements.
c HPLC concentrations are obtained from duplicate measurements.

3.7. Summary and prospects in the future
de6elopment of Raman spectroscopy analysis

Results obtained from the present study idicate
that the quantitative analysis of EHMC in commer-
cial sunscreen products can be achieved using
Raman spectroscopy. It has also demonstrated the
possibility of measuring the Raman spectrum of
EHMC in sunscreen lotion using an optical fiber
probe. These results, combined with those of recent
studies on the fiber optical pathway configuration,
and its Raman signal background [10–12] show
that the technique may be developed into a useful
method as an in-process monitoring in the commer-
cial preparation of suncare product.

Experimental data reveal that the normal Raman
intensity of EHMC is one order of magnitude more
intense than those of EHHB and THHB. This make
it feasible to detect EHMC than to detect EHHB
and THHB in mixtures by Raman spectroscopy.
The intense EHMC bands can interfere and over-
shadow the weak Raman spectra of EHHB and
THHB. One potential method to lower the Raman
spectroscopic detection limit of EHMC and to
detect EHHB and THHB in mixtures is to measure
the SER spectra by using different silver sols and
silver plates as SERS-active substrates [13]. A basic
requirement for developing a Raman spectroscopic
method for the trace analysis of the active ingredi-
ents of suncare products is to make these compo-
nents SERS-active.

In the present study, attempts to obtain the SER
spectrum for any of the sunscreen ingredients in the

water-based silver substrates failed which is proba-
bly due to the hydrophobic character of esters.
Earlier studies [8,14–16] have demonstrated that
the surface Raman enhancement of organic acids
are active because the carboxylate group can easily
be adsorbed onto the surfaces of silver particles.
For this reason, we carried out a hydrolysis for
EHMC under an alkaline condition and collected
the SER spectrum of the hydrolysis products ad-
sorbed in hydrogen peroxide silver sols [8]. Fig. 5
shows the SER spectrum of 1.0×10−4 M EHMC
hydrolysis solution along with the SER spectrum
of p-methoxycinnamic acid in ethanol. p-
Methoxycinnamic acid is expected to be a hydrol-
ysis product of EHMC. A comparison of these two
spectra in Fig. 5A and Fig. 5B indicates that
p-methoxycinnamic acid is the major contributor
to the SER spectrum of the hydrolysis solution. No
normal Raman spectrum could be detected for the
same hydrolysis solution (see Fig. 5C)—an indica-
tion of the high sensitivity of SERS detection. The
present SER experiment has increased the spectral
intensity of EHMC by at least a factor of 1000.
Expectively, the sensitivity of the Raman spectro-
scopic analysis for EHMC can be improved by the
same factor.
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Abstract

The simultaneous determination of lanthanide family elements is one of the greatest problems in analytical
chemistry, due to the close similarity of their chemical properties. Spectrophotometric methods are generally of
limited use, due to the various mutual spectral interferences involved. By using multivariate calibration methods
(partial least-squares regression, PLSR), it was possible to obtain a model that adjusts itself perfectly to the values of
the mixture concentrations used in the calibration. The model used absorption spectra in the 290–800 nm range for
a set of 20 different mixtures of Ce, Pr, Nd and Sm, and made possible the determination of Ce, Pr and Nd
concentrations of a commercial rare-earth product, with significantly greater precision than the conventional
univariate calibration method. Determination of the Sm concentrations was not possible, since its concentration was
below the concentrations used in the model definition. © 1997 Elsevier Science B.V.

Keywords: Lanthanides; Spectrophotometric determination; Multivariate calibration

1. Introduction

The technological and industrial development
of the last decades has promoted a pronounced
increase in the demand for elements from the
rare-earth family. Due to their various and inter-
esting applications, they are required in many
different fields, such as in the glass and ceramic
industries, metallurgy, nuclear chemistry, elec-
tronics, etc. [1,2]. This large demand has pro-
moted the development of many studies intending

to find new methods for the quantification of
these species, which is extremely difficult due to
the close similarity of their chemical properties
[1,2], making it difficult to use conventional ana-
lytical methods [3,4].

Analytical methodologies that are relatively
specific and sensitive are found only within the
group of modern instrumental techniques, among
which are plasma atomic emission spectroscopy
[5], fluorescence spectroscopy in the optical and
X-ray regions [6,7], radiochemical [8,9] and chro-
matographic techniques [10], etc. Classical and
universally used techniques such as atomic ab-* Corresponding author.
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sorption and emission flame spectroscopy are of
very limited use since the elements under study
characteristically present a tendency to form re-
fractory oxides and to ionisation, which implies
complex absorption spectra [11,12]. The un-
availability of selective chromogenic reactants
means that spectrophotometric techniques are
only useful for the determination of the total
quantity of the elements of this family. The selec-
tivity is restricted, in the best cases, to the deter-
mination of a single element, from a mixture with
two or three components [13–16].

Banks and Kingman in 1956 [17], and Stewart
and Kato in 1958 [18], presented their results of
exhaustive studies intended to verify the feasibility
of determining mixtures of rare-earths through
spectrophotometry. These works showed the great
complexity of the absorption spectra from a mix-
ture of this kind, presented calculations of inter-
ference factors that allow to correct some of the
various spectral interferences, and finally, pro-
posed a procedure that would allow the determi-
nation of mixtures of rare-earth elements. As
described, these methodologies are of little use for
analytical determination, due to factors such as:

The use of interference correction factors will
work correctly only when it is possible to esti-
mate previously the concentration of the inter-
fering component. The determination of
different species in the presence of a large num-
ber of congeners is practically impossible, due
to the various interferences.
This methodology allows for the determination
of mixtures with two or three components, all
of them with concentration of the same order of
magnitude, typically 10–100 g l−1.
The determination involves various precipita-
tion, dissolution and transference operations,
which makes the process lengthy, tedious and
subjected to many possible error sources.
In this work the possibility of implementing an

analytical methodology for mixtures of rare-earth
elements (cerium, praseodymium, neodymium and
samarium) is investigated, applying the spec-
trophotometric technique proposed by Banks and
Klingman [17], and Stewart and Kato [18], but
with the use of multivariate calibration techniques

(partial least-squares regression, PLSR). The utili-
sation of this statistical method to the resolution
of chemically related problems was initiated by
Wold and colaborators in the early 1980s [19].
After this, the number of works using this method
has increased significantly, mostly in working out
data for spectral, spectrographic and electrochem-
ical analyses [20].

2. Experimental

2.1. Reactants and standard solutions

The cerium standard solution was prepared
from CeCl3. 7H2O (98.5%, Merck), the
praseodymium standard solution from Pr2O3

(99.5%, Koch-Light), the neodymium standard
solution from a Nd2(CO3)3 (reactant supplied by
the brazilian Federal Fiscal Service, without pu-
rity specifications) and the standard solution of
samarium from Sm2O3 (99.9%, Aldrich). All these
solutions were prepared by direct dissolution of
the reactants in 2.0 mol l−1 HClO4 (assisted by
heating in a water bath), and complexometrically
standardised by the use of EDTA and xylenol
orange [21].

2.2. Working sample

The sample utilised is commercially distributed
by NUCLEMON (Nuclebrás de Monazita e As-
sociados Ltd., Brazil) as ‘rare-earth chloride’, cor-
responding to a concentrate obtained by chemical
treatment of ‘Brazilian monazite’. The monazite is
submitted to various physical and chemical pro-
cesses for the separation of thorium, uranium,
lead and other radioactive species. The resulting
rare-earth chloride is then concentrated and
packed as a final product, containing approxi-
mately 250 g of rare-earth oxides per liter of
solution. The distribution of rare-earth elements
in this product is presented in Table 1. The solu-
tion for analysis was obtained by precipitation of
the hydroxides with an aqueous solution of NH3

from a volume of 100 mL of the sample, with
later dissolution in 100 ml of 2.0 mol l−1 HClO4.
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2.3. Instruments

Spectrophotometric measurements were made
with a Hitachi spectrophotometer, model U-2000,
using 1 cm quartz cells. Standard solution vol-
umes were taken in a Metrohm microburette,
using 0.5000 ml taps.

2.4. Analytical procedure

Known amounts of the standard solutions or
working sample were placed in a 5-mL volumetric
flask and completed to the final volume with 2.0
mol l−1 HClO4. The final concentration of these
solutions varied between 1.0 and 4.0 g l−1 of
cerium, and 2.0 and 8.0 g l−1 of praseodymium,
neodymium and samarium. The absorption spec-
tra were taken in the 290–800 nm range.

2.5. Experimental design

The Calibration of the methodology under
study was made with the conventional univariate
method and a PLSR [19], using the recorded
adsorbance values between 290 and 800 nm as the
dependent variables, with intervals of 2 nm. The
experimental planning used for the multivariate
calibration of the method is presented in Table 2.
The mathematical program MATLAB 4.0 was
used for the absorbance data processing. The
PLSR was performed by using the PLS-toolbox
1.5 [22], based on NIPALS algorithm.

Table 2
Experimental design for multivariate calibration

Concentration (g l−1)Sample

Neodymium SamariumCerium Praseodymiun

0.80 0.402.001 4.07
2 0.801.604.004.07

4.073 0.402.406.01
4.07 2.00 2.404 0.80

1.60 0.404.005 4.07
0.800.806.014.076

4.07 2.007 2.40 0.40
8 4.07 4.00 2.40 0.80

0.406.01 0.809 4.07
4.07 4.00 0.8010 0.80
6.10 6.0111 1.60 0.40

0.800.806.0112 6.10
6.10 4.0013 0.80 0.40

1.604.006.1014 0.80
6.10 4.0015 2.40 0.40
6.10 2.0016 0.80 0.80
6.10 2.0017 1.60 0.40
6.10 2.00 2.40 0.8018
6.10 4.00 1.60 0.4019

1.602.006.1020 0.80

3. Results and discussion

3.1. Con6entional calibration

The complexity of the spectra presented in Figs.
1 and 2 points to the difficulties that can been
found in a determination of this kind, particularly
due to the various spectral interferences that can
be observed. Each of the studied elements, how-
ever, presents at least one absorption peak that is
subjected to less interference and that can be used
for analytical purposes. By the criterion of the
lowest possible interference, the following spectral
lines were chosen for the analysis:

Cerium: 295 nm; Neodymium: 793 nm; Praseodymi
um: 442 nm; Samarium: 401 nm

Using these absorption lines and pure standard
solutions, conventional calibration curves were
made, whose equations and correlation indexes
are presented in Table 3. By using these calibra-
tion curves, of excellent linearity, individual deter-

Table 1
Composition of the working sample (rare-earth chloride)

Element Concentration (gL−1)

Ce 96.68
La 46.90
Pr 11.38
Nd 39.65
Sm 5.40
Gd 3.25
Y 2.55
Dy 1.53
Eu 0.085

1.00Other rare-earths
Total rare-earths 208.43
Total oxides 250.00

Data provide by NUCLEMON.
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Fig. 1. UV-VIS spectrum of the lanthanides. Ce=5.0 g l−1;
Nd=10.0 g l−1; Pr=10.0 g l−1; Sm=20.0 g l−1.

much smaller concentrations of praseodymium
and samarium, different dilutions of the solution
were analysed in such a way that the concentra-
tion of each of the monitored species would reach,
is at least one of these solutions, the concentration
range established for the calibration. The results
obtained, as presented in Table 5, are useful to
illustrate the difficulties of this determination.
Even though the determination of synthetic mix-
tures indicated discrete interferences, the determi-
nation of the sample becomes much more difficult
due to the diversity of species involved and the
large differences in concentrations found. The
percentile difference between the real and ob-
tained values (20–40%) invalidates the determina-
tion of Pr, Sm and Ce by this classical univariate
method.

3.2. Multi6ariate calibration

By utilising the PLSR, and following the exper-
imental design described in Table 2, a model for
calibration was obtained that allowed determina-
tion of concentration of the components present
in the calibration mixtures.To determine the opti-
mal number of principal components to be used
in the model, a full cross validation procedure can
be used. In this procedure, the calibration is re-
peated N times, where N is the number of samples
in calibration, each time treating one calibration
sample as prediction object. At length all the
calibration objects have been treated as prediction
objects and the estimated prediction residual error
sum of squares (PRESS) are used for determining
the number of principal components necessary to
establish the better model. Since full cross valida-
tion is based on repeated calibrations which may
be some time-consuming for the computer, an
important alternative is to perform cross valida-
tion by only splitting the calibration set into M
(MBN) segments. In our case, the model was
rebuilt and tested ten times, with 14 samples to
build the model and six samples to validate it, in
each time. The result of this cross validation
procedure is presented in Fig. 3. Ideally, the pre-
dictive capacity of a model can only be assessed
by testing on new objects. However, in many
cases cross validation give sensible results with

minations were performed for each of the species
of interest, to which different quantities of the
other elements were added. The results, presented
in Table 4, confirm different degrees of interfer-
ence in the determination of neodymium, cerium
and samarium; this interference becomes more
significant for increasing concentrations of the
interfering elements, and becomes critical for
cerium and samarium. In the case of
praseodymium the interference is of little signifi-
cance, not causing large errors in this case. These
same curves were used for the determination of
the elements of interest in the problem sample.
Since this is a rare-earth concentrate, with larger
concentrations cerium and neodymium and

Fig. 2. UV-VIS spectrum of the working sample.
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Table 3
Conventional univariate calibration

Molar absortivity (e, l mol−1 Correlation index (r)Equation of the calibration curveebElement Detecteda peaks
(nm) cm−1)

5.20Nd 354 2.88
4.413.60521

575 6.35 6.93
7.20740 6.71

A=5.965×10−5C+0.02011.78 0.99999.12793
3.10867 3.36

A=4.780×10−5C+0.012 0.9990Pr 445 7.75 10.49
—466 2.60
4.102.32480
1.95590 1.76
3.31 A=1.400×10−5+0.008Sm 401 2.01 0.9900

A=9,770x10−5C+0.01826.00 0.999910.28Ce 295

a Analytical peaks.
b Reported by Banks and Klingman [17], and Stewart and Kato [18].

high information about the predicting ability of
the model [19]. From Fig. 3 it is possible to verify
that after the sixth principal component no signifi-
cant improvement in PRESS is obtained. Then
was chosen 6 principal components to perform
the calculations.

By working out the model in terms of these six
principal components, and by the elaboration of a
graphic of the residuals as function of the leverage
(relative position of the observations of the inde-
pendent variables) as shown in Fig. 4, it was
possible to verify the presence of two anomalous
samples (outliers).In this figure, it was drawn the
relative position of the observations for all 4
analytes being determined simultaneously (ap-
pearing four times the same number for each
sample). The large value of the leverage (a crite-
rion used for anomalous sample detection) of the
standard solutions 14 and 17 in the calibration
stage shows that both are outliers. Therefore,
these standard solutions were removed from the
calibration stage, and the PLSR methodology was
applied again. As this system is more robust than
other analogous statistical tools [19], it was seen
that the parameters from the previously obtained
model did not change very much due to the
removal of the two samples from the calibration.

The concentrations predicted by the model are
very close to the real concentrations, as shown in

Table 6 (mean percentile difference around 2–
3%), which indicates the validity of the calibration
set. Using the linear PLSR model developed here,
different dilutions of the problem sample were
analysed, with the results presented in Table 7.It
was performed determinations directly on the
working sample without dilution, and determina-
tions after dilution of 1.7, 2.5, 5 and 10 times. It
is possible to verify from Table 7 that the determi-
nations for neodymium and praseodymium could
be carried out even without any dilution. The
results for diluted sample or not were very similar.
This ability for extrapolation outside of the con-
centration calibration range is very important,
since samples with large difference in concentra-
tions of neodymium and praseodymium can be
analysed. For cerium it was necessary a dilution
of ten times to be possible its determination.

It can be observed from this set of results that
the neodymium determination is perfectly feasible,
as it was by conventional calibration, since the
interferences are of little significance. For
praseodymium and cerium the multivariate cali-
bration model allows the reduction of the error by
approximately 100%, making the determination of
these elements also feasible. For samarium, on the
other the determination was not possible,
since its concentration was below the values used
in the model definition.
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Table 4
Determination of synthetic mixtures of lanthanides using conventional univariate calibration

Error (%)Interferents (Conc., g l−1)Element (l, Found concentration (g l−1)Real concentration (g l−1)
nm)

+10.64.42Sm,Pr (2.0),Ce(1.0)4.00Nd (793)
4.00 Sm,Pr (4.0),Ce(2.0) 4.56 +14.0

+11.78.94Sm,Pr (2.0),Ce(1.0)8.00
Sm,Pr (4.0),Ce(2.0) 8.438.00 +5.4
Sm,Nd(2.0),Ce(1.0) 3.93Pr (442) 4.00 −1.7

4.33Sm,Nd(4.0),Ce(2.0) +8.34.00
+0.28.018.00 Sm,Nd(2.0),Ce(1.0)
+0.48.03Sm,Nd(4.0),Ce(2.0)8.00

Pr,Nd(2.0),Ce(1.0) 5.01Sm (401) 4.00 +25.2
Pr,Nd(4.0),Ce(2.0) 6.324.00 +58.0

+31.210.5Pr,Nd(2.0),Ce(1.0)8.00
Pr,Nd(4.0),Ce(2.0) 14.88.00 +85.0

+35.62.71Pr,Nd,Sm(2.0)2.00Ce (295)
3.47 +73.52.00 Pr,Nd,Sm(4.0)
5.01 +25.14.00 Pr,Nd,Sm(2.0)

Pr,Nd,Sm(4.0) 5.494.00 +37.2

The error of about 10% on the praseodymium
and cerium determination can be explain in terms
of interferences by other species present in the
working sample. On the other hand, the presence
of impurities in various standard which contain
significant amounts of each other is also a limiting
factor for the analytical performance of the
methodology. Neodymium oxide from Fluka, for
example, contains about 0.1% of Pr6O11 and

Sm2O3, while praseodymium oxide contains 0.1%
of CeO2 and Nd2O3. Nevertheless, the reduction
of the error in relation to determination by uni-
variate ways is very significant, and demonstrate
that the multivariate method is a powerful tool
for difficult determinations like this.

The results obtained for neodymium and
praseodymium in the working sample using uni-
variate and multivariate methods (Tables 5 and 7)

Table 5
Lanthanide determination on the working sample using conventional univariate calibration

Found concentrationb (gL−1) Average (error, %)cElement Certifieda conc. (g l−1)

D0 D3 D5 D7 D9

40.91 40.2839.65 40.44Nd RSD (%) 39.4340.34—
— 2.1 1.6 1.9 2.3 (+1.6)

Pr RSD (%) 11.38 — 13.87 13.39 13.45 13.24 13.49
3.02.82.6 (+18.4)3.2—

5.40 8.31 8.99 8.65 7.97 7.97 8.38Sm RSD (%)
(+55.2)3.53.24.24.55.1

96.68 — 116.1— 116.4 114.4 117.4Ce RSD (%)
— (+20.1)— 1.3 1.7 1.2

D0 corresponds to a determination carried out directly on the working sample.
D3, D5, D7 and D9, correspond to determinations carried out on dilutions of 3.0, 5.0, 7.0 and 9.0 times.
a Concentration provide by NUCLEMON.
b Mean of two
c Error relative to the certified concentration.
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Fig. 3. Cumulative PRESS as a function of number of latent
variables.

Fig. 4. Studentized residuals as a function of leverage.

can be statistically compared using Students’ t-
test. A significant difference between the aver-
age results for praseodymium, and no
difference for neodymium, were found using a

significance level of 5%. This results denote,
one more time, the superior ability of the mul-
tivariate method in the praseodymium determi-
nation.

Table 6
Concentration obtained for the calibration mixtures by the PLS-linear model

Found concentration (g l−1) (error, %)Sample

NeodimiumCerium SamariumPraseodimium

0.46 (+15)1 3.98 (−2.2) 1.97 (−1.5) 0.80 (0.0)
0.78 (−2.5)1.63 (+1.9)4.05 (+1.2)2 3.99 (−1.9)

6.00 (−0.2) 2.37 (−1.2) 0.38 (−5.0)3 3.99 (−1.9)
1.99 (−0.5) 2.36 (−1.7) 0.79 (−1.2)4 4.05 (−0.5)

0.34 (−15)3.98 (−0.5) 1.59 (−0.6)3.95 (−2.9)5
0.82 (+2.5)3.97 (−2.4) 6.04 (+0.5) 0.85 (+6.2)6

2.02 (+1.0) 2.42 (+0.8) 0.43 (+7.5)7 4.07 (0.0)
0.84 (+5.0)2.37 (−1.2)3.91 (−2.2)8 3.93 (−3.4)

6.01 (0.0) 0.81 (+1.2) 0.35 (−12)9 4.05 (−0.5)
4.05 (+1.2) 0.81 (+1.2) 0.80 (0.0)10 4.04 (−0.7)
5.98 (−0.5) 1.61 (+0.6) 0.45 (+12)5.93 (−2.8)11

0.80 (0.0)6.09 (−0.2) 5.97 (−0.7) 0.74 (−7.5)12
0.41 (+2.5)13 6.04 (−1.0) 4.02 (+0.5) 0.82 (+2.5)

4.00 (0.0) 0.79 (−1.2)1.62 (+1.2)14 6.01 (−1.5)
2.38 (−0.8)4.02 (+0.5) 0.36 (−10)6.03 (−1.1)15

0.73 (−8.8)16 5.97 (−2.1) 1.99 (−0.5) 0.74 (−7.5)
0.42 (+5.0)1.60 (0.0)2.01 (+0.5)17 6.01 (−1.5)

2.46 (+2.5)18 6.09 (−0.2) 0.77 (−3.8)2.08 (+4.0)
1.61 (+0.6)19 5.91 (−3.1) 0.48 (+20)3.96 (−1.0)

1.96 (−2.0) 0.80 (0.0)5.88 (−3.6) 1.61 (+0.6)20
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Table 7
Lanthanide determination on the working sample by multivariate calibration (PLS-linear)

Average (error, %)cFound concentrationb (g l−1)Certifieda conc. (g l−1)Element

D3 D4D0 D1 D2

41.06 40.1239.67Nd RSD (%) 40.8739.65 39.19 39.79
2.3 1.8 2.2 (+1.2)2.0 1.9

10.2711.169.87Pr RSD (%) 9.6611.38 10.66 10.00
4.0 3.34.2 3.7 4.1 (−9.7)

ND NDSm RSD (%) 5.40 ND ND ND —
—— ——— —

d d 88.50Ce RSD (%) 96.68 88.50d d

— — 1.2— (−8.5)—

D0 corresponds to determinations carried out directly on the working sample.
D1, D2, D3 and D4, correspond to determinations carried out on dilutions of 1.7, 2.5, 5.0 and 10.0 times.
ND=Concentration below the limits of the model.
a Concentration provide by NUCLEMON.
b Mean of two determinations.
c Error relative to the certified concentration.
d Absorbance above the limits of the model.

4. Conclusions

The spectrophotometric determination of Ce,
Pr, Nd and Sm present many inconveniences,
arising from the complexity of their absorption
spectra. Using a conventional calibration and
monitoring just the wavelengths of maximum ab-
sorption, the obtained results carry significant er-
rors, arising from the multiple interferences
mentioned above. By using a multivariate calibra-
tion, that allows to establish a calibration model
through the use of the whole absorption spec-
trum, the results obtained have much smaller
errors, basically because the monitoring of vari-
ous wavelengths makes the contribution of the
interference signals to significantly smaller.
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Abstract

The classification of normal and cancer groups with four multivariate methods according to metal contents in
serum and hair samples has been discussed in the present paper. Results show that the four multivariate methods,
stepwise discrimination analysis, principal components analysis, hierarchical cluster analysis, and stepwise cluster
analysis can distinguish the two groups correctly. The independent samples of both normal and cancer groups were
tested and can be distinguished correctly by the four methods. Therefore, these methods can be used as an aid for
diagnosis of lung cancer according to the metal contents in serum and hair samples. © 1997 Elsevier Science B.V.

Keywords: Cancer; Classification; Hair; Inductively coupled plasma atomic emission spectrometry; Multivariate
analysis; Serum

1. Introduction

With the development of industry, our bodies
as well as our environment have been polluted by
numerous pollutants which have been proved as a
cause of cancer. The relationship between trace
metal contents and cancer has attracted many
researchers for some years. The reason is of two-
fold. First, some trace elements are nutrients for
human health. These elements play an important
role in the biochemical process of human body.

On the other hand, these elements must be kept
below certain levels, otherwise, they become toxic.
The correlation between metal contents in human
body and cancer has been proved to be existent.
Some researchers declared that the metal contents
of copper in serum can be used to diagnose liver
cancer [1,2], ovary cancer [3] and alimentary chan-
nel cancer [4]. The contents of zinc and copper in
serum have been used to diagnose liver cancer and
lung cancer [5–7]. The contents of manganese,
copper, zinc, arsenic, nickel, chromium, cadmium,
and iron, etc., in serum and blood have been used
to diagnose lung cancer and gastric cancer [8–10].* Corresponding author. Fax: +86 431 5684009.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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In recent years, metal contents in human body
have been used as an aid for diagnosing various
diseases including cancer in clinical medication.
Wang et al. [11,12] have used chemometric meth-
ods to diagnose cancer patients according to
metal contents obtained by inductively coupled
plasma atomic emission spectrometry (ICP-AES).
Even though the biochemical mechanism of these
elements for the cause of cancer in human body is
not very clear in the present stage, more research
work has to be done to get a better understanding
of the relationship and more clinical investiga-
tions should be given to make the correlation
more useful and more reliable.

In the present paper, the metal contents in
serum and hair samples obtained by inductively
coupled plasma atomic emission spectrometry
(ICP-AES) have been used for the classification of
normal people and cancer patients. Four multi-
variate statistical methods, stepwise discrimina-
tion analysis, principal components analysis,
hierarchical clustering, and stepwise clustering,
were used for the classification. Independent pre-
diction samples were tested and they were distin-
guished correctly by the four methods.

2. Experimental

2.1. Apparatus

A multichannel inductively coupled plasma
atomic emission spectrometer (Mark-II type of
Jarrell-Ash 800 series, manufactured by Fisher
Scientific, Jarrell-Ash Division) was used for the
present study. The operating conditions are given
in Table 1.

An 80 486 personal computer was used for mul-
tivariate statistical computation. The program
package for the multivariate analysis written with
Quick BASIC was developed in the laboratory.
The fundamentals and algorithms are not given
here because they can be found elsewhere, for
example, in [13,14].

2.2. Standards and reagents

The standard stock solutions of the elements
studied in this work were prepared from high
purity metals or oxides. High purity nitric acid,
perchloric acid and distilled water were used for
the sample digestion and the blank.

2.3. Sampling

Two groups of samples were used for the study,
one for controlled (normal) group and the other
for cancer group. The samples (serum and hair) of
controlled group were taken from healthy per-
sons. The samples of cancer group were taken
from lung cancer patients in the clinical hospitals
of Norman Bethune University of Medical Sci-
ences, Changchun, People’s Republic of China.
The cancer patients were not committed by any
radioactive or chemical treatment. The distribu-
tions of ages and sex were similar in the two
groups.

2.4. Procedure

2.4.1. Serum
The blood samples of controlled and cancer

groups were sampled from healthy people and
lung cancer patients, respectively, between 5 and 8
am and were centrifugalized for 30 min by a
3500×g centrifugal machine. The serum were
kept at −20°C for storage. The serum sample
was digested with HNO3−HClO4 (5.0:0.5 ml)
mixture at the temperature of 120°C and then
diluted to proper volume for determination.

2.4.2. Hair
The hair samples taken between 1–10 mm from

root were washed by detergent first and then by
distilled water until they were ensured being clean.

Table 1
Operation conditions for the ICP spectrometer

1.15 kWForward power
Observation height 18 mm ALC
Plasma argon gas 17 l min−1

Auxiliary argon gas 1.0 l min−1

Carrier argon gas 0.5 l min−1

Sample uptake rate 3.0 ml min−1
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Table 2
Basic statistics for measurement of serum samples (mg ml−1)

Element Normal group (n=39)Variable Cancer group (n=36)

Mean Mean S.D.S.D.

0.9382.168x1 Fe 1.988 0.913
11.1475.626.85193.78x2 Ca

20.16 3.77x3 Mg 24.58 2.655
1.392 0.278x4 Cu 0.929 0.232

0.164 1.706x5 Cr 0.111 1.326
32.76 103.7 17.60116.1x6 P

0.0120.029x7 Zn 0.033 0.014
0.253 0.753x8 Sr 0.2090.762

The hair sample was digested with HNO3−
HClO4 (5.0:0.5 ml) at the temperature of 120°C
after pre-digestion with concentrated HNO3 for
over night.

3. Results and discussion

3.1. Basic statistics

The serum and hair samples of normal and
cancer groups were analyzed by inductively cou-
pled plasma atomic emission spectrometry (ICP-
AES). The basic statistics for serum and hair
samples are given in Table 2 and Table 3, respec-
tively. For the serum, 39 samples for normal
group and 36 samples for cancer group were used
and eight elements were analyzed. For the hair, 21
samples were used for both normal and cancer
groups and 19 elements were analyzed. It can be
seen from the Table 2 and Table 3 that some
significant differences of elemental concentrations
exist between normal and cancer groups for both
serum and hair samples. For example, the con-
tents of aluminum are significantly different be-
tween the normal and cancer groups. It seems that
the content of aluminum can be used as a simple
criterion to discriminate the normal and cancer
groups. However, to use this only one element
may be dangerous for a diagnosis. In the results
reported by Zhu et al. [12] for human hair sam-
ples, there was not a significant difference of
aluminum content between normal and cancer

groups, while the difference of zinc content be-
tween the two groups is quite big (266.7 mg g−1

for normal people and 179.7 mg g−1 for cancer
patient). This means that except for the difference
of metal contents from region to region, there
may be some interactions between elements. To
find out the relationship between cancer and ele-
mental concentrations is not an easy task because
the cancer is related with overall elemental con-
centrations rather than one by one, and there are
also close relations between elements (variables).
For this reason, conventional univariate approach
for correlating the cancer and an elemental con-
centration failed to reach this goal. Multivariate
statistical method is a good choice because it
takes the overall elemental concentration and the
interaction between elements into account to es-
tablish the relationship.

3.2. Stepwise discrimination

The stepwise discrimination analysis is a linear
discrimination method based on F-test for the
significance of the variables. In each step one
variable will be selected on the basis of its signifi-
cance. Nine samples were taken from the normal
and cancer group, respectively, in a random man-
ner, which were used as prediction set. Therefore,
57 samples, of which 30 are in normal group and
27 in cancer one, were used to get the discrimina-
tion functions. Five significant variables (ele-
ments) were extracted from the eight variables
investigated after five steps for serum: x2 (Ca),
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Table 3
Basic statistics for measurement of hair samples (mg ml−1)

Variable Cancer group (n=21)Normal group (n=21)Element

S.D.MeanS.D.Mean

4.104 1.879x1 Al 12.82 2.405
23.104.619 13.5516.18x2 Fe

944.7969.3x3 Ca 1215 822.2
107.9 77.33x4 Mg 141.8 93.22

0.2770.953 0.3861.896x5 B
96.78 117.9x6 Ba 156.9 114.8

0.0480.0510.5010.245x7 Cd
0.047 0.033x8 Co 0.057 0.036
1.237 9.827x9 Cu 11.54 1.526

—a0.4010.814x10 Cr
0.369 0.381x11 La 0.728 0.372

1.714 2.523x12 Mn 1.130 1.898
0.1580.075 0.2210.132x13 Mo
0.117 0.168x14 Ni 0.454 0.907

38.91176.844.16203.1x15 P
7.295 2.364x16 Pb 4.476 2.302
3.889 3.037x17 Sr 4.894 2.663

0.010 0.033—ax18 Y
171.1 41.16 151.38x19 37.16Zn

a Not detected.

x4 (Cu), x5 (Cr.), x6 (P), and x7 (Zn). The discrimi-
nation function is given below and the discrimina-
tion and prediction results are given in Table 4.

y1= −72.24+1.36x2+3.57x4+0.59x5+0.084x6

+67.34x7

y2= −58.69+1.08x2+16.03x4+3.86x5

+0.053x6−44.97x7

For the classification and prediction using hair
samples, five samples in each group were utilized
for prediction. Samples, 32, of which 16 in normal
and cancer groups, respectively, were used to ob-
tain the discrimination functions. In a similar
way, five significant variables (elements) were ob-
tained from the initial 19 elements for hair sam-
ples after five iterations: x1 (Al), x5 (B), x10 (Cr),
x15 (P), and x17 (Sr). The discrimination function
is given below and the results are given in Table 5.

y1= −48.86+1.66x1+8.25x5+15.43x10

+0.19x15+1.80x17

y2= −12.47+0.58x1+1.98x5+2.29x10

+0.12x15−0.88x17

From the scores given in Table 4 and Table 5
for serum and hair samples, respectively, it can be
seen that the classification can be made by com-
paring Y1 and Y2 values: regarding as normal
when Y1\Y2; regarding as cancer when Y1BY2.
Table 4 and Table 5 also show that all the inde-
pendent prediction samples are distinguished cor-
rectly for both serum and hair samples using the
discrimination functions. This means that this
criterion is valid for the prediction of normal and
cancer groups based on the elemental contents in
serum and hair samples.

3.3. Principal components analysis (PCA)

Principal components analysis (PCA) is a pro-
jection method that reduces the dimensionality in
a data matrix retaining most significant
information. PCA has been used for processing
the trace elemental contents to extract principal
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Table 4
Discrimination results for serum sqamples

JudgeaScoreNo. Score Judgea No.

Y2Y1 Y1Y2

60.27 c1 79.54 63.18 n 40 50.22
38.40 46.842 62.57 52.42 n 41 c

29.8315.79 c3 4290.68 68.74 n
43 52.08 63.01 c4 66.72 61.27 n

28.07 37.515 82.26 72.53 n 44 c
54.4146.27 c6 4572.23 66.37 n
39.99 c7 62.89 55.74 n 46 31.58

59.42 67.868 70.48 63.99 n 47 c
49.8134.35 c9 4869.04 62.69 n

49 56.36 63.58 c10 61.91 56.84 n
67.63 81.9511 65.59 58.08 n 50 c

c65.45 78.4412 5170.82 61.21 n
52 45.56 55.16 c13 81.43 71.70 n

40.86 50.4014 70.80 62.76 n 53 c
67.5563.83 c15 5491.59 75.99 n

55 57.85 61.17 c16 77.47 71.98 n
87.49 96.5617 64.98 60.22 n 56 c

c45.63 48.7218 5785.30 74.48 n
c60.7419 84.91 80.49 n 58 56.65

52.94 62.0320 67.52 60.50 n 59 c
58.7554.15 c21 6058.53 57.12 n

61 54.68 56.85 c22 81.72 73.98 n
60.05 65.7023 59.52 55.85 n 62 c

c43.32 56.0724 6381.13 72.07 n
64 56.21 62.18 c25 73.44 64.21 n

55.90 59.1726 59.34 51.92 n 65 c
50.1446.45 c27 6662.71 55.80 n

67 24.16 44.56 cb28 79.85 70.23 n
59.07 72.1629 58.70 56.94 n 68 cb

45.0232.71 cb30 6973.57 66.24 n
70 79.13 86.14 cb31 59.81 52.88 nb

37.26 45.2732 71.76 63.02 nb 71 cb

46.3837.47 cb33 7269.42 63.94 nb

73 19.57 31.74 cb34 59.92 52.18 nb

12.81 25.0735 66.40 59.47 nb 74 cb

cb37.84 49.5636 7572.72 61.97 nb

37 75.02 67.10 nb

38 76.23 69.55 nb

39 46.18 40.86 nb

a ‘n’ refers to normal group and ‘c’ refers to cancer group.
b Prediction sample.

components (significant variables) and to establish
the classification of cancer patients and normal
persons. Unlike the stepwise discrimination
method discussed in the previous section, the
PCA is an unsupervised classification method.
For serum, eight variables (elements) are reduced

to two new variables. These are vectors PC1 and
PC2 (first and second principal components). The
new variables are also referred to as Factor 1 and
Factor 2. According to the loading values of the
stated components, it can be deduced that the
variables (elements) x2 (Ca), x3 (Mg), x4 (Cu),
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Table 5
Discrimination results for hair samples

No. ScoreNo. Score Judgea Judgea

Y1 Y2Y1 Y2

9.30−7.83 c1 2252.21 31.01 n
23 −7.99 10.20 c2 40.84 27.16 n

c9.47−10.293 2449.95 30.33 n
25 −18.03 6.494 61.11 31.30 cn

c13.27−9.155 2658.23 33.25 n
27 −3.99 13.76 c6 64.48 34.57 n

5.50 c−19.617 2830.87 23.12 n
29 −15.02 8.10 c8 31.26 15.27 n

c19.2412.589 3045.87 29.06 n
31 −9.40 12.35 c10 64.18 35.88 n

14.55 c−7.1811 3259.37 34.12 n
33 −5.11 14.2612 44.65 c27.68 n

−8.51 11.3813 43.20 32.74 n 34 c
12.96−7.03 c14 3535.77 25.47 n

5.73 18.2115 50.78 38.57 n 36 c
c20.498.4416 3749.06 30.41 n

38 −3.20 9.57 cb17 48.98 20.45 nb

cb10.570.0818 3932.42 20.86 nb

12.43 cb19 27.66 20.22 nb 40 −4.14
cb10.99−5.8220 4139.60 24.85 nb

42 9.33 18.2121 61.98 cb30.78 nb

a ‘n’ refers to normal croup and ‘c’ refers to cancer group.
b Prediction sample.

x5 (Cr), x6 (P), x7 (Zn), and x8 (Sr) are the most
significant factors in the classification. To display
the points in two principal components dimen-
sions, the first two principal components are cho-
sen to represent the information. Firstly, 57
samples, the same as the training set used in the
stepwise discrimination in last section, were pro-
cessed by PCA and were presented in a two-di-
mensional graph. Then the 18 samples used as
prediction set in the discussion of stepwise dis-
crimination were added to the training set, and
then all the samples were analyzed by PCA. The
localization of 75 samples (39 for normal group
and 36 for cancer group), according to their score
values, on the plane defined by the new variables
Factor 1 and Factor 2 are shown in Fig. 1. By
comparing the two-dimensional presentation
graphs of before and after adding the 18 predic-
tion samples, it was found that the localization of

the training set slightly changed and all the pre-
diction samples fell into the right groups, respec-
tively.

In a similar way, the 16 hair samples used as
training set in the stepwise discrimination were
analyzed by PCA first, then all the hair samples
including training and prediction sets were pro-
cessed by the method. The PCA reduces the initial
19 variables (elements) to two new variables. The
localization of 42 samples (21 for normal and
cancer groups, respectively) on the plane of Fac-
tor 1 and Factor 2 are shown in Fig. 2.

Most serum samples for normal people and
cancer patients shown in Fig. 1 can be distin-
guished by a line, except for one for each group,
resulting in the correct answers of over 97%. For
the samples the normal and cancer groups
can be clearly distinguished by a straight line (see
Fig. 2).
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3.4. Clustering analysis

Hierarchical clustering analysis (HCA) provides
a visual means of estimating relationships among
multidimensional points. Euclidean distance has
been used to represent the similarity between sam-
ples. HCA is also an unsupervised recognition
method and no a prior knowledge is needed.
Prediction samples can be added to the samples
with known classifications (working as training
set) and then be analyzed by HCA. The classifica-
tion of prediction samples can be distinguished
from dendrograms or distances. The clustering
diagram for serum and hair are given in Fig. 3
and Fig. 4, respectively. It can be seen that all the
samples including training and prediction samples
for both serum and hair have been correctly
classified into normal and cancer groups.

Stepwise clustering analysis (SCA) is a dynamic
clustering method. This method has also been
used for the classification of normal and cancer
groups for variables (elements) of serum and hair
samples. The Euclidean distances from the cen-
troids of two classes have been calculated for all

Fig. 2. Localization of 21 samples of both normal and cancer
groups for hair on the plane defined by two principal compo-
nents.

serum and hair samples, respectively. The step-
wise clustering results for training and prediction
samples based on the metal contents in serum and
hair samples are given in Fig. 5 and Fig. 6,
respectively. It can be seen that the normal and
cancer groups for serum samples can be discrimi-
nated by a straight line. For the hair samples, the
two groups can be classified correctly with an
exception. One cancer sample was fallen in nor-
mal group. This sample needs further investiga-
tion.

4. Conclusions

1. The metal contents in serum and hair sam-
ples can be used to distinguish the normal people
and cancer patients.

2. Multivariate statistical methods such as step-
wise disaffirmation, principal components analy-
sis, hierarchical clustering, and stepwise clustering
analysis can be used as an aid for diagnosis of
lung cancer according to the metal contents in
serum and hair samples.

Fig. 1. Localization of 39 samples of group and 36
samples of cancer group for serum on the plane defined by two
principal components.
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3. In some cases, exceptions may occur. How-
ever, the classification is statistically correct. The
exception does not distort the significance of this
method in aiding the diagnosis of lung cancer.

4. The main advantage of these multivariate
methods is the fact that no a priori information
on the classification is needed, and the significant
information can be extracted during the statistical
treatment.

5. The studies on diagnosis of cancer based on
metal contents are now at the preliminary stage,
so this kind of method is rather empirical at this
stage. More work has to be done to establish the
relationship between metal contents and cancer,
even though the collection of samples is difficult
and costly.

Fig. 4. Dendrogram (Ward method) of samples of normal and
cancer groups for hair (prediction samplea).

Fig. 5. Graphical presentation of samples of serum according
to their Euclidean distances.

Fig. 3. Dendrogram (Ward method) of of normal and
cancer groups for serum (predictions samplea).
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Fig. 6. Graphical presentation of samples of hair according to
their Euclidean distances.
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Abstract

The b-type complex formed between yttrium and p-carboxychlorophosphonazo (CPApK) has been studied. It was
found that Y-CPApK complex can give a maximum absorptivity in a buffer media of HAc–NaAc ranging from pH
3.5–4.3 and at a wavelength of 732 nm. Under the conditions employed, the molar absorptivity was found to be
7.72×104 l mol−1 cm−1 and the molar ratio of Y-CPApK was 1:2. The linear range was within 2–16 mg of yttrium
in 25 ml solution. One of the characteristics of the complex was its high tolerance for calcium and hence a method
of separation and enrichment of microamounts of yttrium by using calcium oxalate precipitate was developed and
applied to measure yttrium in nickel-base alloys. The parameters which were related to the formation of the b-type
complex of Y-CPApK were discussed and a comparison of existing b-type complexes between yttrium and the
chlorophosphonazo reagents of chromotropic acid was made. © 1997 Elsevier Science B.V.

Keywords: b-type complex; p-carboxychlorophosphonazo; Spectrophotometric

1. Introduction

Due to their excellent analytical behavior, the
bisazo reagents of chromotropic acid have been
widely studied and applied in the field of spec-
trophotometry [1]. Some of these reagents can
react with yttrium to form b-type complexes, such
as p-chloro-chlorophosphonazo (CPApC) [2], p-
methyl-chlorophosphonazo (CPApM) [3,4], p-ni-
tro-chlorophosphonazo (CPApN) [5],
p-ethoxycarbony-chlorophosphonazo (CPApE)

[6]. These methods can differentiate the absorp-
tion spectra of yttrium complexes from those of
rare-earth-element complexes so that yttrium can
be measured in the presence of rare earths.

p-Carboxychlorophosphonazo (CPApK), syn-
thesized in our laboratory, has the same charac-
teristics as the reagent mentioned above, i.e., it
can react with yttrium to form a sensitive b-type
complex. In this paper, the optimum conditions
for color development of the Y-CPApK complex
are reported in detail. It was found that Y-
CPApK complexes can give the maximum ab-
sorption in the buffer media of HAc–NaAc* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.

PII S00 9 -9140 (97 )00063 -5



Y. Ru et al. / Talanta 44 (1997) 1833–18381834

ranging from pH 3.5–4.3 and at the wavelength
of 732 nm. Under the conditions employed, the
molar absorptivity was found to be 7.72×104 l
mol−1 cm−1. One of the characteristics of the
complex is its high tolerance for calcium, so a
method of separation and enrichment of mi-
croamounts of yttrium by using calcium oxalate
precipitate was developed and applied for the
determination of yttrium in nickel-base alloys sat-
isfactorily.

2. Experimental

2.1. Apparatus

Absorbances were measured on a Shimadzu
UV-3000 dual-wavelength/double-beam recording
spectrophotometer with 1.0 cm cells. A model
PHS-2 pH meter (Shanghai Second Analytical
Instruments Factory) was used for pH measure-
ment.

2.2. Reagents

A standard stock solution of yttrium (1 mg
ml−1) was prepared by dissolving 0.1270 g of
Y2O3 (Spectrum pure) with 5 ml of 6 M hy-
drochloric acid and transferring the solution to a
100 ml flask, diluted to volume. The working
solution (10 mg ml−1) was prepared by dilution
with distilled water. HAc–NaAc buffer (pH 3.9)
was prepared by mixing 26.54 g of NaAc ·3H2O
and 77.3 ml of HAc and diluting to 500 ml. The
pH 5.0 HAc–NaAc buffer was prepared by mix-
ing 26.54 g of NaAc ·3H2O and 6.0 ml of HAc
and diluting to 500 ml with distilled water.
CPApK was synthesized by coupling the diazo-
tized 4-aminobenzoic acid, which was run by
dropwise adding sodium nitrite solution in 4 M
HCl at 0°C, and chlorophosphonazo I in a pH
9–10 solution which was adjusted with 10%
lithium hydroxide. The details were described in a
previous paper [7]. Purification of CPApK follows
the procedure used commonly for the chlorophos-
phonazo reagents of chromotropic acid as dis-
cussed in [8]. The CPApK working solution
(0.02%) was prepared by dissolving 0.02 g of

CPApK in 100 ml of water. All the reagents used
were of analytical reagent grade.

2.3. Procedure for the determination of yttrium

To an aliquot containing 2–26 mg of yttrium in
a 25 ml flask, add 1.5 ml of pH 3.9 HAc–NaAc
buffer solution, 1 ml of 0.02% CPApK and ect,
stand for 15 min. Dilute to volume with water
and mix well. The absorbance was measured at
732 nm in a 1 cm cell against a reagent blank.

3. Results and discussion

3.1. Absorption spectra

The absorption spectra of CPApK and its b-
type complex of Y-CPApK are shown in Fig. 1.
The absorption maximum of CPApK was at 560
nm, while the yttrium complex had a characteris-
tic absorption peak at 732 nm wavelength, where
the absorption of CPApK was negligible. In fact,
water can also be used as a reference solution for
the determination of Y-CPApK complex at the
chosen wavelength of 732 nm.

Fig. 1. Absorption spectra of CPApK and b-type complex of
Y-CPApK. (1) CPApK against water blank. (2) Y-CPApK
against blank reagent; Y, 10 mg; CPApK, 1.18×10−5 mol
l−1; pH 3.9 HAc–NaAc buffer, 1.5 ml; standing time in small
volume, 15 min.
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3.2. Effects of acidity and media

The pH value of the colored solution was ad-
justed by introducing HAc to the pH 5.0 HAc–
NaAc buffer and the absorbance was recorded.
The pH range of 3.5–4.3 is favorable to form the
b-type complex of Y-CPApK and the absorbance
is constant over this range. In the experiment, pH
3.9 is chosen. Various volumes of pH 3.9 HAc–
NaAc buffer solution were introduced into the
colored solution to test the effecting of amounts
of HAc-NaAc. It was found that the complex can
obtain its maximum and constant absorption
within 1–2 ml of pH 3.9 buffer solution. So 1.5
ml of pH 3.9 HAc–NaAc solution was chosen.
When the same pH value (pH 3.9) was buffered
with hexamethylidine-tetramine(HMTA)–HCI or
potassium hydrogen phthalate (KHP), the ab-
sorbances of the Y-CPApK complex at 732 nm
were near to zero, i.e., the results suggested that
no b-type complex formed in the two media.

3.3. Effect of amounts of CPApK

It was found that 0.8–1.5 ml of 0.02% CPApK
was required to obtain the favorable absorbance
for 10 mg of yttrium. Hence 1.0 ml of CPApK
solution was used in all subsequent work.

3.4. Effect of surfactants

Generally speaking, introduction of surfactant
can improve sensitivity and/or selectivity of the
colored complexes between rare-earth elements
and bisazo reagents of chromotropic acid by
forming colloid bundles. Here, effect of surfac-
tants was tested. An appropriate surfactant was
not found to improve the analytical characteristics
of the Y-CPApK complex. For instance, intro-
ducing animal glue can cause the solution turbid,
adding cetylpyridy-bromide (CPB) resulted in pre-
cipitate and using Tween-80, TritonX-100 or ethy-
lalcohol impeded the b-type complex to form.

3.5. Stability of the Y-CPApK complex

The prepared color solutions were kept in small
volumes (not more than 10 ml) to stand for

Fig. 2. Effect of standing time in small volume; Other condi-
tions as in Fig. 1.

different time before dilution to 25 ml. Then
dilute and record their absorbances (See Fig. 2).
When the standing time was more than 10 min,
full color was developed and kept constant at
least 15 h. A standing time of 15 min was used in
this work.

3.6. Calibration graph

Various amounts of yttrium were used to de-
velop the color of the complex under the condi-
tions employed and measure the absorbances.
Plot the calibration graph of absorbance against
amount of yttrium. The linear range was within
2–16 mg of yttrium in 25 ml solution and the
molar absorptivity was found to be 7.72×104 l
mol−1 cm−1.

3.7. Effect of foreign ions

Colored solutions containing 10 mg of yttrium
and various amounts of foreign ions were pre-
pared and follow the determination procedure. If
an error of 5% was considered tolerable, the
tolerance limits of foreign ions were listed in
Table 1. Among them, Bi3+, Fe3+, Ai3+, Zn2+

and Cr3+ interfered, but Ca2+ had a higher
tolerance limit. There were low tolerances (less
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than 10 mg) for rare-earth elements. So a method
of separation and enrichment of microamounts of
yttrium was established by using the co-precipi-
tate of yttrium and calcium oxalate.

4. Sample analysis

A sample of 0.5 g of nickel-base alloy was
weighed into a 100 ml beaker, 16 ml of mixture of
nitric acid and hydrochloric acid (1:3) was added
to dissolve it and the mixture was heated to
evaporate the solution to near dry. Distilled wa-
ter, 20 ml, were added to the beaker and then 2
ml of 10% H2C2O4. The pH value of the solution
was adjusted to the range of 2.0–2.5 with 1:1
ammonia solution. After 2 ml of 10% calcium
chloride was introduced, a small amount of cal-
cium oxalate precipitate was formed. When the
pH value of the solution continued to increase to
4, more precipitate formed in the solution. The
solution was filtered and the precipitate washed
with water. The precipitate was redissolved from
the filter paper with 2 ml of 1:10 HCl and the
filtrate collected in a 50 ml flask and diluted to the
volume. Sample solution No.A-s-81, 2 ml, and 5
ml of No.A-s-82 sample solution were taken into
25 ml calibrated flask respectively, and follow the
determination procedure. Yttrium in eight sam-
ples of A-s-81 and A-s-82 nickel-base alloys was
determined, respectively. For A-s-81 sample, the

percentage of mean yttrium content found in eight
determinations was 0.0456, (standard value,
0.046) and relative standard deviation was 0.87.
For A-s-82 sample, the percentage of mean yt-
trium content found was 0.0101, (standard value,
0.01) and relative standard deviation was 2.25. As
the yttrium content in No.A-s-81 sample was
beyond the linear range, less amounts of this
sample had to be taken.

5. Form change of Y-CPApK

H.C. Liu [9] has surveyed the b-type complexes
formed between rare earth elements and bisazo
reagents of chromotropic acid in detail. Generally
speaking, the sort of reactions were closely related
with such factors as medium, temperature, vol-
ume of color development, surfactant and organic
reagent, etc. Here, the effects of the above factors
were discussed on the formation of the b-type
complex of Y-CPApK.

5.1. The change of absorption spectra of
Y-CPApK from a-type to b-type

Usually, the change of the complexes (e.g.,
listed in Table 2) from a-type to b-type per-
formed faster in a high-concentration solution
than that in a dilute solution. The effect of stand-
ing times was tested. Absorption spectra were
recorded at different standing times, (i.e., the
newly prepared color solution was kept in a small
volume and allowed to stand for different times
before dilution), as shown in Fig. 3. Among them,
curve 1 was recorded after the solution was pre-
pared and diluted immediately (i.e., zero standing
time), and curve 2 and curve 3 had a standing
time of 5 and 10 min, respectively. Curve 1 had
three peaks with the maximum absorption wave-
length of 630, 680 and 732 nm. The two peaks
with the wavelength less than 700 nm were called
a-type and the third peak with the wavelength
more than 700 nm was named b-type as defined
in the references [10,11]. It was shown in Fig. 3
that the absorption of the peak at 732 nm in-
creased and the peak at 680 nm decreased with
the increase of standing time. When the standing

Table 1
Tolerance limits for foreign ions in the determination of 10 mg
of yttium

Ion Tolerance limit (mg)IonTolerance limit
(mg)

10 000K+ Mn2+ 500

10 000 Mg2+Na+ 500
10 000NH4

+ Pb2+ 200
Cl− 10 000 Cd2+ 100

Ce2+10 000 100NO3
−

SO4
2− 2010 000 Cr2+

2500Ca2+ Zn2+ 13
1000Ni2+ AI3+ 10
1000Fe2+ Fe3+ 10

500 Bi3+ 8Co2+
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time was more than 10 min (curve 3), the b-type
complex can reach its maximum absorption. Fig.
2 described that the maximum and constant ab-
sorbance of the b-type complex of Y-CPApK can
be reached by employing standing time of 10–30
min. If the color solution was prepared and diluted
to the mark immediately, the change of the complex
from a-type to b-type needed more time to reach
completion, i.e., needed much longer standing time
in a normal solution volume.

5.2. Effect of medium

Conditions for the formation of b-type com-
plexes were relatively rigid. For the complex of
Y-CPApK, a complete change from a-type to
b-type took place only in the medium of HAc–
NaAc with the pH ranging from 3.5 to 4.3. When
the pH value of the color solution was more than
4.3 or less than 3.5, the reaction did not go to
completion. In the medium of hexamethylidine
tetramine (HMTA)–HCl or potassium hydrogen
phthalate (KHP) with the same pH value (pH 3.9),
the absorption peak at 732 nm can not be observed.
This result was coincident with those in Table 2,
except that of CPApN. We can not conclude that
the acetate system was critical, but at least fa-
vourable for the formation of the b-type complexes.

Fig. 3. Absorption spectra of Y-CPApK at different standing
time in small volume. (1) 0 min, (2) 5 min, (3) 10 min; other
conditions as in Fig. 1.T
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5.3. Effect of temperature

In the course of color development, the a-type
complex of Y-CPApK formed first and then
gradually changed to b-type. This reaction was
affected greatly by temperature. Between
20–30°C, Y-CPApK reached its maximum
absorption after 10 min. When a lower
temperature was employed, the rate of reaction
decreased. When temperature increased to 45°C,
the reaction reached completion in not more than
10 min, but the absorbance at 732 nm was less
than that at 25°C. Precipitation occurred in the
solution when temperature was 60°C.

5.4. Composition of the complex

The molar composition of the Y-CPApK com-
plex, formed under the condition employed, was
ascertained by the molar-ratio method and Job’s
method of continuous variations. Both methods
indicated that the ratio of metal to ligand was 1:2.

6. Comparison between the b-type complexes of
yttrium

Several existing b-type complexes between yt-

trium and bisazo reagents of chromotropic acid
presented in references were listed in Table 2. All
the listed complexes had maximum absorption
wavelength of more than 700 nm and most of
them needed a weak HAc–NaAc buffer. On the
other hand, the b-type complex of Y-CPApK had
a much higher tolerance for calcium, which estab-
lished the basis of separation and enrichment of
microamounts of yttrium by using calcium ox-
alate precipitate.

References

[1] C. Wu, Q. Ying, Fenxi Huaxue 15 (1987) 175.
[2] W.R. Chen, J.M. Pan, Z. Wu, Huaxue Shiji 8 (1986) 238.
[3] C.G. Hsu, Y.X. Du, J.M. Pan, Huaxue Shiji 13 (1991)

273.
[4] Y.X. Du, C.G. Hsu, J.M. Pan, Chin. J. Chem. 9 (1991)

199.
[5] C.G. Hsu, J.M. Pan, Analyst 110 (1985) 1245.
[6] X. Lu, Z.P. Ou, C.L. Wang, Fenxi Huaxue 18 (1990).
[7] R. Yang, Y. Lu, G.L. Song, T. Wang, J.M. Pan, Anal.

Chim. Acta 314 (1995) 95.
[8] R. Yang, Y. Lu, J.M. Pan, Fenxi Huaxue 24 (1) (1996)

119.
[9] H.C. Liu, Lihua Jianyan, 20 (2) (1984) 57; 20 (3) (1984)

59; 20 (4) (1984) 56.
[10] T. Taketatsu and N. Kono, Chem. Lett. (1974) 989.
[11] Taketatsu, Bull. Chem. Soc. Tpn 50 (1977) 1758.

.
.



Talanta 44 (1997) 1839–1846

Thermodynamic parameters for the formation of dimeric
hydrolytic species of copper(II) in aqueous NaClO4 solution at

different ionic strengths

Alessandro De Robertis *, Concetta De Stefano, Claudia Foti, Grazia Signorino
Dipartimento di Chimica Inorganica, Chimica Analitica e Chimica Fisica dell’Uni6ersità, Salita Sperone 31,
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Abstract

The hydrolysis of copper(II) has been studied in experimental conditions for which polynuclear species are formed
prevalently. The study has been carried out by the pH-metric technique at different temperatures and ionic strengths
in NaClO4 aqueous solution. As previously reported in literature, the most important hydrolytic species is
Cu2(OH)2

2+. For copper(II) concentrations greater than 75 mmol dm−3, also the species Cu2(OH)3+ is formed in
appreciable amount. The formation constants of these species have been determined, together with their dependence
on ionic strength. The temperature coefficients of equilibrium constants allowed to obtain the relative formation
enthalpies. © 1997 Elsevier Science B.V.

Keywords: Aquatic chemistry; Dependence on ionic strength; Hydrolysis of copper(II); Polynuclear hydroxo species

1. Introduction

The hydrolysis of copper(II) has been studied
by several researchers, using different techniques
[1–13]. Nevertheless remarkable discrepancies can
be found among the different works, both as
concern the type of hydrolytic species, and the
values of the thermodynamic parameters associ-
ated to the formation of such species. A series of
objective difficulties gives account of these dis-
crepancies. (a) The study of the hydrolysis of cop-

per(II) is before all hindered by the formation of
precipitate at relatively low pH, and the percent-
age of hydrolized copper in solution is always
quite low [1]. (b) The precipitates that are formed
are gelatinous and of different stoichiometry
[Cu(OH)2, CuO, Cu(OH)1.5X0.5 (X=Cl−, NO3

−),
Cu(OH)1.714(ClO4)0.286] [1,14]. (c) For copper(II)
concentrations greater than 1 mmol dm−3, differ-
ent polynuclear species are formed. (d) The for-
mation of the gelatinous Cu(OH)2 has been often
interpreted as formation of the bis-complex, and
this has led to the calculation, for this species, of
an unreliable hydrolysis constant. (e) The pH-
metric measurements (that are the most suitable

* Corresponding author. Fax: +39 90 392827; e-mail: der-
obertis@chem.unime.it

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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for this type of study) are limited from the fact
that fairly high metal ion concentrations must be
used (greater than 0.1 mmol dm−3), while for the
scarce solubility of the hydrolytic products it
would be convenient to work with more diluted
solutions; on the other hand solubility and ISE-
Cu measurements are strongly limited by other
factors (gelatinous, active solids with high surface
energy precipitates; adsorption of copper within
the apparatus; kinetic influences on the response
of ISE-Cu).

In the literature there is generic agreement only
on the formation of the dimeric species
Cu2(OH)2

2+ (also the reported hydrolysis con-
stants are generally in fairly good agreement). The
formation of monomeric species Cu(OH)j

(2− j )+

( j=1,…, 4) has been hypothesized, but the
relative reported hydrolysis constants must be
considered critically. Moreover, the formation
of many other polynuclear species has been
proposed [Cu2(OH)3+, Cu3(OH)4

2+, Cu3(OH)2
4+,

and ‘core plus link’ species Cun+1(OH)2n
2+],

however without agreement among the different
authors both on the type of species and on their
hydrolysis constants. Finally, there are no sys-
tematic researches on the ionic strength depen-
dence, and on medium effects of hydrolysis
constants.

Recently, we have undertaken a work on the
complexation of copper(II) with ligands of differ-
ent nature, in different ionic media, in order to
obtain a picture, as realistic as possible, on the
speciation of this cation in the natural fluids, in
presence of low molecular weight ligands (also
in relation with our interest to the effect of the
ionic medium on the complexation). Therefore it
is necessary (particularly in the study of com-
plexes of ligands not very stable, with protona-
tion constants in the neutral-acidic range, such
as polycarboxylic acids) the exact knowledge of
the hydrolysis constants of the copper(II), at dif-
ferent analytical concentrations, at different tem-
peratures, and at different ionic strengths and
media.

In this first paper, we report an investigation on
the copper(II) hydrolysis at fairly high analytical
concentrations, where it is expected the formation
of polynuclear species only, at different tempera-

tures (10, 25, 37, 45°C) and ionic strengths (05
I51 mol dm−3) in NaClO4. This medium was
chosen assuming that it is fully dissociated, and
that ClO4

− does not form ion pairs with cop-
per(II).

2. Experimental

2.1. Materials

Solutions of Cu(ClO4)2 were prepared from
Fluka puriss. reagent and standardized complexo-
metrically. For NaClO4 solutions, Fluka puriss.
reagent was used, after purification according to
Grenthe [15], and drying under vacuum. Standard
HClO4 solutions were prepared from the concen-
trated reagent (C.Erba r.p.) and standardized
against sodium carbonate (C.Erba r.p.); standard
NaOH solutions were prepared by diluting con-
centrated ampoules Fluka, and standardized
against potassium biphthalate. All the solutions
were prepared with bidistillated water, and grade
A glassware.

2.2. Apparatus

The concentration of the free hydrogen ions
was measured by means of different potentiomet-
ric systems. (a) Potentiometer Metrohm mod. 654
connected to a combination Ross type electrode
Orion mod. 8102; (b) potentiometer Metrohm
E605 coupled with a Metrohm glass electrode
and an Ingold saturated calomel electrode; (c)
potentiometer Amel mod. 337, connected to a
combination Ross type electrode Orion mod.
8102. All potentiometric systems had minimum
reading 0.1 mV and reproducibility 90.2 mV.
The three equipments were connected to a
Metrohm motorized burette Dosimat mod. 665
(minimum reading 0.001 ml), and to a PC that,
with appropriate software, allows the fully com-
puterized titrations. The measurement cells (50
ml) were thermostatted at 2590.1°C and the
solutions were stirred magnetically. In order to
eliminate O2 and CO2, pre humidified N2 was
bubbled into solutions.
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2.3. Procedure

The solution (30 ml) containing copper(II) (50–
125 mmol dm−3), NaClO4 and an excess of
HClO4 (2–5 mmol dm−3) was titrated with stan-
dard NaOH up to the precipitation (about 60–70
experimental points), i.e., 5.4 (diluted solutions)
5pHmax54.9 (concentrated solutions). NaClO4

was added to the same solution, in order to reach
the prefixed ionic strength value (max�1 mol
dm−3). HClO4 was added in order to calculate
the internal E int

0 value. By separate titration (as a
check), we calculate E ext

0 , at the same temperature
and ionic strength value; if �E int

0 −E ext
0 �\1.5 mV,

the titration was rejected and repeated. From
these data also the liquid junction potential (Ej=
ja[H+]) was calculated.

2.4. Calculations

The nonlinear least squares computer program
ESAB2M [16] was used for the refinement of all
parameters of an acid–base titration (E0, KW,
coefficient of junction potential, ( ja), analytical
concentration of reagents). For the calculation of
complex formation constants (bpq), together with
the parameters for the dependence on ionic
strength, BSTAC [17] and STACO [18] computer
programs were used. bpq values are referred to the
reaction pCu2+ +qH2O=Cup(OH)q

(2p−q)+ +
qH+. Statistical methods were used for the selec-
tion of species, as proposed by Vacca and
Sabatini [19]. ES4ECl [17] program was used to
draw the distribution diagrams.

2.5. Ionic strength dependence of formation
constants

The general Debye–Hückel type Eq. (2.1) can
be used to take into account the dependence on
ionic strength of formation constants (b=generic
equilibrium constant; Tb=constant at infinite di-
lution)

log b= logT b−g(I)+CI+DI3/2+EI2 (2.1)

were

g(I)=z*I1/2× (2+3I1/2)−1

z*=S (charges)2
reactants−S (charges)2

products

C, D and E are empirical parameters, which can
be obtained by fitting experimental data. Results
of a series of investigations [20–22], showed that,
when all the interactions occurring in the solution
are considered (or they are negligible, i.e., KB0.1
dm3 mol−1), in the range 05I51 mol dm−3, the
above empirical parameters are dependent only
on stechiometry of the formation reaction:

C=0.10p*+0.23z* ; D= −0.10z* ;

E=0

with

p*=S (moles)reactants−S (moles)products

(the parameter E becomes relevant for I\1 mol
dm−3). When considering hydrolysis reactions,
the activity of water must be taken into account,
too. For the electrolytes here considered, the sim-
ple relationship log aw= −0.015 I (with a mean
error e�0.002 I) can be used. Therefore

C=0.085p*+0.23z*

If refined C (for data at I51 mol dm−3), Eq.
(2.1) reduces to

log b= logT b−z* [I1/2× (2+3I1/2)−1+0.1I3/2]

+CI (2.2)

3. Analysis of literature data

Some literature data on the hydrolysis of cop-
per(II) are reported in Table 1. In this Table only
thermodynamic parameters for the species
Cu2(OH)2

2+ and Cu2(OH)3+ are reported. Other
proposed polynuclear species are not, in our opin-
ion, to be taken into consideration (see also here-
after). The mononuclear Cu(OH)+ species is
formed in very low percentages, and a rough
estimate of its formation constant is sufficient for
the study of the other more important species. By
considering log b11 reported (in NaClO4) and
some DH0 values, we were able to estimate the
first hydrolysis constant of copper(II) in the
ranges 55T550°C and 0BI53 mol dm−3:
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log b11= logT b11−g(I)+CI−0.09I2 (3.1)

logT b11= −7.5+0.020(T−25) (3.2)

C=0.47−0.003(T−25) (3.3)

with a mean error 90.15 (\95% confidence
interval).

4. Results and discussion

4.1. Selection of the species and determination of
hydrolysis constants

Several calculations were performed, with
both BSTAC and STACO computer programs
[17,18], in order to select the best set of species
formed in our experimental conditions. The pos-
sible formation of following species was taken
into account: Cu2(OH)3+, Cu2(OH)2

2+,
Cu2(OH)3

+, Cu3(OH)4
2+, (the hydrolysis constant

of monomeric species Cu(OH)+ was kept con-
stant in the calculations, using the values of
Eqs. (3.1), (3.2) and (3.3)). As expected, for all

temperatures and ionic strengths, calculations
showed that the more important species is
Cu2(OH)2

2+; for CCu]75 mmol dm−3, the spe-
cies Cu2(OH)3+ is formed in appreciable
amount and cannot be neglected. At 25°C the
ratio (BSTAC calculations) s1

2/s0
2$2 [s1

2=vari-
ance in e.m.f., considering the formation of
Cu2(OH)2

2+; s0
2= idem, considering the forma-

tion of Cu2(OH)2
2+ and Cu2(OH)3+], which is

highly significant (for 495 experimental points).
Analogous calculations, for the other tempera-
tures with both computer programs, gave also
significant statistical parameters for the forma-
tion of two dimeric species. In Table 2, the hy-
drolysis constants are reported at different
temperatures and ionic strengths, in both molar
and molal scales. The dependence of hydrolysis
constants on ionic strength and on temperature
is shown in Fig. 1 and Fig. 2.

4.2. Dependence on ionic strength of hydrolysis
constants

The dependence on ionic strength of hydroly-
sis constants (Fig. 1) was taken into account by
using Eq. (2.2). The refined value of C (see
Table 2) is in accordance with the one found for
systems when no significant interactions between
components and background salt occur. In fact,
for the species Cu2(OH)2

2+, at 25°C, we found
C=0.361, and in a preceding work on the hy-
drolysis of (CH3)2Sn2+ [23] it was found C=
0.365 in NaNO3 and/or NaClO4 solutions [23];
both values of this parameter agree with C=
0.375 found in a general analysis of the depen-
dence on ionic strength of formation constants
[22]. These C values agree also with several
other ones obtained in previous investigation
[20–22,24]. Analogous considerations can be
made for the dependence on ionic strength of
the species Cu2(OH)3+. The above results allow
to consider the hydrolysis constants of cop-
per(II) in NaClO4 as the baseline for other stud-
ies in different media. Moreover, the
temperature gradient of C for both dimeric spe-
cies, through affect by a quite large error, is in
accordance with previous findings [17,21].

Table 1
Some literature data on the hydrolysis of copper(II), in
aqueous solution

log b21T(°C) log b22 Ref.I(mol dm−3)

0 −10.89−6.9218 [5]
−10.530 [6]20

3 (NaClO4)25 −10.6 [8]
[9]25 −10.753 (NaClO4)

25 −10.57 [7]0
3 −5.825 −10.6 [3]
3 (NaClO4) −5.75 [12]25
3 (LiClO4) −6.22 −11.21 [4]25

[1]−10.3625 0
25 −10.750.1 (NaClO4) [10]
25 −6.02 [11]3 (NaClO4) −10.93

[11]−9.81−5.653 (NaClO4)50
DH0

21 DH0
22

kJ mol−1

3 (NaClO4)25 66.1 [13]
78.00.1 (NaClO4)25 [10]

0 73.215–42 [6]
3 (NaClO4) 25 76.1 [11]25–50
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Table 2
Equilibrium constants for the hydrolysis of copper(II) in aqueous NaClO4 solutions

Molar scale IbT(°C) Molal scaleIa

log b22 log b21 log b22log b21

−6.86 −11.1510 0 −6.8690.27c −11.1590.05 0
0.100 −6.670.1 −6.6790.23 −11.3390.04 −11.33

−6.620.253 −11.35−11.3690.030.25 −6.6290.19
−11.3690.02 0.511 −6.59 −11.350.5 −6.5990.12

−11.33−6.580.774−11.3590.030.75 −6.5890.11
−11.3390.05 1.044 −6.56 −11.321 −6.5690.16

(C=0.418)(C=−0.304)d

−10.5490.06 0 −6.26 −10.5425 0 −6.2690.17
−10.72−6.080.101−10.7290.050.1 −6.0890.14

−10.7690.04 0.254 −6.06 −10.750.25 −6.0690.11
−6.07 −10.760.513−10.7790.030.5 −6.0790.07

0.778 −6.090.75 −6.0990.06 −10.76−10.7790.02
−10.76−6.111.050−10.7890.041 −6.1190.09

(C=0.361)(C=−0.456)
— −10.230.15237 −10.2490.010.15 —

−9.7690.03 0 −5.93 −9.7645 0 −5.9390.12
−9.95−5.760.102−9.9590.020.1 −5.7690.10

−10.0090.02 0.256 −5.75 −9.990.25 −5.7590.08
−10.01−5.770.517−10.0290.020.5 −5.7790.07

−10.0490.03 0.786 −5.80 −10.020.75 −5.8090.09
−10.03−5.841.061−10.0690.041 −5.8490.13

(C=0.302)(C=−0.505)

a Ionic strength in mol dm−3.
b Ionic strength in mol kg−1

c 93 (std. dev.).
d Empirical parameter of Eq. (2.1).

4.3. Dependence on temperature of hydrolysis
constants

The dependence on temperature (see Fig. 2)
shows, as expected, that hydrolytic reactions are
endothermic. We found for the reaction (DH0 in
kJ mol−1, DS0 in J K−1 mol−1; T=25°C, I=0
mol dm−3; obtained from log bpq molal values)

2Cu2+ +2H2O=Cu2(OH)2+
2 +2H+,

DH0
22=68.1(91.8),

DS0
22=2791

and for the reaction

2Cu2+ +H2O=Cu2(OH)3+ +H+,

DH0
21=46.1(92.7),

DS0
21=3592

By considering Eq. (3.2) and Eq. (3.3), we have,
for the reaction

Cu2+ +H2O=Cu(OH)+ +H+,

DH0
11=34(95),

DS0
11=3093

Finally, for the dimerization reaction, we have

2Cu(OH)+ =Cu2(OH)2+
2 ,

DH0
d=095,

DS0
d=8694

4.4. Rele6ance of the hydrolysis of copper(II)

In Fig. 3 we report some distribution
(% species versus pH) in different analytical con-
ditions. The pH range for the hydrolysis of cop-
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Table 3
Smoothed values of equilibrium constants (molar scale) for the
hydrolysis of copper(II) in NaClO4 aqueous solution

log b21 log b22T(°C) I(mol dm−3) log b11

−7.06 −11.305 0 −7.9
−8.1 −6.875 0.1 −11.50

−6.84−8.1 −11.550.255
0.5 −8.0 −6.84 −11.575

−7.9 −6.865 1 −11.57
−6.85−7.7 −11.5625

−7.6 −6.695 3 −11.59
−6.61 −10.9115 0 −7.7

−7.9 −6.4215 0.1 −11.11
−7.9 −6.39 −11.160.2515

0.5 −7.8 −6.39 −11.1815
−11.17−6.42−7.7115

−6.41 −11.1415 2 −7.5
−6.26 −11.1515 3 −7.5

−7.5 −6.2825 0 −10.53
−7.7 −10.72−6.100.125

−6.07 −10.7725 0.25 −7.7
−7.6 −6.0725 0.5 −10.79

−6.11−7.5 −10.77125
−6.11 −10.7325 2 −7.4

−10.73−5.97−7.4325
−7.3 −6.0735 0 −10.15
−7.5 −5.8935 0.1 −10.34

−5.86−7.5 −10.380.2535
0.5 −7.5 −5.86 −10.4035

−10.38−5.90−7.4135
−5.91 −10.3235 2 −7.2
−5.78 −10.3035 3 −7.3

−7.1 −5.9645 0 −9.77
−7.3 −9.96−5.770.145
−7.3 −5.7545 0.25 −10.00
−7.3 −5.7645 0.5 −10.01

−5.80−7.2 −9.99145
−7.1 −5.8245 2 −9.92

−5.69 −9.8845 3 −7.2
−7.0 −5.9350 0 −9.58
−7.2 −5.75 −9.780.150

−5.72 −9.8150 0.25 −7.2
−9.82−5.73−7.20.550

−5.78 −9.7950 1 −7.1
−5.80 −9.7250 2 −7.1

−7.1 −5.6850 3 −9.68

[3,4,11,12]. Smoothed values of log b11, log b21

and log b22, at different temperatures and ionic
strengths (obtained using data from this work and
from literature), are reported in Table 3.

4.6. Concluding remarks

Main conclusions of this work are as follows.
(i) Hydrolytic species of copper(II), in moder-

ately concentrate solutions, are Cu2(OH)2
2+ and

Cu2(OH)3+, with small amounts of Cu(OH)+.
(ii) The dependence on ionic strength (in

NaClO4 solutions) (simply described by Eq. (2.2)
with C values of Table 2) shows that reported
log bpq values can be used, in the ranges 0BI51
mol dm−3 and 105T (°C)545, as baseline for
further studies in other media (NaCl, synthetic sea
water, etc.).

(iii) Smoothed values of Table 3, can be used
as recommended values for the hydrolysis of cop-
per(II).
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[2] E. Högfeld, Stability Constants, Inorganic Ligands, Perg-
amon Press, Oxford, 1982.

[3] R.M. Smith, A.E. Martell, Critical Stability Constants:
Inorganic Complexes, Plenum, New York, 1976, First
supplement, 1982, Second supplement, 1989.

[4] H. Othaki, T. Kawai, Bull. Chem. Soc. Jpn. 45 (1972)
1735.

[5] K. Pedersen, Kgl. Dan. Vidensk, Selsk. Mat.-Fis. Medd.
20 (1943) 7.

[6] D.D. Perrin, J. Chem. Soc. 3189 (1960).
[7] F. Achenza, Ann. Chim. (Rome) 48 (1958) 565.
[8] C. Berecki-Biedermann, Ark. Kemi 9 (1956) 175.
[9] H. Kakihana, T. Amaga, M. Maeda, Bull. Chem. Soc.

Jpn. 43 (1970) 3155.
[10] G. Arena, R. Cali, E. Rizzarelli, S. Sammartano, Ther-

mochim. Acta 16 (1976) 315.

and Martell [3] give log b22= −10.6 (I=0 mol
dm−3, T=25°C). Our value log b22= −10.549
0.06 lies between the two above ones. Analogous
considerations can be made for DH0 values. As
regards the species Cu2(OH)3+ only hydrolysis
constants at I=3 mol dm−3 can be found



A. De Robertis et al. / Talanta 44 (1997) 1839–18461846

[11] K.A. Burkov, E.A. Bus’ko, L.S. Lilich, I.N. Ivanova,
Russ. J. Inorg. Chem. 27 (1982) 819.

[12] E. Neher-Neumann, Acta Chem. Scand. A38 (1984)
517.

[13] R. Arnek, C.C. Patel, Acta Chem. Scand. 22 (1968) 1097.
[14] R. Näsänen, V. Tamminen, J. Am. Chem. Soc. 71 (1949)

1994.
[15] I. Grenthe, D.R. Williams, Acta Chem. Scand. 21 (1970)

341.
[16] C. De Stefano, P. Princi, C. Rigano, S. Sammartano,

Ann. Chim. (Rome) 77 (1987) 643.
[17] C. De Stefano, P. Mineo, C. Rigano, S. Sammartano,

Ann. Chim. (Rome) 83 (1993) 243.
[18] C. De Stefano, C. Foti, O. Giuffrè, P. Mineo, C. Rigano,
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Abstract

A simple practical method of determining potentiometric selectivity coefficients of ion-selective electrodes (ISEs) is
described in which electrode characteristics (slope, potentiometric selectivity coefficients and cell constant) can be
determined by fitting the experimental data obtained using the fixed interference (FI) method to an appropriate model
by non-linear least-squares regression. The proposed method is simple to implement practically, and data processing
can be easily achieved through use of the optimisation add-on, Solver, bundled with Microsoft Excel. The flexibility
of the method is demonstrated by modelling the response of a valinomycin potassium-selective electrode with the
Nikolskii–Eisenman equation and a recently proposed alternative to the Nikolskii–Eisenman equation for cases
where the ionic charges on the primary and interfering ions are unequal. © 1997 Elsevier Science B.V.

Keywords: Curve-fitting; Excel; Ion-selective electrode; Potassium; Potentiometric selectivity coefficients; Valinomycin

1. Introduction

The most widely used methods for determining
potentiometric selectivity coefficients of ISEs have
been the separate solution (SS) method [1], the
fixed interference (FI) method [1] or what
Umezawa et al. [2] refer to as the two-solution
method. The fixed primary ion (FPI) method [1]
has also been used but is less popular. The
matched potential (MP) method, developed by
Gadzekpo and Christian [3], has been recom-
mended by Umezawa et al. [2] when the ionic
charges of the primary and interfering ions are
unequal or when the electrode response to either

ion is non-Nernstian. In a variation of the SS
method, Bakker [4] has described a method where
the ISE is conditioned in a solution of interfering
ion.

In practical terms, all of these methods involve
the transfer of electrodes to different solutions
and as such, are subject to ‘carryover’ error. The
SS method and Bakker’s variation on it [4], have
the disadvantage that they are not realistic repre-
sentations of the practical behaviour of the elec-
trode since in practice, measurements are made in
the presence of both primary and interfering ions,
and competitive processes can have a significant
effect on the electrode response. However,
Bakker’s approach is interesting in that the ISE,
with a membrane containing the tetraphenylbo-* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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rate salt of an interfering ion, is conditioned in an
interfering ion solution. The difficulty that the
interfering ion has in displacing the primary ion
from the membrane when the ISE is conditioned
in a primary ion solution and then transferred to
an interfering solution, is thus avoided and a
Nernstian response is expected from interfering
ions, something which does not always occur
when electrodes are conditioned in primary ion
solutions. The potentiometric selectivity coeffi-
cients obtained are therefore more representative
of the ion-exchange process. However, they are
not representative of practical electrode be-
haviour, where the conditioning and calibration
of the ISE in solutions of the primary ion, is
standard practice.

The FI method, as traditionally used [1], in-
volves the preparation of a range of solutions
with different primary ion activities but with a
constant activity of interfering ion and, as such,
the method is tedious and open to operator error.
Furthermore, analysis of the data obtained by this
method usually involves manually finding the
point of intersection of the extrapolated linear
portions of a plot of the cell potential versus the
log of the activity of the primary ion [1]. This has
two disadvantages; firstly, a decision has to be
made as to which points are part of the linear
portions of the plot and this makes the method
subjective. Secondly, as Moody and Thomas [5]
point out, the potentials in the plateau region of
this plot are subject to an unacceptable degree of
irreproducibility and drift. Srinivasan and Rech-
nitz [6] derived two equations for high and low
values of potentiometric selectivity coefficients,
respectively, and these allow potentiometric selec-
tivity coefficients to be determined from data
relating to a range of activities. However, their
methods require some a priori knowledge of selec-
tivity before choosing the activities of the primary
and interfering ions and the appropriate equation.
Furthermore, their methods allow no ‘at a glance
idea’ of selectivity, as provided by the traditional
FI method.

In principle, the MP method requires just two
experimental points to calculate the potentiomet-
ric selectivity coefficient (or the interference ratio
since, as Maccà [7] points out, the quantity ob-

tained by the MP method is by definition, differ-
ent to the traditional potentiometric selectivity
coefficient). In practice, however, this method re-
quires measurements to be made in solutions of
different concentrations of interfering ion and
then sophisticated interpolation if it is to be accu-
rate. As such, it is no less tedious or time consum-
ing than the traditional FI method. Another
disadvantage of the MP method is that for elec-
trodes which are very selective, the level of inter-
ferent required to equalise the potentials may be
so high as to make the method unrealistic since, in
practice, such levels of interferents are unlikely to
be encountered and extrapolation to lower inter-
fering ion activity is not generally advisable. Fur-
thermore, Maccà [7] claims that the interference
ratio is more concentration dependent than the
potentiometric selectivity coefficient.

Therefore, there is a need for an approach
which is practically simple to implement, and
which removes the subjectivity of the conven-
tional FI method [1]. Previously, Yuliang et al. [8]
used a non-linear regression approach with elec-
trode measurements of halide ion mixtures. How-
ever, they have given no indication (either
numerical or graphical) of the quality of the fit to
Nikolskii–Eisenman equation. Furthermore, they
give no details of how their approach was imple-
mented, and therefore it is impossible to comment
on the reliability of their results or how easy it is
to process data with their method. In a variation
on the FI method, Davey et al. [9] plotted the
peak heights obtained using a flow-analysis ap-
proach versus the log of the primary ion activity
at constant concentration of interfering ion. They
then used values in the curved region of the plot
to determine potentiometric selectivity coefficients
using a data linearisation technique based on the
Nikolskii–Eisenman equation. Unfortunately,
their method did not yield a value for the Nerns-
tian Slope Factor. Diamond and Forster [10,11]
and Saez de Viteri and Diamond [12] have pro-
posed very rigorous non-linear modelling ap-
proaches based on multivariate calibration and
simplex optimisation which enabled potentiomet-
ric selectivity coefficients to be in mixed
solutions containing up to four ions. However,
these methods are not simple to implement, as
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even with partial factorial design, 32 calibration
solutions are required to characterise a four-elec-
trode array.

There has been some discussion in the litera-
ture on alternatives to the Nikolskii–Eisenman
equation. Morf et al. [13] proposed an equation
for neutral carrier-based calcium-selective ISEs,
relating to mixed-ion solutions where the inter-
fering ion is singly-charged. Meyerhoff and co-
workers [14] have developed a formalism for
ISEs of three different carrier types, for mixed-
ion solutions which is applicable to all combina-
tions of primary and interfering ions of different
charge.

In this paper, we describe a very simple proce-
dure for obtaining experimental data, and subse-
quently fitting the data to a mathematical model
in order to obtain estimations of the cell con-
stant, the Nernstian Slope Factor and potentio-
metric selectivity coefficients. In the proposed
method, the primary ion activity is varied by
means of a series of small volume ‘spikes’,
added to a single solution, with the electrodes
continually in contact, and measuring the cell
potential after each addition. Therefore, no
transfer of electrodes between measurements is
involved and the preparation of relatively few
solutions is required. The entire response curve
is then fitted to an appropriate model (for exam-
ple, the Nikolskii–Eisenman equation or the
Meyerhoff formalism [14]) to obtain the elec-
trode parameters (Nernstian Slope Factor, cell
constant and potentiometric selectivity coefficient
for the interfering ion) which provide the best-fit
to the experimental data through minimisation
of the least-squares error. This non-linear analy-
sis is carried out using the Solver optimisation
add-on available in Microsoft Excel for Win-
dows 95, version 7.0 which, with its graphical
user interface, is very simple to use. As Excel is
normally bundled with PCs these days, the user
does not have to invest in any relatively expen-
sive specialised mathematical or statistical pack-
ages to perform the calculations.

Despite the known limitations of the Nikol-
skii–Eisenman equation (the primary and inter-
fering ions should have Nernstian slopes and the
same ionic charge), we decided to use this model

because of the large database of information on
this model in existence in the literature. For the
same reason, we chose a valinomycin-based
potassium selective electrode because of the
wealth of data available for this ISE to which
we could compare our results.

2. Experimental

2.1. Materials

All metal chlorides used were of analytical
reagent grade. High molecular weight poly(vinyl
chloride) (PVC) lithium chloride, potassium
chloride, valinomycin, tetrahydrofuran, bis(2-
ethylhexyl)sebacate (DOS) and potassium te-
trakis(4-chlorophenyl)borate (KTpClPB) were
purchased from Fluka. Magnesium chloride, cal-
cium chloride and barium chloride were pur-
chased from BDH. Sodium chloride and
ammonium chloride were purchased from Riedel
de Haen. Milli-Q grade distilled water from Mil-
lipore was used throughout.

2.2. Apparatus

A potassium-selective electrode was prepared
according to the procedure of Lu et al. [15] us-
ing valinomycin as the ionophore. The compo-
nents and composition of the membrane used in
the ion-selective electrode (ISE) are the same as
that used by Knoll et al. [16] and are given in
Table 1. Membrane resistance and potential
measurements were made with a Hewlett Pack-
ard 34401 A multimeter and a standard calomel
electrode (SCE) as a reference, obtained from
EDT Instruments, Dover, Kent, UK.

2.3. Determination of potentiometric
characteristics

The ISE and the SCE were placed in 25.0 cm3

of a 0.1 mol dm−3 aqueous solution of an inter-
fering chloride, for example, sodium chloride.
Aliquots (2, 5, 20, 45, 70 and 100 mdm3) of mix-
ture 1 (0.01 mol dm−3 potassium chloride
0.1 mol dm−3 interfering chloride (aq.)) and
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Table 1
Membrane composition (m/m%) for valinomycin ISEs

Valinomycin Other componentsa

DOS, 64.7 PVC, 32.8This report 2.0 KTpClPB, 0.5
KTpClPB, 0.5 DOS, 64.7Knoll et al. [16] 2.0 PVC, 32.8
KTpClPB, 0.5 PVCb, 49.0DOS, 49.51.0Cosofret et al. [26] (Membrane L)

2,3 DMNB, 25.0DBS, 68.0Ammann et al. [27] (Membrane 23) 5.0 KTpClPB, 2.0
— DOS, 66.0Ammann et al. [27] (Membrane 8) 1.0 PVC, 33.0

DOS, 66.0— PVC, 33.01.0Anker et al. [28] (PVC/DOS)
PVC, 33.0DOS, 66.0Jenny et al. [29] (PVC/DOS) 1.0 —
PVC, 33.0DOS, 66.0—1.0Miyahara and Simon [30] (PVC/DOS)
PVC, 33.01.0 — TOTM, 66.0Miyahara and Simon [30] (PVC/

TOTM)
OH-PVC, 33.0DOS, 66.0—1.0Miyahara and Simon [30] (OH-PVC/

DOS)
— NPOE, 67.3Moody et al. [31] 0.9 PVC, 31.8
— BBA, 68.3Anker et al. [28] (PVC/BBA) 1.3 PVC, 30.4

2.5 Silopren K 1000, Cross-linking agent K11, 14.5—Anker et al. [28] (Silopren K 1000)
83.0

— Kilopren K 1000,Jenny et al. [29] (Silopren K 1000) Cross-linking agent K11, 14.52.5
83.0

Gadzekpo and Christian [3]c

a Abbreviations (those not listed in Table 2 are given in Section 2): DOS, dioctylsebacate; DBS, dibutylsebacate; 2,3 DMNB,
2,3-dimethyl-nitrobenzene; TOTM, tri-(2-ethylhexyl)trimellitate; NPOE, ortho-nitrophenyloctylether; BBA, bis(1-
butylpentyl)adipate.
b Carboxylated.
c The valinomycin ISE used was obtained from Beckmann Instruments.

then mixture 2 (5, 15, 30, 100, 400 and 1000
mdm3), (1.00 mol dm−3 potassium chloride (aq.),
0.1 mol dm−3 interfering chloride (aq.)) were
added in the order given. These additions were
made with micropipettes, keeping the tip of the
micropipettes just above the surface of the solu-
tions while making the addition. The solution was
stirred magnetically throughout. After each addi-
tion, the potential of was recorded after 1 min.
After all additions had been made, the entire
procedure was repeated twice. In this manner, the
primary ion (K+) concentration was varied over
a very wide range (8.0×10−7–0.06 mol dm−3)
while the interfering ion concentration was kept
constant without having to transfer the electrodes
to new solutions.

This procedure was repeated for other interfer-
ing ions (Li+, NH4

+, Ca2+, Mg2+ and Ba2+).
Potentiometric selectivity coefficients were also

determined by the SS method [1] (0.1 mol dm−3

solutions of metal chlorides) for comparison.

2.4. Treatment of results

The potential, E, of a potassium-selective elec-
trode in the presence of both K+ and an interfer-
ing ion, Bz+, is given by the Nikolskii–Eisenman
equation:

E=E0+S log(aK+kPot
KBa1/z

B ) (1)

where: E0 is the cell constant; S is the Nernstian
slope factor; kKB

Pot is the potentiometric selectivity
coefficient; a is the activity of the subscripted ion;
z is the ionic charge on the interfering ion.

Single-ion activity coefficients, f, were calcu-
lated using the Davies equation:

log f= −Az2 � 
I

1+
I
−0.2I

�
(2)

where I is the ionic strength of the solution and A
is the Debye–Hückel parameter which was deter-
mined using:

A=1.82481×10−6(DT)−1.5 mol1.5dm −0.5 (3)
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where T is the absolute temperature and D is the
dielectric constant of the solvent.

The values used for D for the solvent water
were either the known value at 20°C [17] or
calculated values based on the temperature of the
experiment and empirical equations [18]. Correc-
tions were made to experimental potentials using
estimations of the liquid junction potentials, EJ, of
the reference electrode, calculated according to
the Henderson formula [19] using single-ion activ-
ities. A typical set of results are given in Table 2
for Na+ as the interfering ion.

Non-linear curve fitting was carried out to fit
the mean experimental values of the corrected cell
potentials given in Table 2, to the Nikolskii–
Eisenman model (Eq. (1)), using the optimisation
add-in, Solver, available in Microsoft Excel for
Windows 95 version 7.0 and the method of Walsh
and Diamond [20]. The optimised model returned
estimates for the model parameters kKB

Pot (see Table
3, Study 1), E0 and S (both given in Table 4). In
the case of each interfering ion, the potential of

the solution containing interfering chloride only
was ignored in the analysis as the drift in this
reading was far greater than that for any other
reading (typically after 1 min, when the reading
was taken, the drift was 0.1 mV s−1 for the
solution containing interfering chloride only but
for any other reading, it was approximately 0.2
mV min−1 after 1 min). It is worth noting that for
a given set of measurements, optimisations with
Solver produced the same set of values for E0, S
and kKB

Pot regardless of the initial values of these
parameters. Thus, we can be confident that the
optimisations converged at the global minimum,
and that the error space is relatively smooth. The
experimental potentials and those obtained by
Solver are plotted in Fig. 1(a)–(f).

An alternative to Eq. (1) for a mixture of a
primary ion and an interfering ion with ionic
charges of +1 and +2, respectively, has recently
been proposed by Meyerhoff and co-workers [14]:

E=E0+
RT
F

ln
�aK

2
+


aK
2+4aB(kPot

KB)2

2
�

(4)

Replacing the RT/F term with the Nernstian
slope factor, S and using common logs, Eq. (4)
becomes:

E=E0+S log
�aK

2
+


aK
2+4aB(kPot

KB)2

2
�

(5)

Using the same experimental data, Eq. (5) was
fitted to the mean values of the corrected cell
potentials, in the cases of the doubly-charged
interfering ions. See Fig. 2(a)–(c) for the response
curves and Table 3, Study 2 and Table 4 for the
electrode characteristics obtained using Eq. (5) as
the model for the response curve.

The data obtained from calibration of the ISE
(i.e., where measurements are made on solutions
containing only the primary salt) can also be
modeled with this Solver technique, simply by
assuming that the sum of the kKB

PotaB
1/z terms in the

extended version of Eq. (1) for several interfering
ions is constant for each of the calibration solu-
tions. However, Eq. (5) was not used to model the
calibration results as it is applicable only for a
mixture of a primary ion of charge +1 and one
interfering ion of charge +2.

Table 2
Potentials (Emean) obtained in solutions containing a fixed
background concentration of 0.1 mol dm−3 and variable K+

concentration

aNa Emean S.D.a mV−1aK EJ mV−1

mV−1

0.077260 −176.0b 0.0523.8
6.18E-07 0.0524.1−172.90.07726

0.077262.16E-06 0.052−168.8 3.8
8.34E-06 0.0523.5−160.00.07726

0.07726 −149.2 3.22.22E-05 0.052
4.37E-05 0.07726 0.052−138.6 2.7

2.5 0.0527.41E-05 0.07725c −128.8
−104.40.07724c 1.4 0.0522.27E-04

1.3 0.0526.86E-04 0.07720 −77.6
0.001599 0.0511.1−57.10.07713

0.5−31.4 0.0500.076890.004618
0.50.07600 1.5 0.0450.016499

25.30.043794 0.0370.80.07433

The Na+ activity remains relatively constant except for the
most concentrated solution.
a S.D., standard deviation.
b This value was not used in the non-linear analysis as the drift
in the reading was too great, as is explained in Section 2.4.
c The mean of these aNa values were used to calculate the LOD
(Eq. (7)).
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Table 3
Log of potentiometric selectivity coefficients, logKB

Pot, for valinomycin ISEs

Method Interfering ionStudy

Ca2+ Ba2+Li+ Na+ NH4
+ Mg2+

−4.08−4.30 −4.031 −1.94This report a,b −4.16 −3.71
−4.35 −4.13 −4.092 This report b,c

−3.87−4.10−4.173 This report −2.22b,d −4.11 −3.60
−3.73−3.984 This report b,e −4.04
−4.44−4.01−4.705 This report −1.85SSb −4.39 −3.98

— — —6 —Knoll et al. [16] MSb −4.3 −4.2
−4.30 —7 —Cosofret et al. [26] (Membrane L) −1.81SSb −3.98 −3.56

— −5.1 −4.48 −5.0Ammann et al. [27] (Membrane 23) SSb −4.0 −3.5
−4.6−4.7−4.99 Ammann et al. [27] (Membrane 8) −2.0SSb −4.3 −4.1

−2.0 −4.8 −4.610 −4.5Anker et al. [28] (PVC/DOS) −4.3 −4.0
−4.59 −4.5111 −4.82Jenny et al. [29] (PVC/DOS) −2.01SSa −4.28 −4.04

−4.97 −4.5012 Miyahara and Simon [30] (PVC/DOS) SSa −4.47 −3.92 —−1.87
−4.92 −4.8213 Miyahara and Simon [30] (PVC/TOTM) SSa −4.80 −4.09 −2.04 —

−3.98−3.4414 —Miyahara and Simon [30] (OH-PVC/DOS) −1.82SSa −3.53 −2.40
−3.96 −3.8015 Moody et al. [31] SSf −2.88 −3.02 — —

−5.4−4.8−4.616 Anker et al. [28] (PVC/BBA) −1.9−4.7 −3.7
−1.8 −4.3 −4.217 −3.8Anker et al. [28] (Silopren K 1000) −4.3 −4.0

−3.77−4.16−4.3118 Jenny et al. [29] (Silopren K 1000) −1.81SSb −4.33 −4.00
— —19 Gadzekpo and Christian [3] MSg — −3.54 — —

—−3.74−3.9220 Gadzekpo and Christian [3] —SSh — −2.15
— −3.70 −3.6821 Gadzekpo and Christian [3] SSi —— −3.17
— −3.68 −3.4322 Gadzekpo and Christian [3] MP —— −4.08

a Modified FI method combined with non-linear analysis based on Eq. (1).
b 0.1 mol dm−3 solutions of metal chloride.
c Modified FI method combined with non-linear analysis based on Eq. (5).
d Obtained using Eq. (7), with an LOD estimated using Eq. (1) as the model.
e Obtained using Eq. (7), with an LOD estimated using Eq. (5) as the model.
f 0.01 mol dm−3 solutions of metal chloride.
g 0.140 mol dm−3 solution of sodium chloride.
h Equal concentrations of primary and interfering ions.
i Unequal concentrations of primary and interfering ions.

The goodness of fit of the optimised model to
the experimental data can be quantified by the
standard deviation of the experimental values
from best-fit curve, s [21]:

s=
'S (E*−E)2

n−p
(6)

where: E* is the predicted potential; E is the
measured potential; n is number of measurements
(12 in this case); p is the number of parameters to
be varied to determine the curve of best fit (three
in this case).

s, unlike the correlation coefficient which can
be used in linear regression only, is approximately

equal to experimental error of the dependent vari-
able and has the same unit of measurement.

For comparison, Table 3 also lists potentiomet-
ric selectivity coefficients, obtained using the SS
method [1] (Study 1), and the FI method [1]
(Study 3 and 4, in the case of the doubly charged
interfering ions) using the same FI experimental
data and Eq. (7) [22]. The limit of detection
(LOD) used when applying Eq. (7) is estimated by
determining the K+ activity for which the linear
and rising portion of the graph deviates by
2.303RT log 2/F mV from the curved part as de-
scribed the Nikolskii–Eisenman model (Study
3) or by Eq. (5) (Study 4). As the interfering ion
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Table 4
Other ISE characteristics

E0 mV−1a,b LOD (log aK)Interfering ion Model equationS mV−1 decade−1a,b

100.6590.65 −5.70— Eq. (1)57.8490.24
−5.22 Eq. (1)101.2890.3358.2390.06Li+

101.8390.30 −4.72Na+ Eq. (1)56.8790.49
Eq. (1)−3.1799.4490.8356.6790.50NH4

+

−4.97 Eq. (1)Mg2+ 57.0090.13 96.2790.27
−4.90 Eq. (1)Ca2+ 56.8890.04 96.9890.33

96.0991.56 −4.67Ba2+ 55.9490.68 Eq. (1)

−4.84 Eq. (5)55.4390.20 92.8290.12Mg2+

−4.78 Eq. (5)Ca2+ 55.0590.11 93.1490.14
91.9591.80 −4.53Ba2+ 53.9890.81 Eq. (5)

a The S and E0 values quoted were obtained by linear analysis on the mean of the corrected potentials.
b The errors quoted are the standard deviation of the values obtained from non-linear analysis of three replicate data sets for the
interfering ion studies. In the case of pure K+ solutions (first row), the errors are the standard error of the slope and intercept of
the regression line calculated over the activity range 10−4–0.1 M.

activity varies slightly (for example, see Table 2),
the mean value of a1/zB

B in the region of the LOD
was used to calculate the potentiometric selectiv-
ity coefficient when using Eq. (7).

kPot
KB=LOD/a1/zB

B (7)

The estimated limits of detection are given in
Table 4.

3. Results and discussion

Before testing newly fabricated electrodes, the
membrane integrity was checked by measuring the
d.c. resistance. These were found to lie in the
range 1.0–1.1 MV, which is typical for PVC-
membrane ISEs [23].

Table 3 shows that the log kKB
Pot values obtained

using the data analysis method based on Nikol-
skii–Eisenman model (Study 1) are very similar to
those obtained for similar membrane composi-
tions using both the conventional FI method
(Study 3) and the SS method (Study 5). Given the
variety of experimental conditions, methods and
conditions under which the measurements were
made, the degree of agreement between the results
of the various studies illustrated in Table 3 is very
encouraging. In almost every case, the general
trend is the same (Li+BNa+BNH4

+ and Mg2+

BCa2+), and the values are within an order of
magnitude of each other. One exception is the
value for the Li+ potentiometric selectivity coeffi-
cient reported by Moody et al. (Study 15) [31]
which is significantly lower than all other studies.
Gadzekpo and Christian [3] obtained very differ-
ent log kKB

Pot values (by four different methods) for
a valinomycin-based potassium ISE (see value for
Na+ potentiometric selectivity coefficient for ex-
ample, Studies 19–22). In the case of Ca2+ and
Ba2+, good selectivity is obtained by all three
methods used in this research, although there are
some slight differences in the values of the coeffi-
cients. However, this is to be expected in these
types of measurements, and is reflected in the
variations reported by other researchers (see
Table 3). Metzger et al. [24] and Gadzekpo et al.
[25] have also demonstrated with a number of
ionophores that different values for potentiomet-
ric selectivity coefficients are obtained depending
on whether the FI method or the MP method is
used. We believe that our new method is to be
preferred as it involves minimising the sum of the
squares of the errors over the entire data set
(covering a wide range in primary ion activity)
rather than using selected portions of the response
curve in a very subjective way.

Of results quoted from other researchers in
Table 3, those from Knoll et al. [16] (Study 6) are
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Fig. 1.

important as the membrane components and
composition employed are identical to those used
in this investigation, and they used the FI method
[1] for determining potentiometric selectivity co-
efficients. Cosofret et al. [26] (with Membrane L
in their paper) used membranes with similar com-
ponents and composition to this investigation but
estimated the potentiometric selectivity coeffi-
cients by means of the SS method (Study 7). In
both cases, while the values are not an exact
match with our data (Study 1), the variations are
reasonable given the differences in experimental
methods and design.

Table 3 also lists the log kKB
Pot values obtained

with the formalism (Eq. (5)) recently proposed by
Meyerhoff and co-workers for situations where
the primary ion charge is +1 and the interfering
ion charge is +2 (Study 2). These values were
calculated using the same experimental data used
for the Nikolskii–Eisenman model (Study 1), but

with the least squares error generated from Eq.
(5). The trends in the log kKB

Pot values using both
models are the same (Mg2+BCa2+:Ba2+), but
Eq. (5) generates slightly more negative values.
With both models, the average relative standard
deviation of the potentiometric selectivity coeffi-
cient for the three doubly charged interferents is
15–16% (n=3). The trends in the log kKB

Pot values
obtained with the conventional FI method [1],
using both the Nikolskii–Eisenman equation and
Eq. (5) are also the same (Mg2+:Ca2+BBa2+,
see the Study 3 and 4 results).

In the light of Bakker’s work on ISEs condi-
tioned in an interfering ion solution [4], it could
be argued that the potentiometric selectivity co-
efficients obtained are merely an indication of the
detection limit of the ISE. If our results were in
fact a measure of the LOD of the electrode, then
one expect that the effect of the interfering
ion would be the same in each case. However, the
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Fig. 1. (a)–(f) Plot of mean experimental potentials (") and predicted potentials (line) according to the optimised model based on
Eq. (1), versus log aK with standard deviations as error bars (n=3). The interfering ions are Li+ (a), Na+ (b), NH4

+ (c), Mg2+

(d), Ca2+ (e) and Ba2+ (f). The circular points are potentials obtained with pure potassium chloride solutions.

response curves in Fig. 1 invalidates this latter
argument as the location of the plateau region of
the graph is clearly dictated by the identity of the
interfering ion. Clearly therefore, the log kKB

Pot val-
ues obtained with our new method are a measure
of practical selectivity.

The Nernstian Slope Factors, S, obtained using
the Nikolskii–Eisenman model and Eq. (5) (given
in Table 4), are all close to the ideal Nernstian
values, as would be expected for a valinomycin
ISE.

The cell constants, E0, obtained with the Nikol-
skii–Eisenman model (Table 4), are similar for
interfering ions of a given charge but are different
for ions of different charge. One reason for this
difference is that the E0 values for the doubly-
charged ions decreased by approximately 2 mV on

correcting the experimental potentials for varia-
tion in the liquid junction potentials but this
correction brought about negligible change in the
E0 values for the singly-charged ions (i.e., agree-
ment was closer prior to correction). Similar val-
ues are obtained with Eq. (5) as the model as
would be expected. Nernstian slope factors ob-
tained in the presence of doubly-charged interfer-
ing ions are slightly higher (by ca. 0.6 mV) and
the log (LOD) values are slightly more negative
using Eq. (5) as the model. Overall, the differences
in electrode parameters returned by the two mod-
els are small. Given the ease with which Excel can
be set up to model either equation with the same
data sets, it would be for other groups to
compare electrode parameters obtained with both
approaches. We have already obtained data show-
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ing similar agreement for parameters calculated
Meyerhoff’s formalism and the Nikolskii-Eisen-
man equation from data obtained with the cal-
cium selective electrode and several singly-charged
interferents.

In any curve-fitting exercise, it is useful to

Table 5
Standard deviation of the experimental values from the curve
of best fit, s

s/mV−1a,b s/mV−1a,bInterfering ion

Model: Eq. (5)Model: Eq. (1)

0.6890.02Li+

Na+ 0.8690.22
0.5190.04NH4

+

0.9690.12 2.2890.18Mg2+

2.0390.04Ca2+ 0.7190.02
3.5090.352.0790.58Ba2+

a Obtained by non-linear analysis of the mean corrected poten-
tials.
b The errors quoted are standard deviation of the values
obtained from non-linear analysis of the individual potentials.

Fig. 2. (a)–(c) Plot of mean experimental potentials (") and
predicted potentials (line) according to the optimised model
based on Eq. (5), versus log aK with standard deviations as
error bars (n=3). The interfering ions are Mg2+ (a), Ca2+

(b) and Ba2+ (c). The circular points are potentials obtained
with pure potassium chloride solutions.

compare the quality of the fits obtained with the
experimental data. One approach is to use the
standard deviations of the experimental values
from the best-fit curves, s (see Eq. (6)) [21].

Table 5 lists the s values obtained using Eq. (1)
(and Eq. (5) for the doubly charged interfering
ions) as the models. These values are low enough
to suggest that the optimised model fits the exper-
imental data very well for each interfering ion and
that therefore, the values returned for the model
parameters are accurate. For example, in the case
of Na+, the s value of 0.86 mV is very low
considering the large range in potentials covered
(more than 200 mV), and the standard deviation
in the experimental mean potentials which vary
from 0.8 mV (at high K+ activity) to 4.1 mV
(n=3). The utility of the s parameter is well
illustrated by comparing the values for the differ-
ent ions. Clearly, Ba2+ gives by far the worst fit
for both models, and this is confirmed by visually
comparing the actual curves (see Fig. 1(f) in com-
parison with other curves in Fig. 1 and Fig. 2(c)
in comparison to other curves in Fig. 2).

The s values obtained when using Eq. (5) as the
model for the doubly-charged interfering ions, are
greater than that obtained when using the Nikol-
skii–Eisenman model. This would suggest, in the
case of our data, that the –Eisenman
model (Eq. (1)) gives a better overall fit to the
experimental data than Eq. (5).
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The residual plots resulting from the fits ob-
tained by the two models are illustrated in Fig.
3(a)–(c). These plots confirm that the Nikolskii–
Eisenman model gives better fits in all three cases
to those obtained with Eq. (5). Our results there-
fore suggest that there is no major difference in
the electrode parameters obtained with either
model, but that the quality of the fit is superior
with the Nikolskii–Eisenman model for these par-
ticular data.

4. Summary

We believe that the method of determination of
potentiometric selectivity coefficients described in
this paper is superior to the conventional mixed
solution and SS methods for the following rea-
sons:
1. Conventional beaker-to-beaker measurements

are prone to carry-over contamination be-
tween measurements; this cannot occur in the
experimental procedure that we have devel-
oped as all measurements are performed in a
single vessel.

2. Relatively few solutions need to be made up,
and the experimental procedure is practically
simple to implement. Hence it is easy to repli-
cate data sets.

3. Transfer of electrodes between beakers results
in the formation of an open circuit with asso-
ciated large transient shifts in cell potential,
which the cell may or may not fully recover
from. This does not happen in the proposed
method as the electrodes are in continuous
contact with the sample, and no open circuit is
generated at any time during an experimental
run.

4. The use of a non-linear curve fitting approach
means that all the experimental data are used
to estimate the electrode parameters. Unlike
the conventional FI method [1], there is no
element of subjectivity, and the approach can
easily cope with ions of differing charge.

5. The ease with which Excel spreadsheets can be
modified allows the analyst to quickly investi-
gate the usefulness of models other than the
Nikolskii–Eisenman equation such as Eq. (5).
A macro can be easily written (with the
Record Macro option on the Tools menu) for
modifying the Worksheet relating to one inter-
fering ion and this macro is then executed for
each of the other interfering ions.

6. The quality of the electrode parameters can be
compared at a glance through the s value in a
single run. Furthermore, examination of the
response curves in Fig. 1 and Fig. 2, or the
residual error plots (Fig. 3) enable a very
comprehensive picture of the data quality to
be obtained.

Fig. 3. Plot of residual error resulting from the fit of the Eq.
(1) (solid line) and Eq. (5) (broken line) to the mean experi-
mental potential versus log aK. The interfering ions are Mg2+

(a), Ca2+ (b) and Ba2+ (c).
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7. Finally, Solver can change up to 200 parame-
ters simultaneously and so, in principle, poten-
tiometric selectivity coefficient measurements
can be made for a primary ion in the presence
of many interfering ions, should this be re-
quired.

In conclusion, we feel that this approach, if
adopted by other investigators, would enable elec-
trode parameters to be more rigorously measured,
and would lead to much greater confidence in the
applicability of these data.
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Abstract

A simple, sensitive and rapid differential pulse polarographic method has been developed for the quantitative
determination of organophosphorus pesticides such as dicrotophos, crotoxyphos and chlorfenvinphos in agricultural
formulations in universal buffers of a pH range 2.0–12.0. The sample is treated with ethanol to facilitate the
dissolution of these pesticides. Both standard addition and calibration methods can be used for the analyses. The
lower detection limits are 1.25×10−9, 1.05×10−9 and 1.0×10−9 M, respectively. The method can be applied
successfully to determination of these pesticides in grains and soil. © 1997 Elsevier Science B.V.

Keywords: Chlorfenvinphos; Crotoxyphos; Dicrotophos; Differential pulse polarography

1. Introduction

One of the most important classes of insecti-
cides is organophosphorus compounds. Dicro-
tophos [I], crotoxyphos [II] and chlorfenvinphos
[III] are systemic and general insecticides [1,2].

These are effective against a wide range of insects
on fruits, vegetables, and commercial crops. To-
day these are widely used because of their low
persistence and high effectiveness. Reliable analyt-
ical procedures are therefore needed for their de-
termination.

* Corresponding author.
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By reviewing literature of many studies [3–7] it
is found that a number of organophosphorus
pesticides have been determined by means of tech-
niques such as gas chromatography, thin-layer
chromatography, high performance liquid chro-
matography as well as spectrophotometry. A gas
chromatographic method has been used for the
determination of dicrotophos in foods [8], and
fruits and vegetables [9]. Crotoxyphos has been
determined by a gas chromatographic method [10]
in industrial chemical residues and by HPLC [11].
Electrochemical techniques [12,13] have been
widely used for the determination of \C�CB
containing pesticides. But no discussion has been
given to understanding the differential pulse po-
larographic behavior of the title compounds and
to the determination of these compounds by
means of differential pulse polarography.

This article attempts to understand the pulse
polarographic behavior of these pesticides and
describes an electroanalytical procedure for the
determination of these pesticides in formulations,
grains and soil samples with the aid of differential
pulse polarography.

2. Experimental

Differential pulse polarograms were obtained
with a Metrohm E506 polarecord connected to a
E616 VA Scanner. The three-electrode assembly
consisted of a dropping mercury electrode (of area
0.0223 cm2) as working electrode, a saturated
Ag/AgCl(s), Cl− reference electrode, and a plat-
inum wire auxiliary electrode. All experiments
were performed at 2591°C; pH measurements

were carried out with a Elico digital pH meter.
Dissolved air was removed from the solutions by
degassing with oxygen-free nitrogen for 10 min.

The compounds were supplied by ‘Pro-
mochem’, West Germany. The purity of the com-
pounds was tested by boiling point determination.
Stock solutions were prepared by dissolution of
the required amounts of compounds in ethanol.
The Universal buffers of pH 2.0–12.0 are pre-
pared from 0.2 M boric acid, 0.05 M citric acid
and 0.1 M tri sodium orthophosphate [14]. All
chemicals used were of AnalaR grade.

3. Results and discussions

The differential pulse polarographic behavior of
dicrotophos, crotoxyphos and chlorfenvinphos
was examined over the pH range 2.0–12.0. All
these compounds were found to give a single
well-defined peak in all the buffer systems studied.
The single peak is attributed to reduction of the
carbon-carbon double bond (\C�CB ) in a two-
electron process. Typical differential pulse polaro-
grams for crotoxyphos and chlorfenvinphos are
shown in Fig. 1.

The reduction process for these pesticides is
diffusion controlled and adsorption free in all the
buffer systems studied, as evidenced by the linear
plots of im (im=maximum current observed in
differential pulse polarography) versus t2/3 (t=
drop time) passing through the origin [15]. Varia-
tion of Em (Em=potential at maximum current in
differential pulse polarography) values toward
more negative potentials upon increasing the con-
centration of depolarizer [16,17] indicated the irre-
versibility of the electrode process. In the above
compounds, Em values depend on pH and shift
towards more negative potentials with an increase
in pH of the buffer solutions (Fig. 2).

It is observed from a comparison of the peak
potentials of the three compounds that chlorfen-
vinphos is more easily reduced than dicrotophos
and crotoxyphos. The presence of two electron-
withdrawing chlorines in chlorfenvinphos makes
reduction of the carbon-carbon bond eas-
ier in chlorfenvinphos than in dicrotophos and
crotoxyphos. The order of reduction is as follows
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(from the comparison of peak potentials): chlor-
fenvinphos\crotoxyphos\dicrotophos.

3.1. Analysis

In Fig. 2, the variation of peak current for
reduction of dicrotophos as a function of pH is
presented. It can be observed that the peak cur-
rent shows a maximum at pH 4.0, since in this
media proton involvement is high making
\C�CB group protonated which in turn gets
reduced more easily. But in basic media (pH
8.0–12.0), the reduction of \C�CB group is not
easily facilitated owing to the less availability of
protons. The polarographic peaks obtained at pH
4 and 6 for the title compounds were well-resolved
and used for the analysis. For the quantitative
estimation of the three compounds, both calibra-

Fig. 2. Variation of peak current (�) and peak potential (�)
for dicrotophos reduction as a function of pH. Concentra-
tion=1.0×10−5 M; Drop time=2 s; Pulse amplitude=50
mV.

tion and standard addition methods were used.
Peak heights were found to be linear in the range
1.0×10−5–1.9×10−9 M, 1.5×10−5–4.0×10−

9 M, and 1.25×10−5–1.5×10−9 M for dicro-
tophos, crotoxyphos and chlorfenvinphos,
respectively. The detection limits were found to be
1.25×10−9 M, 1.05×10−9 M, and 1.0×10−9

M for the respective compounds. The detection
limit (dl) [18] was calculated using the expression
dl=3 S.D./m, where S.D.=standard deviation
and m=slope of the calibration plot.
3.2. Recommended analytical procedure

A stock solution (1.0×10−5 M) is prepared by
dissolution of the appropriate amount of the elec-
troactive species in ethanol. Standard solution, 1
ml, is transferred into a polarographic cell and
diluted with 9 ml of supporting electrolyte and
then deoxygenated with nitrogen gas for 10 min.
After the polarogram is recorded, small incre-
ments (0.2 ml) of standard solution are added and
a polarogram is recorded after each addition un-
der similar conditions. In present study, the best
precision was obtained at pH 4.0, with a drop
time of 2 s, a pulse amplitude of 50 mV, and an
applied potential of −1.05 V, −1.12 V, and
−0.95 V (vs. Ag/AgCl(s)), respectively, for the
three compounds. The relative standard devia-
tions and correlation coefficients were found to be
1.24 and 0.993%, 1.1 and 0.998%, and 1.29 and
0.996% for the respective compounds.

Fig. 1. Typical differential pulse polarograms of crotoxyphos
(I) and chlorfenvinphos (II) in pH 4.0. Concentration=1.0×
10−5 M; Drop time=2 s; Pulse amplitude=50 mV. The
linear plot of peak current versus concentration of cro-
toxyphos is shown in the inset.
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Table 1
Determination of dicrotophos, crotoxyphos and chlorfenvinphos in formulations by differential pulse polarography

pH of the supporting electrolyte Labelled amount Average recovery (%)Compound Average amount found9S.D.
(mg) (mg)*

Dicrotophos formulation
99.604.9890.0135.04.0Bidrin

3.0 2.9590.0204.0 98.30
5.0 4.8590.0506.0 97.00

2.9190.0963.0 97.006.0
99.204.9690.020Carbicron 4.0 5.0
99.332.9890.0103.04.0

6.0 5.0 4.8690.073 97.20
6.0 3.0 2.9290.032 97.33

Crotoxyphos formulation
4.0 5.0 4.9590.020 99.00Ciodrin

99.002.9790.0103.04.0
5.0 4.9090.0156.0 98.00
3.0 2.8990.0366.0 96.33

99.404.9790.0205.04.0Cypona
3.0 2.9690.0204.0 98.66

97.204.8690.0266.0 5.0
6.0 3.0 2.9190.030 97.00

Chlorfenvinphos formulation
99.672.9990.010Dermaton 4.0 3.0
98.404.9290.0505.04.0

3.0 2.9290.0266.0 97.33
5.0 4.8790.0266.0 97.40

2.9590.0363.0 98.334.0Birlane
98.604.9390.0204.0 5.0
96.672.9090.0263.06.0

5.0 4.8990.043 97.806.0

* Each value is an average of three determinations.

This procedure was successfully used for the
determination of these compounds in their formu-
lations at different pH values.

3.3. Analysis of formulations

The required quantity of formulation corre-
sponding to a 1.0×10−3 M stock solution was
accurately measured and transferred into a 100 ml
volummetric flask containing 50 ml of ethanol. A
solution of approximately 1.0×10−5 M was pre-
pared by dilution of this stock solution with univer-
sal buffer. Assay results for dicrotophos,
crotoxyphos, and chlorfenvinphos in formulations
at pH 4.0 and 6.0 are given in Table 1.

3.4. Analysis of pesticides in grains or soil

Grain (rice or wheat) samples (50 g) or soil
sample (25 g) were sprayed with known amounts
of dicrotophos, crotoxyphos, or chlorfenvinphos
and left for 2–4 h. The extracts were prepared by
treatment of a crushed sample with 100 ml of
acetone. The extract was evaporated to dryness.
The residue of dicrotophos, crotoxyphos, or chlor-
fenvinphos was dissolved in ethanol and trans-
ferred to a 50 ml volummetric flask.

Results obtained for the determination of pesti-
cides in grains and soil are presented in Table 2.
Recoveries of dicrotophos, crotoxyphos, and chlor-
fenvinphos from 96.33 to 99.67%, which
indicates the accuracy and reproducibility of the
proposed differential pulse polarographic method.
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Table 2
Recovery of dicrotophos, crotoxyphos and chlorfenvinphos added to grains and soil

Amount added (mg) Average recovery (%)Average amount found* (mg)Compound

Wheat RiceWheat Rice Soil Soil

97.25 99.2499.08Dicrotophos 4.9625.0 4.863 4.954
98.95 98.4510.0 9.895 9.845 9.825 98.25
98.72 98.2515.0 14.81 14.74 14.98 98.85

99.0599.4519.8120.0 99.1819.84 19.89

4.943 97.48 98.90 98.85Crotoxyphos 5.0 4.874 4.945
98.00 98.6510.0 9.810 9.915 9.855 98.55

99.1598.62 98.6514.7915.0 14.79 14.87
19.79 97.08 99.32 98.9520.0 19.42 19.86

97.1597.00 97.35Chlorfenvinphos 4.8685.0 4.850 4.858
98.90 97.8010.0 9.850 9.890 9.780 98.50
99.04 98.7015.0 14.81 14.86 14.81 98.70

19.78 97.60 98.2520.0 19.52 98.9019.65

* Each value is an average of three determinations.

The data incorporated in Tables 1 and 2 sug-
gest that, in addition to dicrotophos, crotoxyphos,
and chlorfenvinphos, other constituents present in
grains and soil do not interfere in the proposed
method. The proposed method is simple, rapid,
reliable, and sensitive and hence can be used in
insecticidal formulations. The method does not
involve the elaborate clean-up procedures re-
quired with the other methods.
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Abstract

Phenylphosphonic acid was imbedded into the matrix of the polyurethane foam during the fabrication process of
the polymer. The extraction of uranium by phosphonic acid-imbedded polyurethane foam and blank polyurethane
(i.e., foam without phosphonic acid functional groups) was investigated. Phosphonic acid-imbedded foam showed
superior extractability of uranium from solutions with pH=7.091.5 over a wide range of temperature. © 1997
Elsevier Science B.V.

Keywords: Aqueous; Phosphonic; Polyurethane; Uranium

1. Introduction

Polyurethane foams have received considerable
attention over the past two decades for their use
in the separation and concentration of a wide
variety of organic and inorganic compounds from
aqueous solutions [1,2]. These foams have also
been successfully used as inert supports for vari-
ous extractants [3–9]. In this paper we describe a
procedure for the preparation of a polyurethane
foam using Hypol™ prepolymer and the incorpo-
ration of phosphonic acid groups into the
polyurethane foam.

Polyurethane foams that are both elastomeric
and hydrophilic, can be made by reacting Hy-
pol™ prepolymer with active hydrogen-contain-

ing compounds (i.e., H2O, ROH, etc.). Hypol™
prepolymers are a mixture of prepolymers derived
from toluene diisocyanate. Polyurethane foams
can be prepared by mixing equal weights of Hy-
pol™ prepolymers and water. Additives may be
introduced in either or both of the organic and
aqueous layers [10,11].

A number of papers have been published de-
scribing the synthesis of sorbents containing phos-
phonic acid for the selective sorption of uranium
from aqueous systems [12–16]. The synthesis of
these sorbents is often tedious and difficult to
undertake.

A relatively simple preparation of a phosphonic
acid-imbedded polyurethane foam and the evalua-
tion of its ability to extract uranium from
aqueous solutions with a wide range of pH and
temperatures will be discussed in this paper.* Corresponding author. Fax: +1 204 2750905.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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2. Experimental

2.1. Apparatus

Absorbance measurements for the determina-
tion of uranium were made with a Hewlett–
Packard Model 8452A diode-array
spectrophotometer. Sample solutions were
pumped through a 0.5 cm pathlength, quartz
flow cell using a Piper Pump™ Model P10T
peristaltic pump.

The synthesized polyurethane foams were ini-
tially cut into small pieces and then placed in
liquid nitrogen. The frozen foams were ground
into a fine powder in a stainless steel container
on a Waring™ blender. Sample solutions at 4
and 22°C were shaken with a Burrell Wrist-Ac-
tion Shaker. Similarly at 40 and 70°C a Dubnoff
Metabolic Shaking Incubator was used for shak-
ing the samples. Measurements of pH were ob-
tained using a Fisher Accumet™ Model 825MP
pH meter.

2.2. Reagents

All chemicals were reagent grade and the wa-
ter used was purified initially by reverse osmosis
and then passed through a Barnstead Nanopure
II™ system. Uranium solutions ranging from 1
to 10 ppm were prepared by successive dilution
of a 2000 ppm uranium solution which was
made from uranyl acetate (BDH, England).

Phenylphosphonic acid and the photometric
reagent, Arsenazo III, were obtained from
Aldrich (WI, USA). The prepolymer used for
the production of the polyurethane foams was a
sample of Hypol™ FHP2002 provided by W.R.
Grace (MA, USA).

2.3. Analysis

The determination of uranium involved the
use of Arsenazo III as the photometric reagent.
Arsenazo III has been used as the preferred
choice of chromogenic reagent for the spec-
trophotometric determination of uranium over
the last three decades [17,18]. In moderately

acidic media, uranium forms a 1:1 complex with
Arsenazo III with a stability constant, log b1=
5.42 [19,20]. The Arsenazo III concentration was
always kept at levels slightly higher than that of
uranium to ensure the complete formation of the
complex while keeping the background as low as
possible.

A continuous flow spectrophotometric method
was employed for the determination of uranium
[21]. Analysis by this method involves the simul-
taneous pumping of the photometric reagent
(0.006% Arsenazo III in 0.12 M HCl) and the
uranium solution into a flow mixing cell to form
the uranium-Arsenazo III complex. This com-
plex then enters the analytical flow cell where
the absorbance measurements are recorded using
the diode-array spectrophotometer.

The choice of dissolving Arsenazo III in 0.12
M HCl permitted the analysis of uranium solu-
tions with a wide range of pH values. Acid con-
centrations greater than 0.12 M HCl produced
larger errors with low pH uranium solutions due
to changes in the uranium species present in
highly acidic solutions. Concentrations lower
than 0.12 M HCl resulted in larger errors with
higher pH uranium solutions because this mix-
ture resulted in neutral or basic solutions which
affect the solution constituents.

Quantitative analysis of uranium was obtained
by using the ‘Quantitation’ program which was
part of the software menu for the Hewlett–
Packard system. Internal referencing was used to
improve the precision of the readings by reduc-
ing the impact on the baseline of any changes
due to dust, air or variations in lamp intensity.
The absorbance at 768 nm on the baseline was
subtracted from the absorbance at the analytical
wavelength of 650 nm. The difference in ab-
sorbance was used for both calibration and sam-
ple analysis. The calibration curve shown in Fig.
1 was obtained by using a second order curvefit
for uranium standards ranging from 1 to 10
ppm. A 10 ppm uranium standard solution and
a water blank were analysed ten times to deter-
mine the precision of the analytical technique.
The averages found were 10.090.03 and 0.09
0.05 ppm uranium [21].
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2.4. Procedure

Polyurethane foams can be made by mixing
Hypol™ prepolymers with water and improve-
ments to the foam can be attained by mixing in
different additives. In a preliminary study [21],
several experiments were performed to investigate
the effects of changing the ratio of Hypol™ pre-
polymer to aqueous layer and the effect of
phenylphosphonic acid as an additive in the
aqueous layer.

The foams were prepared by mixing 10 ml of
Hypol™ prepolymer with various amounts of wa-
ter in a 150 ml glass beaker and stirring with a
glass rod. Phenylphosphonic acid was added to
the aqueous layer. Foams were prepared with the
aqueous layer adjusted to pH values of 1, 7 and
13. A solution of pH 1 was obtained by simply
dissolving phenylphosphonic acid; pH 7 and 13
solutions were prepared by the addition of 2 M
NaOH.

When the ratio of the polymer to aqueous layer
was 1:0.5, the result was a strong but hydrophobic
foam. When the ratio was 1:2, the foam produced

was weak in mechanical strength but hydrophilic
in nature. The optimal foam which is both hy-
drophilic and strong was obtained when the ratio
of reagents was 1:1. Several other variations in
polymer to aqueous layer ratios were studied. In
some experiments a surfactant was added and/or
a weak vacuum applied in an attempt to improve
the formation of the foam. Among the various
formulations attempted, only one produced a
foam that was hydrophilic, elastomeric and capa-
ble of sorbing uranium from aqueous solution.
This foam, called ‘phosphonic acid foam’, was
used for all subsequent experiments. This phos-
phonic acid foam was obtained by mixing the
prepolymer and water in a 1:1 ratio with 5%
wt/wt phenylphosphonic acid in the aqueous layer
with this layer at pH 1.0. The mixture was rapidly
stirred for 15 s with the use of a glass rod. The
mixing resulted in a cloudy emulsion followed by
a slow increase in volume due to the release of
carbon dioxide.

The resulting phosphonic acid foam became
tack-free within 5 min and was air-dried in a
fumehood for 8 h. The dried foam was cut into
small pieces and immersed in liquid nitrogen. The
frozen foam became brittle and was easily ground
to a fine powder using a blender. Powdering the
foam was necessary to reach equilibrium more
quickly between the polymer and the uranium
solution and to ensure more reproducible results.
The powdered foams were initially soaked in wa-
ter for 4 h and the resulting slurry was then
filtered through a Whatman™ No. 541 filter pa-
per using a Buchner funnel. The foam was recov-
ered from the filter and the complete procedure,
soaking and filtering, was repeated twice more.
The foam was then cleaned in an identical manner
with acetone. This procedure should remove all
water or acetone soluble impurities from the
foam. The clean, powdered foam was then vac-
uum dried for 4 h to remove traces of acetone
from the foam. Blank polyurethane foam was
prepared by a similar process without the addition
of phenylphosphonic acid. The colour of the
phosphonic acid foam was light brown in com-
parison to the blank foam which was white.

The capability of the foams to extract uranium
was tested by adding 25 ml of 10 ppm uranium

Fig. 1. Calibration graph for uranium standards between 1
and 10 ppm. A 5 mm Markson™ cell and 0.006%.
Arsenazo III in 0.12M HCl were used.
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solution to a 60 ml Nalgene™ polypropylene
screwtop bottle together with 0.20090.003 g of
the powdered foam. The capped bottles were
shaken for 5 h using an automatic shaker. The
solutions were filtered and then analyzed for ura-
nium content. The Nalgene™ bottles with stan-
dard solutions were used to obtain a calibration
curve and Fig. 1 shows that there was no sorption
of uranium by the bottles.

2.5. E6aluation of the foam

Uranium solutions with pH values between 1.4
and 11.0 and at different temperatures between 4
and 70°C were used to evaluate the extraction
characteristics of the phosphonic acid foam and
the blank foam. The pH of the solutions was
adjusted with 2 M HCl or 2 M NaOH using a pH
meter. Uranium solutions were equilibrated to the
required temperatures for several hours before
adding them to the plastic bottles containing the
foams. The uranium solutions were shaken at 4
and 22°C using a Burrell Wrist Action Shaker and
at 40 and 0°C using a Dubnoff Metabolic Shaking
Incubator with a variable temperature-controlled
water bath. Temperature measurements were
within 92°C during the shaking process.

The percentage extraction was calculated as

%E=100×
(I−F)

I

where %E is the percent extraction, F is the
concentration of uranium remaining in solution
after extraction and I is the original concentration
of uranium available for extraction. I is the con-
centration of uranium of a standard solution after
treating it to the same filtration, pH and tempera-
ture conditions as the foam sample solutions with
the exception of the foam.

The concentration of available uranium must
be used rather than the calculated initial concen-
tration to adjust for any loss of uranium during
filtration due to precipitation of uranium. Ura-
nium precipitation is known to occur at pH\2
although this is not generally visible; Feldman et
al. [22] observed the precipitation from uranyl
nitrate solutions at pH\4.5 by using centrifuga-
tion. Experiments were performed in triplicate at

Fig. 2. Comparison of the extraction capability of urganium
from aqueous solutions by phosphonic acid-imbedded
polyurethane foam and blank foam at 4°C. – � – Phosphonic
acid foam – 
 – blank foam.

the same pH and temperature and the average
values of I and F used to calculate %E.

3. Results and discussion

A study was done at 22°C using various times
for the equilibration process. It was found that
the extraction increased up to 2.5 h and then
stabilized. In all subsequent experiments a time of
5 h was used to ensure equilibrium. Phosphonic
acid foam exhibits good extraction capabilities for
the sorption of uranium, which exists as various
oxycation species of uranium (VI), between pH
5.3 and 8.2. The extraction capability decreases at
either end of the pH range as shown in Figs. 2–5.
The decrease in extraction is due to the presence
of different proportions of several uranium spe-
cies dependent on the pH of the solution. The
species formed in aqueous HCl solutions below
pH 3 and UO2Cl2 and UO2Cl+ [23] which do not
seem to be extractable. In basic solutions above
pH 10, other species which may not be extractable
by the phosphonic acid foam, such as UO2(OH)3

−

are formed because of the hydrolysis of the uranyl
ion [23].
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Fig. 3. Comparison of the extraction capability of uranium
from aqueous solutions by phosphonic acid-imbedded
polyurethane foam and blank foam at 22°C. – � – Phosphonic
acid foam – 
 – Blank foam.

Fig. 5. Comparison of the extraction capability of uranium
from aqueous solutions by phosphonic acid-imbedded
polyurethane foam and blank foam at 70°C. – � – Phosphonic
acid foam – 
 – Blank foam.

The extraction of uranium generally increases
with an increase in temperature from 4 to 70°C
between pH 3 and pH 8 as shown in Figs. 2–5.
For this phosphonic acid foam, the best extrac-

tion is achieved at 70°C for aqueous uranium
solutions at pH 3 to 8. At this temperature more
extraction was observed over a broader pH range.
It can be seen that the maximum extraction oc-
curs at pH values close to 7.0 where approxi-
mately 95% extraction is obtained. This may be
useful as natural waters are generally in the pH
range 6–8. Although the discussion above is
based partly on interpolated data, the general
performance of the phosphonic acid foam can be
observed for a wide range of temperatures and
pH values. It was also visibly apparent in these
studies that uranium is extracted more rapidly at
higher temperatures. The decrease in extraction
efficiency at either end of the pH range suggests
that solutions with pH less than 1 or greater than
11 can be used as eluting agents to desorb ura-
nium from the foam. Blank foams formed without
the inclusion of phenylphosphonic acid, showed
little capability to extract uranium from aqueous
solutions in comparison to the phosphonic acid
foam produced as shown in Table 1.

Phosphonic acid foam performs better than the
b-diketone foam [11] at 4°C in its ability to
extraction uranium at natural water pH (i.e., at
pH about 7). The ideal temperature for maximum

Fig. 4. Comparison of the extraction capability of uranium
from aqueous solutions by phosphonic acid-imbedded
polyurethane foam and blank foam at 40°C. – � – Phosphonic
acid foam – 
 – Blank foam.
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Table 1
Comparison of the extraction capabilities of phosphonic acid foam with the blank foam for the extraction of uranium from aqueous
solutions at various temperature and pH values

Temperature °CBlank foam % extractionPhosphonic foam % extractionpH

4−0.3393.41.4 5.692.3
18.4921.3 0.8299.53.0 4
81.191.1 6.596.15.3 4

−6.894.1 489.090.58.3
5.291.4 4.195.811.0 4

0.8493.2 221.4 8.495.0
11.693.6 −0.28915.53.0 22
59.694.4 3.094.05.3 22
93.090.6 −3.195.18.3 22

222.593.011.0 7.292.4
4.992.0 3.293.11.4 40

15.593.8 −9.3920.53.0 40
4012.2911.15.3 73.191.3
407.999.78.3 94.590.4

5.892.3 4011.0 7.393.0
4.395.3 −1.896.81.4 70

37.492.4 −5.5922.63.0 70
83.992.3 16.193.8 705.3

707.595.08.3 93.290.5
8.395.7 12.6910.0 7011.0

extraction using the b-diketone foam [11] was
40°C. The extraction ability decreased with in-
creasing temperature which can be attributed to
the instability of the b-diketone foam at these
higher temperatures. The phosphonic acid foam
material is more stable and extracts uranium ef-
fectively from 4 to 70°C.

Preliminary experiments showed that the phos-
phonic acid was capable of extracting uranium
from an artificial seawater [21]. This seawater was
prepared by dissolving 750 g of a synthetic salt
mixture, ‘Instant Ocean’ in deionized water to
make 20 l. The composition of ‘Instant Ocean’ is
given in Table 2. Laboratory air was bubbled
through the seawater solution to adjust the pH to
the natural seawater level of 8.4. The resulting
solution was spiked with a known amount of
uranium and allowed to equilibrate for at least 5
h before use.

The selective extraction capability of phospho-
nic acid-imbedded foam was determined by equili-
brating 25 ml of artificial seawater which was
spiked to a level of 16.5 ppm uranium with 0.5 g
of foam. The filtered solutions were analysed by

direct current plasma emission spectroscopy
which minimises any interferences from the salt
matrix. The phosphonic acid foam showed 90%
extraction of uranium while the blank foams
showed no extraction under identical conditions
[21].

The experiments in this study were done using a
batch process in order to determine the equi-
librium extraction results. It is expected that if the
phosphonic acid foam material was used in sepa-
ration columns, that quantitative extraction
would be obtained at any temperature over a wide
pH range. Column extractions in general would
provide improved retention over batch extractions
because new sorbent that has not achieved equi-
librium is available throughout the length of the
column.

4. Conclusions

Phenylphosphonic acid was imbedded the
matrix of the polyurethane foam during the fabri-
cation of the foam. The resulting phosphonic acid
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foam is most capable of extracting uranium from
aqueous solutions with pH between 5 and 8.
Phosphonic acid foam is simple to prepare, rela-
tively inexpensive, has high porosity and good
chemical and mechanical stability. These qualities
make the phosphonic acid foam a good sorbent
for the preconcentration of uranium from solu-
tions in the pH range is 6–8. This sorbent appears
promising for a number of industrial applications
including the nuclear industry and may be usable
either as a foamed material or as a separation
column for the clean-up of uranium spills or mine
wastes. The ability to sorb uranium from solu-
tions at temperature as low as 4°C would make
this polymer material attractive for use with envi-
ronmental water at any time of the year. Phos-
phonic acid-imbedded foam shows promising
results from the selective sorption of uranium
from seawater. Future work should investigate the
extraction mechanism and obtain a more detailed
extraction profile for this new sorbent material.
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Abstract

The sorption coefficients to humic acid of 46 PAC having a wide range in polarity were compared with the capacity
coefficients of the PAC to a non-polar HPLC column material (ODS) and a polar one (Diol). It is shown that polar
interactions contribute to the sorption of polar PAC in addition to the non-polar interactions. The results also suggest
that humic acid may contain different hydrophilic adsorption sites. The non-polar column material was only the best
model substrate, if the test materials were limited to the hydrophobic unsubstituted PAC, PAH+O,S-PAC. © 1997
Elsevier Science B.V.

Keywords: Polycyclic aromatic compounds; HPLC; Capacity coefficient; Humic acid; Sorption

1. Introduction

The transport, fate and bioavailability of or-
ganic pollutants in the aquatic and terrestrial
environment is very dependent of the partitioning
of these compounds between water, dissolved hu-
mic matter and soil or sediment humic matter
[1,2]. Humic and fulvic acids have a very complex
composition and show great variations in their
composition and properties dependent of their
origin and history [3–7].

The major concern in relation to pollution with
polycyclic aromatic compounds (PAC) is that
many are considered to be carcinogenic [8]. In

addition acridine, a N-PAC, has recently been
shown to be a strong phytotoxin towards terres-
trial plants [9] and some photooxidation products
of PAH have been shown to be toxic towards
water plants [10]. The PAC cover a group of
compounds having a great variation in polarity,
water solubility and other physico-chemical prop-
erties [11–17]. A number of different PAC have
been identified in the environment. The best
known group is the hydrophobic, parent poly-
cyclic aromatic hydrocarbons (PAH), but also N-,
O-, S-PAC, a number of different derivatives,
alkyl, nitro, cyano, chloro, bromo, methoxy, N-
oxides and different oxygenated derivatives, phe-
nols, quinones, ketones, aldehydes and carboxylic
acid derivatives have been found [13,18–30]. The* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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ubiquitous PAC originates from a number of
different sources. The most important ones are oil
pollution, combustion processes and the manufac-
turing and application of creosote and coal tar
[31–35]. Photochemical reactions during the
transport in the atmosphere and in the aquatic
environment [13,21,36–39] and microbiological
oxidation in the aquatic and terrestrial system
[40–42] contributes to the complexity of the com-
position of PAC in the environment.

Several studies have investigated the sorption of
the hydrophobic PAH to organic matter in the
environment, e.g., Refs [5,6,43]. A few studies
have dealt with other PAC compounds, e.g.,
dibenzothiophene, some amino-PAH, anthracene-
9-carboxylic acid, 1-naphthol and a few N-PAC
compounds [44–48]. These studies show that the
sorption is determined by nonpolar interactions
between the PAC and the organic matter and
increases with diminishing water solubility of the
PAC [46] as well as with increasing content of
carbon and especially aromatic carbon of the
organic matter [5,6]. Some evidences suggest that
hydrophobic adsorption rather than phase parti-
tioning is the dominant mode of binding non-po-
lar PAC compounds [49], while some suggest, that
both partitioning and site-specific sorption occur
both for polar and nonpolar organic compounds
[50]. In reversed phase HPLC it appears that
retention of non-polar compounds is governed by
a partitioning process, rather than by adsorption
[51]. Reversed phase HPLC capacity coefficients
for a cyanoalkyl column have been shown to
correlate with the humic acid Koc values for aro-
matic hydrocarbons and pesticides [52,53]. This
paper shows that the sorption of PAC to humic
matter is affected by polar interactions, especially
hydrogen bonds, but also ionic interactions and
dipole-dipole interactions or charge transfer com-
plexion, in addition to non-polar interactions.
Our recent values of the sorption coefficients, Koc,
to humic acid of 46 PAC having a wide range in
polarity [15] are compared with the capacity co-
efficients, k %, using a HPLC column with a
monomeric column material consisting of nonpo-
lar octadecylsilyl groups, ODS, and a Diol-
column (Diol, -CH2CH2CH2OCH2-CH(OH)
CH2OH) both applied in the reverse phase mode.

It is shown that the HPLC capacity coefficients
can be applied to interpret the humic acid sorp-
tion mechanism of PAC.

2. Experimental

2.1. Chemicals and materials

The test compounds, listed in Tables 1 and 2,
were obtained from several sources as pure com-
pounds. Their identity was confirmed by UV ab-
sorption spectra. The preparation of the
bromopyrenes is described elsewhere [15,54]. The
compounds were dissolved in methanol (Lichro-
solv 99.8% or Lab Scan HPLC) with a typical
concentration of 0.04 g l−1.

2.2. HPLC method

The HPLC system used was a gradient low
pressure Shimadzu LC-10HPLC system with
PDA detector, thermostatted column oven and
autoinjector. The Diol column (25.0 cm×4.6 mm
ID) was slurry packed with Nucleosil 7 OH from
Macherey-Nagel. The ODS columns used were
Phenomenex Prodigy ODS-2 columns (15.0 cm×
4.6 mm ID and 5.0 cm×4.6 mm ID) with a
particle size of 5 mm. The ODS columns were
endcapped and experiments with n-hexane as elu-
ent showed no difference in the retention times of
benzene and nitrobenzene confirming a negligible
amount of silanol groups. The eluents were mixed
from laboratory grade ion exchanged water extra
purified on a Millipore-Q water purification sys-
tem and Lichrosolv methanol 99.8% from Merck
or Lab Scan HPLC methanol. The eluent con-
sisted of 35% methanol and 65% water applying
the Diol column, and 65% methanol and 35%
water applying a ODS column. Appropriate mix-
tures of the compounds were chromatographed
and the retention time (6r) of each compound was
recorded. All measurements were repeated at least
three times. The temperature was kept at 30°C for
all measurements. The dead volume, 60, of the
system used for calculating the capacity coeffi-
cient, k %= (6r−60)60

−1, was determined by chro-
matographing water (Diol) and NaNO3 (ODS).
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Table 1
Parent PAC: Humic acid sorption coefficient, log Koc [15], HPLC capacity coefficients, k %(Diol) and k %(ODS), and size

No. of rings Log Koc k % (ODS)Compound k % (Diol)

N-PAC
2.88 0.86Quinoline 2 0.40

0.410.903.092Isoquinoline
3.63 1.414-azafluorene 3 0.70
4.00 2.85Acridine 3 0.89

3.964.07 1.073Benzo[f]quinoline
4.13 5.17Benzo[h]quinoline 0.963

2.82 1.01Phenanthridine 3 4.06
5.00 7.96Benz[a]acridine 4 2.28
5.86 24.51 5.85510-azabenzo[a]pyrene

6.5974.19Dibenz[a,c]acridine 5 6.17
6.0273.466.055Dibenz[a,h]acridine
5.5524.12Dibenz[a,j]acridine 5 5.86
9.19154.72Dibenz[c,h]acridine 5 6.26

3 4.74 4.02Carbazole 0.86

PAH
2 3.74 5.29 0.42Naphthalene

14.33 0.76Fluorene 3 4.68
4.65 18.50Anthracene 3 1.38
4.65 17.46 1.373Phenanthrene
5.14 26.40Pyrene 4 2.86

4.4360.335.624Benz[a]anthracene
6.27 105.13Benzo[a]pyrene 5 9.71
6.54 165.88Dibenz[a,c]anthracene 5 14.86

193.766.44 17.125Dibenz[a,h]anthracene
6.58 193.18Dibenz[a,j]anthracene 14.135

O,S-PAC
10.98 0.75Dibenzofuran 3 4.15

4.59 15.93Dibenzothiophene 3 1.19

2.3. Humic acid sorption coefficients, Koc

The determination of log Koc is described in
details elsewhere [15] but in short, the sorption
coefficients were achieved by means of the follow-
ing correlation: log Koc= (1.5090.15)*log k %+
(4.1690.12), r=0.99, SE=0.27, where k % is the
capacity coefficient for a HPLC column having
Aldrich humic acid chemically immobilized to the
silica material. The coefficients of the correlation
were attained by calibration with the following
compounds, quinoline, naphthalene, anthracene,
phenanthrene, benz[a]anthracene and ben-
zo[a]pyrene, for which experimental Koc values are
known.

3. Results and discussions

3.1. Variation of the capacity coefficients

The capacity coefficients, k %, of unsubstituted
PAH and N-PAC increased with the molecular
size for both types of columns (see Table 1). k %
varied a factor of 37 from the bicyclic naph-
thalene to the pentacyclic dibenz[a,j]anthracene
for the ODS column and a factor of 34 for the
Diol column. Thus for both columns k % increases
with decreasing water solubility of the PAH. The
similarity in the PAH k % ratios for the
columns suggest perhaps that the retention mech-
anism on the two columns has been the same. The
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Table 2
Substituted PAC: Humic acid sorption coefficient, log Koc[15], HPLC capacity coefficients, k %(Diol) and k %(ODS)

log KocCompound k % (Diol)k % (ODS)

Substituted PAH
0.925.379-acetylanthracene 4.21

4.09 0.769-anthracenecarboxamide 0.56
4.47 6.219-anthracenecarboxylic acid methylester 1.35

53.26 2.365.159-bromoanthracene
4.95 46.309-chloroanthracene 2.32

8.02 1.309-cyanoanthracene 4.70
4.03 7.099-formylanthracene 0.80
4.43 14.789-methoxyanthracene 1.23
4.86 31.829-methylanthracene 1.81

1.564.829-nitroanthracene 4.69
4.32 4.25Anthraquinone 0.46
5.67 77.241-bromopyrene 5.01

4.6178.482-bromopyrene 5.66
79.23 5.164-bromopyrene 5.71

293.24 9.621,3-dibromopyrene 6.20
6.04 237.411,6-dibromopyrene 8.74

246.331,8-dibromopyrene 9.296.18

Substituted N-PAC
0.200.422-hydroxyquinoline 2.70

0.24 0.26Quinoline-N-oxide 2.00
0.22 0.01N-methylquinolinium iodide 3.10

Diol column material consists of a nonpolar part,
a silanopropyl group, that joins the polar part,
the diol moiety to the silica surface. For the
retention of PAH, it appears that the silanopropyl
group is the active part.

For the corresponding N-PAC, quinoline and
dibenz[a,j]acridine k % varied a factor of 28 for the
ODS column and 14 for the Diol-column.
Dibenz[a,j]acridine was selected for the compari-
son, as it is the only one of the dibenzacridines,
that do not have any steric shielding of the nitro-
gen atom [15,16]. The explanation of the minor
variation of k % for N-PAC on the Diol-column
appears to be that the ability of N-PAC to form
hydrogen bonds with the diol surface diminishes
with increasing size of the N-PAC, so that bi- and
tricyclic N-PAC are bound more strongly than the
pentacyclic N-PAC. Thus, the increased water
solubility of, e.g. the pentacyclic N-PAC com-
pared to PAH [12] causes the pentacyclic N-PAC
to elute faster than the pentacyclic PAH, while the
water solubility has only a minor influence on the
retention of bicyclic N-PAC compared to that of
naphthalene. Therefore, e.g., the ratio (k %quinoline)/

(k %napthalene)=0.95 is larger than the ratio
(k %dibenz[a,j]acridine)/(k %dibenz[a,j]anthracene)=0.39. In con-
trast to this, the effect of nitrogen for k %(ODS) is
independent of the size of the PAH and N-PAC.
Thus k %(N-PAC)/k %(PAH)=0.1690.03 for quinoline,
isoquinoline, 4-azafluorene, acridine, ben-
zo[f]quinoline, phenanthridine, 10-azaben-
zo[a]pyrene and dibenz[a,j]acridine and the analog
PAH. The other N-PAC, e.g. dibenz[c,h]acridine
(0.80), have higher ratios than 0.16, because the
steric shielding of the nitrogen atom, which di-
minishes the basicity of the nitrogen atom and
increases the hydrophobicity [15,16], affects
k %(ODS) much more than it affects k %(Diol). Car-
bazole has a neutral nitrogen atom in contrast to
the other N-PAC. This may be the reason that
k %(carbazole)/k %(fluorene) (0.28 for ODS and 1.13 for
Diol) is higher than most of the other k %(N-PAC)/
k %(PAH) values for both types of columns.

The behavior of the two model compounds for
O- and S-PAC, dibenzofuran and dibenzothio-
phene, on the two columns were similar to that
PAH and not to that of N-PAC, although the
analog tricyclic aromatics of the fluorene type had
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some differences in their retention on the two
columns, and the variations of k %(Diol) were
much minor than those of k %(ODS). Thus,
k %(ODS) decreased in the range dibenzothiophene
(15.9)�fluorene (14.3)\dibenzofuran (11.0)\
carbazole (4.0)\4-azafluorene (1.4), and k %(Diol)
decreased in the range dibenzothiophene (1.19)\
carbazole (0.86)\fluorene (0.76)�dibenzofuran
(0.75)�4-azafluorene (0.70). The k %(ODS) gives a
reasonable description of the variations of log Koc

for the three hydrophobic PAC, dibenzothiophene
(log Koc=4.59, see Table 1), fluorene (4.68) and
dibenzofuran (4.15), but the influence of hydrogen
bonds between humic acid and N-PAC becomes
evident, if carbazole (log Koc=4.74) and 4-azafl-
uorene (3.63) also are taken into account. The
k %(Diol) predicts the ranking of the five humic
acid sorption coefficients better than k %(ODS) and
especially that log Koc of carbazole should be high
compared to e.g., that of fluorene. The compari-
son also suggests that the sorption mechanism of
carbazole to humic acid may differ from that of
4-azafluorene and the other N-PAC.

The capacity coefficients, k %, of PAH increased
with the addition of lipophilic substituents and
decreased with the addition of polar substituents
for both types of columns (see Table 2). Both
column materials gave the same ranking as log
Koc of the lipophilic substituents, Br\Cl\CH3.
Previously, it has been shown [15] that the effect
of Br substituents on log Koc is additive. Compar-
ing anthracene, 9-bromoanthracene, pyrene and
the six bromopyrenes, it appeared log k %(ODS)
increased with 0.48090.014 and log k %(Diol) in-
creased with 0.24290.013 for each substituted
bromo atom independent of the aromatic ring
system.

k %(Diol) increased for the substituted polar an-
thracenes in the range quinoneBCONH2

BCHOBCOCH3BOCH3�CN�COOCH3

BNO2, and k %(ODS) increased in the range
CONH2BquinoneBNO2BCOCH3BCOOCH3

BCHOBCNBOCH3. The largest difference be-
tween the two types of columns is that 9-nitroan-
thracene elutes relatively early on the ODS
column compared to the Diol column. The corre-
sponding ranking for log Koc was CHO�
CONH2BCOCH3�quinoneBOCH3�COO-

Fig. 1. The log to log correlation between the sorption coeffi-
cient (Koc) to humic acid and the capacity coefficient (k %) on
the HPLC Diol stationary phase for 46 PAC (Table 1). The
line showed is the best fit for the correlation of the hydropho-
bic PAH. All the regression lines are compared in Table 3.

CH3BNO2�CN. This ranking is reasonably
predicted by means of k %(Diol). The log Koc rank-
ing of 9-formyl- and 9-nitroanthracene are poorly
predicted by k %(ODS), and k %(ODS) indicate that
9-anthracenecarboxamide should have a much
lower log Koc compared to the other anthracenes
than observed.

3.2. Comparison of humic acid sorption
coefficients and HPLC capacity coefficients

Fig. 1 compares the humic acid sorption coeffi-
cients with the Diol capacity coefficients for the
46 PAC, and Fig. 2 compares the sorption coeffi-
cients with the ODS capacity coefficients. The

Fig. 2. The log to log correlation between the sorption coeffi-
cient (Koc) to humic acid and the capacity coefficient (k %) on
the HPLC ODS stationary phase for 46 PAC (Table 1). The
line showed is the best for the correlation of the hydropho-
bic PAH All the regression lines are compared in Table 3.
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Table 3
Results from linear regression analyses between humic acid sorption coefficients and HPLC capacity coefficients for different PAC
groups

Factor to rGroup of com- InterceptFactor toColumn type Standard error of the log Koc

pounds k %(ODS) estimatek %(Diol)

0.9720.265All PAC Both 1.39 0.47 3.90
0.9630.2984.26All PAC Diol 2.06

3.33 0.378All PAC ODS 1.29 0.941
3.81 0.313Polar PAC Both 1.34 0.67 0.963

0.3504.21 0.951Polar PAC Diol 2.31
1.49 3.33 0.376 0.943Polar PAC ODS

0.9890.1274.27Hydrophobic 0.171.56Both
PAC

1.73 4.47 0.125Hydrophobic 0.989Diol
PAC

0.9580.2432.68Hydrophobic 1.57ODS
PAC

1.28 0.61 3.80 0.223Unsubstituted 0.981Both
PAC

4.27 0.280 0.969Unsubstituted Diol 2.05
PAC

1.46 3.21Unsubstituted 0.346ODS 0.952
PAC

3.85 0.9620.3190.52Substituted PAC Both 1.19
0.9550.338Substituted PAC Diol 2.09 4.25
0.9500.3543.39Substituted PAC 1.15ODS

0.50 3.86 0.250 0.981N-PAC Both 1.64
0.255 0.9784.12N-PAC Diol 2.38

3.32 0.305N-PAC ODS 1.55 0.968
0.9950.1192.58PAH 1.71Both 0.09

4.51 0.174PAH Diol 1.69 0.986
2.48 0.111PAH ODS 1.80 0.994

0.1704.35 0.977Substituted PAH 0.10Both 1.56
4.44 0.166Substituted PAH Diol 0.9771.73

0.9320.2803.72Substituted PAH 0.94ODS
1.63 2.64 0.120 0.994PAH+O,S-PAC Both 0.20

0.162 0.9884.48PAH+O,S-PAC Diol 1.72
0.115 0.994PAH+O,S-PAC ODS 1.84 2.40

The analyses includes the data in Tables 1 and 2 with the except of N-methylquinolinium iodide.

results of regression analyses (without N-
methylquinolinium iodide) for both columns, sep-
arate and in combination, are shown in Table 3.
The results are shown both for all PAC and for
different subgroups (polar and hydrophobic
PAC), (unsubstituted and substituted PAC) and
(N-PAC, PAH+O,S-PAC, PAH and substituted
PAH). The polar PAC includes N-PAC, substi-
tuted N-PAC and PAH with polar substituents.
The hydrophobic PAC includes PAH, dibenzo-
furan, dibenzothiophene and PAH with lipophilic
substituents (CH3, Cl and Br). From Fig. 2 and

Tables 1 and 2, it can be deduced that the sorp-
tion of polar PAC to humic acid are stronger than
the sorption of PAH compared to their sorption
to the hydrophobic ODS column material. Thus
the sorption to humic acid of N-PAC, substituted
N-PAC and PAH with polar substituents are
affected not only by hydrophobic interactions, but
also by polar interactions. From Fig. 1 and Ta-
bles 1 and 2, it can be deduced that the sorption
to humic acid for PAC with more than two rings
generally are reasonably characterized by means
of the k %(Diol) values, no matter whether the
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compounds belong to the hydrophobic PAH or
contain polar atoms or groups. Therefore, the
k %(Diol) values give a fair simulation of the hy-
drophobic interactions between humic acid and
hydrophobic PAC, e.g., PAH. The pitfalls of the
results applying the Diol column material indicate
that some polar PAC are adsorbed to humic acid
by another mechanism than the basic N-PAC.
Thus it can be seen from Fig. 1 and Table 2 that
anthraquinone and especially N-methylquinolin-
ium iodide have relatively high Koc values com-
pared to their k %(Diol) values.

N-methylquinolinium iodide was excluded in
the regression analyses in Table 3, as the behavior
of the cation was totally different from that of the
other polar PAC. The cation forms probably an
ion bond to the negatively charged carboxylate
groups in humic acid. This means that the sorp-
tion mechanisms of N-methylquinolinium iodide
to humic acid and to the Diol column material is
totally different. The best characterization of the
sorption of all PAC to humic acid is achieved by
applying a linear combination of k %(Diol) and
k %(ODS). The standard error of the log Koc esti-
mate for the linear combination for all PAC was
0.27. It was higher, respectively, 0.30 and 0.38
applying either k %(Diol) or k %(ODS) separately.
Table 3 also shows that for the two groups of
unsubstituted hydrophobic PAC, PAH and
PAH+O,S-PAC, the k %(ODS) standard error of
the log Koc estimate is not larger (0.11 and 0.12,
respectively) than that of the combined model
(both 0.12). However, by including polar and
substituted PAC into the comparison the com-
bined model becomes better suited to model the
Koc values than the model applying only k %(ODS).
Thus, the difference between the standard error of
the log Koc estimate for both columns and that for
the ODS column increases in the range PAH
(−0.01)�PAH+O,S-PAC (0.00)BSubstituted
PAC (0.04)�N-PAC (0.05)�Polar PAC
(0.06)BSubstituted PAH (0.11)=All PAC
(0.11)�Hydrophobic PAC (0.12)=Unsubsti-
tuted PAC (0.12). The Diol column is better to
simulate the humic acid sorption of polar PAC,
e.g. N-PAC and the polar substituted PAH. Thus,
the difference between the standard error of the
log Koc estimate for both columns and that for the

Diol column was below 0.02 for the groups, N-
PAC, substituted PAH and substituted PAC.
While, the difference increased to 0.04–0.06 for
the two groups of unsubstituted hydrophobic
PAC, PAH and PAH+O,S-PAC. The group of
polar PAC includes N-PAC and the polar substi-
tuted PAC. The mixing of these two groups in-
creased the difference to 0.04. The increase,
although minor, is expected, as the polar PAC
may be adsorbed to humic acid by means of
different mechanisms. Thus hydrogen bonds be-
tween the nitrogen atom and HO groups of phe-
nolic compartments and carbohydrate residues in
humic acid may contribute to the sorption of
basic N-PAC. Carbazole may form hydrogen
bonds to the negatively charged carboxylate
groups in humic acid. Dipole-dipole interactions
or charge transfer complexes between, e.g., an-
thraquinone and phenolic compartments of humic
acid appear also to be a possible mechanism. It is
interesting that the Diol column appeared to be
better to simulate the humic acid sorption than
the ODS column, when the unsubstituted and
substituted hydrophobic PAC were treated as one
group (hydrophobic PAC).

Our findings are supported by the observations
of others. Brown and Flagg [55] observed that
polar organic compounds did not fit very well into
an empirical Koc and Kow relationship for a series
of hydrophobic PAH and chlorinated hydrocar-
bons. Vowles and Mantoura [52], Kördel et al.
[53] and Szabó et al. [56] concluded that HPLC
columns with semipolar stationary phases are very
suitable to simulate the sorption properties of the
organic matter content of soils. Our observations
agree also with the complex composition of humic
acids, as humic materials contain both hydropho-
bic and different hydrophilic compartments [4].
For PAH and O,S-PAC the most favorable sites
appear to be the hydrophobic parts. The ODS
column material can be considered to be a model
substrate for these parts. The results also suggest
that different kinds of humic matter having large
variations in their composition will possess differ-
ent abilities to adsorb different types of polar
PAC [57]. Polar functional groups humic acid
will be hydrated. Corresponding the Diol moiety
will be embedded in the solvent molecules, mainly
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the water molecules. The polar interactions can in
both cases happen in two ways:
1. The polar PAC competes with the water

molecules on the adsorption site.
2. The polar PAC is adsorbed to the adsorbed

water cluster.
The pitfall of especially N-methylquinolinium

ion, but also carbazole and anthraquinone, indi-
cate that the former mechanism is operating, but
probably both mechanisms contribute to the sorp-
tion both to the humic acid and to the Diol
column.

4. Conclusions

The best simulation of the sorption to humic
acid of 46 polycyclic aromatic compounds
(PAC) having a wide range in polarity was
achieved by applying a linear combination of the
retention factors of PAC to a polar and a non-
polar HPLC column material. The Diol column
material gave generally a better simulation of
the sorption of all PAC than the non-polar ODS
column material. However, the non-polar
column material was the best model substrate, if
the test material was limited to the hydrophobic
unsubstituted PAC, PAH+O,S-PAC. The com-
parison shows that polar interactions, e.g., hy-
drogen bonds, contribute to the sorption to
humic acid of polar PAC in addition to the
hydrophobic interactions. The results perhaps
also indicate that the favorable adsorption sites
for polar and unpolar PAC may be different,
and that humic acid may contain different types
of hydrophilic compartments.
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Abstract

A fast and simple fluorimetric method is described for the simultaneous determination of ampicillin and tetracycline
in milk by combining the stopped-flow mixing technique with a T-format spectrofluorimeter. Ampicillin determina-
tion is based on its hydrolysis with penicillinase and reaction with mercuric chloride, while the intramolecular energy
transfer from tetracycline to europium ions in the presence of thenoyltrifluoracetone is used for tetracycline
determination. The similar excitation wavelengths of both systems and the separation between the corresponding
emission wavelengths allow the direct determination of both analytes by measuring simultaneously the initial rate of
the ampicillin system and the equilibrium signal of the tetracycline system. The relative standard deviations were
lower than 2%. The proposed method was applied to the determination of these antibiotics in different milk samples
with a recovery of 95.0–103.3% for ampicillin and 93.3–103.3% for tetracycline. © 1997 Elsevier Science B.V.

Keywords: Fluorimetry; Ampicillin; Tetracycline; Stopped-flow; Milk

1. Introduction

The availability of simple and automatic meth-
ods to control traces of antibiotics in milk is of
great analytical interest as it is known that the
continuous intake of these compounds, even at
low doses, is a risk to human health. Hazards may
include direct toxic effects, development of aller-
gic reactions and production of antibiotic resis-
tance in pathogenic organisms transmissible to
man. Generally, the presence of antibiotics in milk
arises from their use as part of therapy to treat
animal diseases such as bovine mastitis and,

sometimes, in low concentrations, as constituents
of animal feed to increase feed utilization and
thus to accelerate animal growth.

Although immunoassay [1,2] and elec-
trophoretic [3] methods have been described for
the determination of antibiotics in milk, liquid
chromatography is the most used technique for
this purpose [4–7]. A wide variety of clean-up
procedures such as ultrafiltration, liquid-liquid ex-
traction, solid-phase extraction, immunoaffinity
and deproteination have been described for the
sample pretreatment [5]. Because almost without
exception these methods are long and time-con-
suming, the availability of alternative methods is
always desirable, specially when the sample is not* Corresponding author.
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very complex and only two or three analytes
must be determined. This justifies the develop-
ment of the fluorimetric method described in this
paper.

As described elsewhere [8], the simultaneous
determination of two analytes by using a T-for-
mat spectrofluorimeter with a single excitation
monochromator requires that the reaction prod-
ucts of the analytes have similar excitation wave-
lengths and very different emission wavelengths in
order to avoid spectral emission overlap. This
allows to obtain independently quantitative data
of each analyte from its corresponding emission
channel in a very simple way, avoiding the use of
mathematical methods. On the other hand, the
experimental conditions such as pH and tempera-
ture must be compatible for the adequate develop-
ment of the chemical systems involved and no
interaction between the reactants must occur. Al-
though these requirements limit the general use of
this approach for multicomponent determina-
tions, the high number of presently available
fluorescence derivatization reactions facilitates its
application.

This paper shows the usefulness of this instru-
mentation for simultaneous determination of two
antibiotics, namely ampicillin and tetracycline, in
milk. The determination of ampicillin is based on
its transformation into a-aminobenzylpenicilloate
and formation of a fluorescent product with mer-
curic chloride [9], while the reaction between te-
tracycline, thenoyltrifluoracetone (TTA) and
europium (III) in the presence of Triton X-100
[10] has been chosen for tetracycline determina-
tion. Both systems fulfil the requirements above
indicated, which allows to obtain separately the
data concerning each analyte in the corresponding
emission channel. In addition, the coupling of
stopped-flow mixing technique to the T-format
spectrofluorimeter allows to achieve the automa-
tion of the measurement step of the method.
Owing to the different kinetic behaviour of the
two chemical systems involved, kinetic and equi-
librium measurements have been carried out to
obtain quantitative data for penicillin and tetracy-
cline, respectively.

2. Experimental

2.1. Instrumentation

An SLM-Aminco (Urbana IL) Model 8100
photon-counting spectrofluorimeter was used in a
T-format configuration. The excitation wave-
length was set at 342 nm via the excitation
monochromator. The wavelength of one of the
optical emission arms (channel A) was set at 410
nm through the emission monochromator and
that of the other emission arm (channel B) was
selected by placing a Schott OG-550 filter. The
instrument was fitted with an SLM-Aminco Mil-
liflow stopped-flow reactor which was furnished
with an observation cell of 0.2 cm path length.
This module was controlled by the associated
electronics, the computer and a pneumatic syringe
drive system. The solutions in the stopped-flow
module were kept at a constant temperature of
30°C by circulating water from a thermostated
tank.

2.2. Reagents

All chemicals used were of analytical reagent
grade. Stock solutions (100 mg ml−1) of ampicillin
and tetracycline (Sigma) were prepared in distilled
water. The following aqueous solutions were also
prepared: 10−3 M europium (III) nitrate pentahy-
drate (Aldrich), 1.5×10−3 M mercuric chloride
(Merck), 0.1% Triton X-100 (Serva) and 0.1 M
Tris [tris(hydroxymethyl)-aminomethane] (Merck)
buffer solution (pH 7.4). An 1 unit ml−1 solution
of penicillinase (Sigma) was daily prepared in this
Tris buffer. Finally, a 4.5×10−3 M solution of
TTA (Aldrich) was made in 2% ethanol.

2.3. Procedure

Two solutions were prepared to fill the two
5-ml reservoir syringes of the stopped-flow mod-
ule. One of the solutions contained ampicillin
(0.01–15 mg ml−1), tetracycline (0.04–10 mg ml−

1), Triton X-100 (0.01%) and Tris buffer (1.5×
10−2 M). The other syringe was filled with an
aqueous solution containing europium (III) (2×
10−5 M), TTA (5.4×10−6 M), mercury (II)
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(1.5×10−4 M), penicillinase (0.15 U ml−1) and
Tris buffer (1.5×10−2 M). After the two 2-ml
drive syringes were filled, 0.04 ml of each solution
was mixed at a flow-rate of 20 ml s−1 in the
mixing chamber in each run. The excitation wave-
length used was 342 nm. The variation of the
fluorescence intensity with time throughout the
ampicillin reaction was monitored on channel A
at 410 nm. The initial rate method was applied to
the values acquired from this detector, which were
processed by the microcomputer, furnished with a
linear regression program for application of this
kinetic method. The initial rate of the ampicillin
reaction was determined in about 5 s and the
blank signal was found to be negligible. The
equilibrium signal obtained in channel B, by using
a 550-nm cut-off filter was related to the tetracy-
cline concentration through the formation of the
Eu (III)-tetracycline-TTA complex. In this case,
the contribution of the blank signal was sub-
stracted from the equilibrium fluorescence inten-
sity obtained for the sample. All measurements
were carried out at 30°C and each sample was
assayed in triplicate.

2.4. Determination of ampicillin and tetracycline
in milk samples

A volume of 10 ml of milk was treated with 1
ml of 1.7 M acetic acid, 1 ml of 1 M sodium
acetate and 75 ml of distilled water heated at 40°C
and the solution was stirred for 5 min. Then, it
was cooled to room temperature, carefully and
quantitatively transferred into a 100-ml calibrated
flask, diluted to the mark with distilled water and
subsequently filtered. A volume of the filtrate (4
ml) was finally treated as described above. The
concentrations of each antibiotic in the samples
were determined by interpolation from the work-
ing curves prepared by adding 4 ml of a previ-
ously prepared antibiotic-free milk whey to each
standard.

3. Results and discussion

As indicated above, a requirement to attempt
the simultaneous determination of ampicillin and

tetracycline by using the stopped-flow/T-format
spectrofluorimeter combination is to achieve the
experimental conditions which allow the adequate
development of both chemical systems. The fluori-
metric method for ampicillin based on its alkaline
hydrolysis and reaction of the penicillonate
formed with mercuric chloride [9] was improved
by applying kinetic methodology [11] where the
use of stopped-flow mixing technique and the
addition of hydrogen peroxide allowed to obtain
analytical data in only few seconds. However, the
basic medium required cannot be used for the
determination of tetracycline based on its reaction
at pH 7.0–7.5, with europium (III) and TTA,
which gives rise to an intramolecular energy-
transfer process from the ligands to the lanthanide
ion [10]. With the aim of using both chemical
systems together, the alkaline hydrolysis of ampi-
cillin was changed to the enzymatic hydrolysis
using penicillinase, which takes place at pH close
to 7.0. The excitation and emission spectra ob-
tained for both systems under these conditions
(Fig. 1) show the complete overlaping of the
excitation bands and the resolution of the emis-
sion bands.

The study of the kinetic behaviour of both
ampicillin and tetracycline systems together by
using stopped-flow mixing technique, showed that

Fig. 1. Excitation (1, 2) and emission (1%,2%) spectra obtained
for ampicillin and tetracycline systems. [ampicillin]= [tetracy-
cline]=0.05 mg ml−1, [Hg (II)]=1.5×10−4 M, [penicilli-
nase]=0.15 unit ml−1, [Eu (III)]=2×10−5 M,
[TTA]=5.4×10−6 M, [Triton X-100]=0.01%, [Tris
buffer]=1.5× 10−2 M.
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Fig. 2. Kinetic behaviour of the ampicillin (1) and tetracycline
(2) systems in the presence of whey matrix. 1% and 2%: blank of
ampicillin and tetracycline systems, respectively. lex 342 nm,
lem 410 nm for ampicillin and 610 nm for tetracycline. [ampi-
cillin]= [tetracycline]=0.1 mg ml−1, [Hg (II)]=3×10−5 M,
[penicillinase]=0.15 unit ml−1, [Eu (III)]=2×10−5 M,
[TTA]=5.4×10−6 M, [Triton X-100]=0.01%, [Tris
buffer]=1.5×10−2 M.

the initial rate can be obtained in only 5 s and the
blank signal is negligible. In addition, the kinetic
curve obtained under these conditions does not
show the short induction period found when the
alkaline hydrolysis was used [11]. Unlike this sys-
tem, the tetracycline system reaches instanta-
neously the equilibrium and the blank signal,
which can be ascribed to the europium (III)-TTA
reaction, must be substracted to obtain the net
signal for tetracycline.

3.1. Optimization of 6ariables

The variables affecting each system were opti-
mized by the univariate method. All concentra-
tions given are initial concentrations in the
syringes (twice the actual concentrations in the
reaction mixture at time zero after mixing). Each
result was the mean of three measurements.

The study of the optimal experimental condi-
tions for the development of the tetracycline sys-
tem showed these are the same than those
previously described [10] where the positive effect
of TTA and Triton X-100 was widely discussed.
Under these conditions, the detection limit ob-
tained by using equilibrium measurements was
lower than by kinetic measurements, although an
advantage on the use of kinetic methodology lies
in the negligible effect of the blank signal, unlike
the equilibrium method where all measurements
need to be corrected for the blank signal. How-
ever, as indicated above, only equilibrium mea-
surements can be obtained for the tetracycline
system in the presence of the whey matrix.

With regard to the ampicillin system, the re-
quirements for working to a pH suitable for both
ampicillin and tetracycline systems compelled to
change the alkaline hydrolysis previously de-
scribed [9,11] by the enzymatic hydrolysis by us-
ing penicillinase. Unlike the alkaline hydrolysis
where hydrogen peroxide was used to increase the
initial rate, it was not required in this case. Fig. 3
shows the effect of the penicillinase concentration
on the kinetic behaviour of the ampicillin system
at pH 7.4, where can be seen the initial rate is
independent of this variable from a concentration
of 0.15 unit ml−1. The study of the effect of
mercury (II) concentration showed that this vari-

it is possible to obtain simultaneously the kinetic
curves of both systems by selecting the corre-
sponding emission wavelength in each emission
channel. No chemical interaction between the
reagents involved in both systems was found.
However, as the aim of this study was to know
the possible application of this approach to the
determination of both antibiotics in milk, it was
also carried out in the presence of this matrix,
after removing casein. Under these conditions, the
same kinetic behaviour was obtained for the
ampicillin system but the initial rate of the tetra-
cycline system was increased so that the equi-
librium was instantaneously reached and it was
impossible to obtain the kinetic curve. However,
both chemical systems can be jointly used with
analytical purposes by using kinetic measurements
for ampicillin determination and equilibrium mea-
surements for tetracycline determination. This is
possible thanks to the availability of two emission
channels where an adequate instrumental sensitiv-
ity can be used for each chemical system and the
resolution achieved for both analytes does not
depend on the relative values of the rate
involved. Fig. 2 shows the kinetic curve obtained
for the ampicillin system, where can be seen that
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Fig. 3. Effect of penicillinase concentration on the initial rate
obtained for the ampicillin system. [ampicillin]=0.1 mg ml−1,
[Hg (II)]=3×10−5 M, [Tris buffer]=0.01 M.

3.2. Analytical features

Under the optimum experimental condition de-
scribed above, kinetic data corresponding to the
ampicillin system were obtained from channel A
with the emission monochromator set at 410 nm.
These data were processed by the initial-rate
method. Simultaneously, equilibrium data corre-
sponding to the tetracycline system were obtained
from channel B by placing a 550-nm cut-off filter.
The excitation wavelength for both kinetic and
equilibrium measurements was set at 342 nm via
the excitation monochromator.

All ampicillin and tetracycline standards solu-
tions used to obtain the calibration graphs were
prepared in the presence of 4 ml of milk whey, in
order to compensate the matrix effect on the
samples. Under these conditions, the calibration
graphs were linear over the ranges 0.01–15 mg
ml−1 ampicillin and 0.04–10 mg ml−1 tetracy-
cline. The wide linear ranges obtained required
using three different instrumental sensitivities on
each emission channel. Table 1 summarizes the
figures of merit of the different calibration graphs.
The detection limits obtained for ampicillin and
tetracycline, in the presence of the milk whey
volume indicated above and calculated according
to IUPAC’s recommendations [12], were 0.003
and 0.01 mg ml−1, respectively, which corresponds
to 0.04 and 0.125 mg ml−1, respectively, in milk.

The separation between the emission wave-
lengths of both ampicillin and tetracycline systems
and the lack of contribution of each analyte to the
analytical signal of the other, allows the direct
resolution of the mixture. The simultaneous

able does not affect the initial rate when the
concentration is larger than 10−4 M, which is ca.
three times higher than when the alkaline hydroly-
sis is used [11].

Different assays were carried out for de-
proteination of the milk samples. Sodium
tungstate and trichloracetic acid were unsuitable
because the milk serum obtained in the first case
was cloudy and the tetracycline reaction was in-
hibited in the presence of the second reagent.
However, it was possible to use the conventional
method for casein separation based on the insolu-
bility of this protein in weakly-acidic media while
whey proteins are soluble.

Table 1
Analytical figures of merit of the proposed method

Slope9SDaLinear range (mg ml−1) SEECompound rnIntercept9SD

19Ampicillin 0.999(1.290.2)×1030.01–1.5 9−6.190.2
1.5–5.0 0.99875094(2.590.3)×102 21

0.9985.0–15.0 114695 189911 6
9 0.999 1080.04–1.5Tetracycline (4.690.3)x104 (−1.590.2)x103

691.5–5.0 (9.390.4)×103 (5.190.5)×103 7 0.998
(2.390.3)×1035.0–10.0 730.9905(8.390.3)×103

a Units: Kinetic method: s−1 mg−1 ml; Equilibrium method: 1 mg−1 ml (I=Relative fluorescence intensity); SEE=Standard error
of the estimate.
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Table 2
Recovery of ampicillin and tetracycline added to milk samples

Samplea Ampicillin (mg ml−1) Tetracycline (mg ml−1)

Added FoundAdded Found* Recovery (%) Recovery (%)

0.6 0.6290.02 103.31 95.00.2 0.1990.01
100.0 1.2 1.2190.01 100.80.6 0.6090.01

100.02.0090.052.0101.01.0 1.0190.02
0.6 0.5790.032 0.2 0.2090.02 100.0 95.0
1.2 1.1890.020.6 0.6290.06 103.3 98.3

2.0090.052.0 100.0100.01.0 1.0090.04
0.5690.01 93.33 0.2 0.1990.05 95.0 0.6

95.01.1490.021.298.30.6 0.5990.02
1.9490.02 97.01.0 1.0290.05 102.0 2.0

a (1) Whole milk, (2) Skimmed milk, (3) Raw milk.
*Average of three determinations9SD.

method can be applied to a wide range of concen-
trations of both analytes thanks to the lack of
overlapping of the emission spectra and the inde-
pendent behaviour of each chemical system. In
addition, the fast development of both systems
allows the instantaneous measurement of the
equilibrium signal corresponding to tetracycline,
while the measurement of the reaction rate of
ampicillin takes only 5 s. Hence the method is a
useful alternative to routine determination of
these analytes.

The precision of the method was evaluated at
two concentrations of each analyte by assaying
replicates of milk samples, which were treated as
described under Procedure, so that the final con-
centration of each analyte was 0.05 and 0.1 mg
ml−1. The relative standard deviation thus ob-
tained was 1.1 and 0.5% for ampicillin and 1.9
and 1.0% for tetracycline.

In order to study the selectivity of the method
and its possible general use for tetracyclines and
penicillins determination in milk, several of these
compounds were assayed. All the tetracyclines
examined showed luminescence signal in the pres-
ence of europium (III) and TTA, giving tetracy-
cline the highest signal (100), oxytetracycline (92),
doxitetracycline (60) and chlortetracycline (49).
However, among the different penicillins assayed
(ampicillin, amoxicillin cloxacillin, dicloxacillin
and oxacillin), only amoxycillin gave a slight ini-
tial rate with the ampicillin system, about 15-

times lower than that obtained for ampicillin.
Also, several cephalosporins (cephalexin,
cephradine, cephaloridine, cephalozin) were as-
sayed by using this system, but no reaction was
observed with any of them. These results show
that the kinetic determination of ampicillin based
on enzymatic hydrolysis is more selective than the
one based on alkaline hydrolysis [11] where other
penicillins and cephalosporins such as cloxacillin
and cephradine interfered with the ampicillin de-
termination.

3.3. Analysis of milk samples

The proposed method was applied to the simul-
taneous determination of ampicillin and tetracy-
cline in three spiked milk samples. For this
purpose, different amounts of these antibiotics
were added to each sample in order to carry out
the recovery study. The treatment of the samples
to obtain the milk whey is described in the Proce-
dure. Table 2 summarizes the recoveries obtained
which ranged from 95.0 to 103.3% (average
99.4%) for ampicillin and between 93.3 and
103.3% (average 98.1%) for tetracycline.

4. ConclusionsAccording

to the results obtained, the joint use
of stopped-flow mixing technique and a T-format
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spectrofluorimeter provides a simple and fast ap-
proach for the simultaneous determination of
mixtures. While the former allows the automation
of the measurement step and the simple adapta-
tion of the method to routine analysis, the
availability of two emission channels allows to
obtain analytical data from the chemical systems
involved whichever is the kinetic behaviour of
each one provided that mutual kinetic effects are
absent. Thus, the proposed method is the first
application of the combined use of kinetic and
equilibrium measurements.

This method also shows that it is possible to
obtain analytical results by mixing two relatively
complex systems. Thus, the fluorescence of the
ampicillin system is obtained after a multi-step
process which involves the enzymatic hydrolysis
of the antibiotic and the reaction of its mercapto
group with mercuric chloride, while the tetracy-
cline determination is based on the formation of
the ternary complex with europium (III) and TTA
in the presence of Triton X-100 and the in-
tramolecular energy-transfer precess from the lig-
ands to the lanthanide ion. However, the lack of
interaction between the reagents of both systems
allows the individual development of each system.
The main limitation of the method is its applica-
tion to the analysis of milk samples containing
very low concentration levels of these antibiotics.
In this case, a pre-concentration step such as solid
phase extraction would be required.

The methods reported in the literature for the
determination of antibiotics in milk involve in
most cases the determination of several penicillins
such as ampicillin, amoxicillin and cloxacillin
[6,7,13,14], or several tetracyclines such as tetracy-
cline, oxytetracycline and chlortetracycline [15–
17], by using liquid chromatography. However,
no methods for the simultaneous determination of
a penicillin and a tetracycline have been described

up to date. Generally, the chromatographic meth-
ods show lower LODs than those obtained in the
proposed method, as they involve the pre-concen-
tration of the analytes, but it is faster and is the
first automatic method described for the simulta-
neous determination of these antibiotics in milk.
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Abstract

The hydrolysis of praseodymium III in 2 M sodium chloride at 303 K was studied. Two methods were used: pH
titration followed by a computational refinement and solvent extraction in the presence of a competitive ligand. The
hydrolysis constants obtained by pH titration were: log b1,H= −7.6890.07, log b1,2H= −15.1090.03, and b1,3H=
−23.8090.04. The stability constants of praseodymium carbonate complexes were determined by pH titration as
well and were: log b1,CO2−

3
=5.9490.08 and log b1,2CO2−

3
=11.1590.15. Praseodymium carbonate species were taken

into consideration for calculating the first hydrolysis constants by the solvent extraction method and the value
obtained was: log b1,H= −7.6990.27. The values for log b1,H attained by both methods are the same. The
species-distribution diagram was obtained from the stability constants of praseodymium carbonate complexes and
hydrolysis products in the conditions of the present work. © 1997 Elsevier Science B.V.

Keywords: Carbonate complexes; Hydrolysis; Praseodymium

1. Introduction

It is observed in the lanthanide series, from the
published data, that the values of the first hydrol-
ysis constant for the same metal ion differ widely
[1,2]. Further work in this field is highly desirable
in view of the basic importance of the problem by
itself, as well as for understanding the chemical
behaviour of these metal ions in various natural
and artificial environments [3,4]. The differences

among the values can be attributed to the various
experimental conditions used, such as the concen-
tration of the element or the pH range, and
probably to the contribution of the affinity of
lanthanide and carbonate ions, which has been
regarded as negligible.

The hydrolysis constants of praseodymium III
have been determined mainly by pH titration
(Table 1) [5–10]. The concentration of
praseodymium III and the ionic strength ranges
used in all these works are wide. However, little
information is available regarding the behaviour
of praseodymium in aqueous solution.* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Table 1
Literature data of the first hydrolysis constant of praseodymium

Ionic strength (M) [Pr3+]Reference no. Method, T (K) log b1,H

0.001–0.01 M, Pr2(SO4)3 0.001–0.01 M, Pr2(SO4)35 −9.0pH titration, 298
0.004–0.009 M, Pr(ClO4)3 −9.450.3 M, NaClO4+0.02 M Ba(OH)2pH titration, 2986

0.1 M LiClO4 1×10−7M7 −7.190.15Solvent exraction
−9.5690.030.2–0.8 M, Pr(ClO4)33 M NaClO4pH titration, 2988

xM Pr(ClO4)3 −8.590.49 pH titration, 298 3 M NaClO4

0.03−1 m −8.7490.0110 pH titration, 333 3 m LiClO4

2 M NaCl 1.7×10−4M, Pr(NO3)3Present work pH titration, 303 −7.6890.07
1.45×10−5 M, Pr(NO3)3Solvent extraction, 303 −7.6990.272 M NaClPresent work

The aim of this paper was therefore to deter-
mine the hydrolysis constants of praseodymium
III, in 2 M sodium chloride ionic strength, at 303
K. According to the suggestions of the IUPAC, in
this work the first hydrolysis constant was deter-
mined by two methods, the solvent extraction in
the presence of a competitive ligand and pH
titration.

2. Theory

In general, the reaction for the formation of a
hydrolysis product can be written as follows:

xMz+ +yH2O?Mx(OH)zx−y
y +yH+ (a)

where the equilibrium constant is bx,y. In the
present work the polynuclear species are neglected
due to the low concentration values of
praseodymium (1.45×10−5 M for the solvent
extraction and up to 1.7×10−4 M for the pH
titration). Therefore, only b1,H, b1,2H and b1,3H

have been considered, which correspond to the
first, second and third hydrolysis global constants,
respectively.

2.1. pH Titration

Potentiometric titration is a precise and direct
technique that allows the experimental determina-
tion of the stability constants, through the analy-
sis of the titration curves by graphic or numeric
methods. If the indicator electrode is sensitive to
pH, it is important to distinguish between the
minus logarithm of the hydronium concentration

(pCH) and the experimental pH value measured in
systems with high ionic strength.

The analysis of the titration curve can be per-
formed with the aid of a computational program.
SUPERQUAD is a program created by Gans et
al. [11] that refines equilibrium constant values by
a least-squares method from the cell potential (or
pH) obtained during potentiometric titrations.

The Marquardt algorithm is applied in SU-
PERQUAD in order to achieve the minimum of
the cell potential (E) quadratic residual sum of
Eq. (1):

U=% (DE)2=% (Ecalculated−Eexperimental)2 (1)

The cell potential for each added volume from the
titrant solution is calculated by SUPERQUAD
with the aid of: (a) experimental normal (or zero-
pH) potentials and slopes of the electrodes used;
and (b) metal cations, ligands and/or proton con-
centration values obtained from cations, ligands
and charge balance equations for the system. In
general, it is necessary to follow an iterative pro-
cedure in order to obtain precise solutions of the
system of equations formulated.

The input file data that should be feed to
SUPERQUAD includes the added volumes and
the cell potentials (or pH) measured, as well as a
chemical model that includes stoichiometry and
the values of the formation constants of the spe-
cies present during the titrations. The refined val-
ues the formation constants and a very
complete statistical analysis of data are obtained
in the output file.
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2.2. Sol6ent extraction

The principle of the solvent extraction method,
in the presence of a competitive ligand, has been
described previously [12,13] Hence, only the main
equations are included here, particularly those
concerning the reactions of praseodymium with
hydroxide and diglycolate ions, the latter being
the competitive ligand in the extraction.

The extraction of praseodymium to an organic
phase can be achieved with an extracting agent
(HX) and in many cases it can be considered that
the extractant is only present in this phase. The
extraction equilibrium of praseodymium can be
represented by the following equation:

Pr3+ +3HX?PrX3+3H+ (b)

with:

Kext=
[PrX3][H+]3

[Pr3+][HX]3
(2)

where [PrX3], [HX], [Pr3+] and [H+] represent the
total concentrations of praseodymium and the
extractant in the organic phase, and the concen-
tration of praseodymium and hydronium in the
aqueous phase, respectively. The distribution co-
efficient is:

D0=
[PrX3]
[Pr3+]

=
Kext[HX]3

[H+]3
(3)

When pCH is low and a competitive ligand, such
as a diglycolate ion (L2−), is added, the distribu-
tion coefficient is modified. According to Grenthe
and Tobiasson [14], PrL+ is the most important
species; then the equation for the distribution
coefficient in the absence of hydrolysis products,
D1, is:

D1=
[PrX3]

[Pr3+](1+b1,L[L2−])
=

D0

1+b1,L[L2−]
(4)

Therefore, a graph of 1/D1 versus [L2−] led us to
calculate the stability constant of the
praseodymium diglycolate complex (Pr(DG)+),
by means of the following equation:

1
D1

=
1

D0

+
b1,L

D0

[L2−] (5)

The presence of the hydrolysis complexes also
modifies the distribution coefficient (D2). When
Pr3+, Pr(OH)2+, and Pr(DG)+ are present in the
aqueous phase, Eq. (4) can be written as:

D2=
[PrX3]

[Pr3+](1+b1,OH[OH−]+b1,L[L2−])
(6)

In the absence of diglycolate ions, D0% can be
defined as follows:

D0%=
[PrX3]

[Pr3+](1+b1,OH[OH−])
(7)

From Eqs. (6) and (7), it is found that:

1
D2

=
1

D0%
+

b1,L%

D0%
[L2−] (8)

where b1,L% represents a conditional stability con-
stant which is equal to

b1,L% =
b1,L

1+b1,OH[OH−]
(9)

If pCH is constant, the denominator of the previ-
ous equation is also constant.

The conditional stability constant (b1,L% ) can be
evaluated from Eq. (8) and a graph of 1/D2 versus
[L2−]. Finally, according to the Eq. (9), b1,OH can
be calculated as follows:

b1,OH=
(b1,L/b1,L% )−1

[OH−]
(10)

3. Experimental

3.1. Reagents

All reagents were analytical grade and deion-
ized water was used to prepare the solutions. In
all cases, the aqueous solutions were 2 M NaCl
ionic strength. The extraction vials were treated as
described elsewhere [15] in order to minimize ad-
sorption of the tracers.

The praseodymium oxalate was prepared from
the nitrate; it was calcined at 693 and then at 1063
K, according to the literature [16], to obtain
Pr6O11, which was identified by X-ray diffraction.
The oxide was treated with nitric acid and finally
dissolved in 10−3 M nitric acid. 142Pr was ob-
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tained for solvent extraction experiments by irradi-
ating the solution in a TRIGA MARK III nuclear
reactor for 1 h at a thermal neutron flux of 1×1013

cm−2 s−1. This isotope was identified [17] by its
gamma radiation spectrum (1570 keV) using a
GeH detector and no interfering radiation was
observed. The half-life was also verified (19.2 h).

3.2. pH Titration

A high precision pH-meter (Taccussel-Radiome-
ter, model LPH430T) equipped with a glass elec-
trode, which has low interference coefficients for
alkaline ions, and an AgCl/Ag reference electrode
together with a digital burette (Brand II) were used
for these experiments. Nitrogen was bubbled in the
solutions and the nitrogen atmosphere was kept
during measurements. The experiments were done
at 303.090.1 K and this was controlled by a
constant temperature circulator (Cole Parmer,
Polystat).

Solutions of 0.1, 0.01, and 0.001 M sodium
hydroxide and hydrochloric acid were prepared in
2 M sodium chloride ionic strength. The pH values
were measured in these solutions and the calibra-
tion lines were obtained by plotting pCH= −
log[H+] against measured pH.

The pH titrations carried out were as follows:
(i) Determination of the appropriate concentra-

tion of Pr3+. It was determined by titration of
praseodymium nitrate solutions, 7.3×10−3, 3.6×
10−3 and 4.5×10−4 M, with sodium hydroxide
solutions: 1×10−2 M for the first and the second
and 1.25×10−3 M for the third. The precipitation
of praseodymium hydroxide was observed for
praseodymium nitrate concentration higher than
4.5×10−4 M. This fact was therefore taken into
account, in order to avoid precipitation during the
pH titrations.

(ii) Praseodymium nitrate solutions, 1.7×10−4

M, with sodium hydroxide solutions, 1.25×10−3

M.
(iii) A 7.3×10−5 M solution of praseodymium

nitrate was left open to the air for 24 h and was
then titrated with 1×10−3 M sodium hydroxide.
In this case, nitrogen was not bubbled, and only
the nitrogen atmosphere was kept over the solu-
tion.

(iv) Solutions of 0.05 M diglycolic acid (DGA)
were titrated with 0.1 M sodium hydroxide.

The data obtained from the pH titrations were
refined with the program SUPERQUAD to obtain
the equilibrium constants and at least three exper-
iments were done in the same conditions to analyze
reproducibility.

3.3. Sol6ent extraction

The solvent extractions of praseodymium were
done at the following pCH values: 2.91, 3.52 and
7.64. The organic and aqueous solutions were
pre-equilibrated between them until the pCH did
not change. The aqueous solutions for the exper-
iments were composed as follows: 5 ml of the
solution 2 M NaCl, 10 ml of the irradiated
praseodymium solution and the required volume
of diglycolic acid solution, for each concentra-
tion. The organic phases were 5 ml of a solution
of dibenzoylmethane (DBM) and tri-n-octyl
phosphyne oxide (TOPO) in benzene. The ratio
[TOPO]/[DBM] and their concentrations were
determined experimentally in order to get D0

and D0% around 1 to enhance accuracy of mea-
surements. The concentrations of DGA, DBM
and TOPO used in each batch of experiments
are shown in Table 2. The shaking time to at-
tain the equilibrium in the phases was deter-
mined experimentally. The vials were then
shaken for 20 h, in a thermostated bath (Cole
Palmer, Polystat) at 303 K. The concentration of
praseodymium in each experiment was 1.45×
10−5 M. After shaking, the samples were cen-
trifuged for 5 min and then 4 ml of each phase
were taken out. The radioactivity of 142Pr was
measured in both phases by means of a NaI(Tl)
well detector, coupled to a monochannel ana-
lyzer (Picker Spectroscaler). The value 1/D was
calculated from the radioactivity in the aqueous
phase divided by that in the organic phase. On
the other hand, the total radioactivity was mea-
sured by means of 10 ml of the radioactive solu-
tion added to 4 ml of 1 M hydrochloric acid. A
pH-meter (Orion) with a combined (glass AgCl/
Ag) electrode was utilized for measurements in
the aqueous phases.
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4. Results and discussion

According to the X-ray diffraction, the pre-
pared praseodymium oxide was PrO1.83, which
had a high crystallinity. This compound is a mix-
ture of Pr3+ and Pr4+ oxides and it forms only
Pr3+ in aqueous solution [10].

The equations obtained to correct the pH mea-
surements to pCH values were the following. In
the solvent extraction method, it was:

pCH= (1.01990.005)pH+ (0.31490.047)

r=0.999 (11)

and the equation used for pH titration was:

pCH= (1.00590.012)pH+ (0.27690.060)

r=0.999 (12)

The slight difference between these empirical
equations can be attributed to the equipment used
for the determination of each one.

Ion product of water values (log Kw) for 2 M
NaCl ionic strength and 303 K were calculated
using the literature value [1] for I=2 M
(log Kw,288 K= −13.9690.01) and the Van’t Hoff

Fig. 1. Typical pCH titration curve of 1.7×10−4 M
praseodymium nitrate with 1.25×10−3 M sodium hydroxide
in 2 M sodium chloride ionic strength at 303 K in the absence
of carbonate ions.

equation. The obtained value was log Kw,303 K=
−13.80. This parameter was also calculated using
values [2] for I=2.01 and 3.00 m at 298 K by
linear interpolation. The ionic strength of the
NaCl solution was converted to the molal scale (2
M=2.08 m), taking into account the density
(1.077 g ml−1) which was measured. The
log Kw,298 K value deduced was −13.85 and the
corrected value at 303K was −13.69.

The dissociation constants of diglycolic acid for
2 M ionic strength and 303 K were pK1=2.9709
0.002 and pK2=3.84090.002. These values are
similar to those found in the literature [1].

4.1. Hydrolysis constants by pH titration

Fig. 1 shows a typical curve of praseodymium
nitrate titration in the absence of carbonate ions.
Precipitation was observed when the
praseodymium concentration was between 7.3×
10−3 and 3.6×10−3 M and it was not observed
at or below 4.5×10−4 M. It was found that the
successive hydrolysis constant values of the three
complexes formed are closer than expected; how-
ever, the third inflection can be observed, as
shown in the inset of Fig. 1. Analysis of data
showed that three equivalents of NaOH are con-
sumed per mole of praseodymium.

The three hydrolysis constants obtained from
the pH titration data (Fig. 1) and the refinement

Table 2
Concentrations of the utilized solutions

Parameter Batch number

1 32

2.992 M NaCl, pCH 3.65 7.64a

[DGA] (M) 0.0550.45 0.011

0.003[DBM] (M) 0.002 0.002

[TOPO] (M) 0.029 0.0040.023

[OH−] (M) – – 8.3×10−7

– 2.5×10−6[CO3
2−] (M) –

61 855 –b1,DG 74 355
10 797–b1,DG% –

DGA, aqueous solution of diglycolic acid; DBM and TOPO,
solutions of dibenzoylmethane and tri-n-octyl phosphine oxide
in benzene. Hydroxide and carbonate ion concentrations,
b1,DG and b1,DG% obtained in each batch of solvent extraction
experiments.
a A total of 0.01 m of N-Tris[hydroxymethyl]methyl-2-
aminoethane sulfonic acid (TES) was added as buffer.
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achieved with the program SUPERQUAD were:
log b1,H= −7.6890.07, log b1,2H= −15.099
0.03 and log b1,3H= −23.8090.40. The log Kw

could be well refined simultaneously (−13.68);
for this refinement, stotal (mV)=21.69 and x2=
17.96. The log Kw value was in good agreement
with the values calculated as described above and
it was used for calculations. It is important to
note that, to the best of our knowledge, values of
b1,2H, and b1,3H for praseodymium had not been
reported before for any ionic strength. The distri-
bution diagram of the species present through the
titration, obtained from the three hydrolysis con-
stants, is shown in Fig. 2. It is observed that the
Pr3+ species is found at pCHB9, the Pr(OH)2+

species between 5.5 and 9, the Pr(OH)2
+ species

between 6.5 and 11, and finally the Pr(OH)3 from
pCHE7.5. It is important to note that the
Pr(OH)2+ species is not a predominant species in
this system.

4.2. First hydrolysis constant by sol6ent
extraction

Fig. 3 shows the plots of 1/D against [DG2−]
for all batches of experiments. The concentration
of diglycolate ion in the solutions was calculated,
taking into account the amount of diglycolic acid
added to the aqueous phases, the pK values and
the pCH measured in the aqueous phases after the
extractions, for each batch of experiments. Points
in Fig. 3 represent the mean value from 6–10

Fig. 3. 1/D vs. DG2− concentration at different pCH values.

independent experiments. The error bars of 1/D
measurements, not indicated in the figure, were
about 10% of the mean values for the experi-
ments. Taking into account Eqs. (5) and (8), from
the least-square regression analysis of data the
following relations were obtained:

pCH=2.91:1/D1=63 441[DG2−]+1.12

(r=0.998) (13)

pCH=3.52:1/D1=54 606[DG2−]+0.73

(r=0.9999) (14)

pCH=7.64:1/D2=24 916[DG2−]+2.31

(r=0.991) (15)

The value b1,DG was calculated from data of Eqs.
(13) and (14) and b1,DG% was calculated from data
of Eq. (15); the values are shown in Table 2. The
log b1,OH was calculated from b1,DG, b1,DG% values
and Eq. (10). It was 6.8090.05 and log b1,H= −
6.8990.05. This value is similar to the one ob-
tained by Guillaumont et al. [7]
(log b1,H= −7.190.15) by solvent extraction
and at 0.1 M LiClO4 ionic strength. However, it is
different from the value obtained by pH titration
in the present work. This difference was attributed
to the presence of praseodymium carbonate com-
plexes in the solvent extraction solutions.

The remaining radioactivity in the aqueous and
organic solutions after the solvent extraction was
between 90 and 98% of the original radioactivity.
According to these values, the loss of
praseodymium by adsorption on the vials was
regarded as negligible.

Fig. 2. Species-distribution diagram obtained from the stability
constants of hydrolysis products of praseodymium.
[Pr3+]TOT=0.17 mM; (
) Pr3+; (�) Pr(OH)2+; (*)
Pr(OH)2

+;X) Pr(OH)3.
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4.3. Stability constants of carbonate complexes

A solution of praseodymium nitrate left open to
the air was titrated as described above. Fig. 4
shows a typical pCH titration obtained in these
conditions. It is important to note that at the
same concentration of Pr3+, the pCH values at the
beginning of the titration are lower in the pres-
ence of CO2. This effect is an evidence of the
formation of praseodymium carbonate complexes.

Table 3 shows two models refined with SU-
PERQUAD from pCH titration (Fig. 4), in the
presence of carbonate ions. In the first case, the
praseodymium carbonate complexes were ne-
glected and in the second case, they were consid-
ered. The best model is the later, because the stotal

value is almost half of that found in the first
model. This demonstrates the presence of the
praseodymium carbonate complexes. It is ob-
served that the log Kw was well refined and was in
good agreement with the calculated values given
above. This agreement supports the validity of the
values obtained for the praseodymium carbonate
complexes. The standard deviation for
log b1,2CO2−

3
is high in comparison with the other

refined values, and it should therefore be taken
carefully.

Fig. 5 shows the species-distribution diagram
obtained from the stability constants of
praseodymium carbonate complexes and hydroly-

Table 3
Statistical refinement obtained by the program SUPERQUAD
for pH titrations of 7.3×10−5 M Pr(NO3)3 in the presence of
CO2 with 1×10−3 M NaOH

log b sEquilibrium

1st Model: praseodymium carbonate complexes were not
considered

Pr3++H2O?PrOH2+ −7.68 (Fixed)

+H+

Pr3++2H2O?Pr(OH)2
+ −15.09 (Fixed)

+2H+

Pr3++3H2O?Pr(OH)3 −23.80 (Fixed)

+3H+

9.96 0.02CO3
2−+H+?HCO3−

16.96CO3
2−+2H+?CO2+H2O 0.02

H2O?H++OH− −13.71 0.01

stotal (mV)=5.60 mV; x2=19.37

2nd Model: praseodymium carbonate complexes were con-
sidered

Pr3++H2O?PrOH2+ −7.68 (Fixed)

+H+

Pr3++2H2O?Pr(OH)2
+ −15.09 (Fixed)

+2H+

−23.80 (Fixed)Pr3++3H2O?Pr(OH)3

+3H+

5.94 0.08Pr3++CO3
2−?Pr(CO3)+

11.15Pr3++2CO3
2−?Pr(CO3)2

− 0.15
9.90CO3

2−+H+?HCO3
− 0.02

CO3
2−+2H+?CO2+H2O 16.94 0.01

H2O?H++OH− −13.72 0.01

stotal (mV)=3.95 mV; x2=15.03

Fig. 4. Typical pCH titration curve of 7.3×10−5 M
praseodymium nitrate with 1×10−3 M sodium hydroxide in 2
M sodium chloride ionic strength at 303 K, in the presence of
carbonate ions.

sis products. According to this diagram, at pCH=
7.64, the working value for the solvent extraction
experiments, the following species: PrOH2+,
Pr(OH)2

+, Pr(CO3)+ and Pr(CO3)2
−, are present

in the solutions. All these species have to be
considered in Eq. (6) and therefore Eq. (10) be-
comes:

b1,OH= ((b1,L/b1,L% )−1−b1,CO2−
3

[CO2−
3 ]

−b1,2CO2−
3

[CO2−
3 ]2

−b1,2OH[OH−]2)/[OH−] (16)

The dissociation of carbonic acid
were found in the literature [4] for 1 M NaClO4
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ionic strength and they were also adjusted by the
SUPERQUAD program to our experimental con-
ditions (see Table 3). The above mentioned pro-
gram also let us to calculate the CO2

concentration in the solutions (6.02×10−4 M).
Dissociation constants of carbonic acid, CO2 con-
centration and pCH were used to calculate the
carbonate ion concentration in the aqueous
phases of the solvent extraction system. This last
value, the stability constants of praseodymium
carbonate complexes and the values obtained in
the solvent extraction for log b1,DG and log b1,DG%
(Table 2) were applied in Eq. (16). The log b1,OH

was 6.0290.27 and log b1,H was −7.6990.27.
This value is equal to the one obtained by pH
titration in the present work.

4.4. Comparison with other works

In general, the log b1,H value obtained in this
work is lower than those values reported previ-
ously and this difference can be attributed to the
following: the concentration of praseodymium
plays an important role for the pH titrations. It
was observed in this work that praseodymium
hydroxide precipitates during pH titration in con-
centrations higher than 1.7×10−4 M and this
effect may give erroneous values. The data found

in the literature (Table 1) were obtained with
praseodymium concentrations higher than the one
used in this work, for pH titrations; however it
was not indicated whether precipitation was ob-
served.

Polynuclear complexes have been only consid-
ered by Burkov et al. [8] and Ciavatta et al. [10].
However, in most cases praseodymium concentra-
tions used were high and polynuclear species were
probably formed in the systems studied.

The value of log b1,H found in the present work
is higher than the one reported elsewhere at 333 K
[10]. This difference could be attributed to the fact
that the complexes are more stable at lower tem-
perature.

The log b1,H has been determined before by
solvent extraction [7]; however, in that work car-
bonate complex formation was neglected. It is
important to note that when this last effect was
not considered in the present work, for the solvent
extraction system, a value similar to that reported
before [7] was obtained.

The values of the hydrolysis constant at differ-
ent ionic strengths have been related to each other
by an empirical relation [2]. According to this
relation, log b1,H for praseodymium should be
−9.2, in 2 M NaCl ionic strength. However, our
experimental results indicated, by both the solvent
extraction and pH titration methods, that log b1,H

is higher, (−7.68). This value is similar to −8.1
reported for I=0 [2]. These results are not sur-
prising, considering that Lundqvist [4] obtained
higher values for the hydrolysis constants than
expected when working with europium and ameri-
cium.

Lundqvist [4] suggested that the hydrolysis
studies are generally complicated by simulta-
neously occurring disturbing processes like sorp-
tion, precipitation and/or formation of
polynuclear and colloid species. In the present
work, the sorption and precipitation did not affect
the measured distribution values after the solvent
extraction, since the loss of praseodymium by
adsorption on the vials may be regarded as negli-
gible. As mentioned above, more than 90% of
praseodymium was found in solution after the
solvent extractions. On the other hand, the con-
centration of praseodymium was decreased until

Fig. 5. Species-distribution diagram obtained from the stability
constants of praseodymium carbonate complexes and hydroly-
sis products shown in Table 3. The diglycolate species is also
included. [CO3

2−]TOT=0.60 mM; [Pr3+]TOT=14.5 mM;
[DGA2+]=11.00 mM. (
) Pr3+; (�) Pr(DGA)+; (�)
Pr(OH)2+; (+ ) Pr(CO3)+; (*) Pr(OH)2

+; (�) Pr(CO3)2
−;X)

Pr(OH)3.



H. López-González et al. / Talanta 44 (1997) 1891–1899 1899

no precipitation was observed and the curve shape
remained unchanged during the pH titrations.
Furthermore, in the solvent extraction method,
the concentration of praseodymium was even
lower than for pH titrations, and precipitation
and polynuclear species formation are therefore
very unlikely to occur in the experiments. Col-
loidal formation has not been considered in any
of the published works on the hydrolysis constant
of praseodymium and it could be an important
parameter to understand the behaviour of lan-
thanides in solutions.
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Abstract

This work deals with the application of artificial neural networks to two common problems in spectroscopy: the
identification of distorted UV-visible spectra of a specific class of organic compounds, and the quantitative
determination of single components in binary mixtures of these compounds. The examined species were six organic
indicators, whose spectra are very similar to each other; the trained networks have proven to be very powerful in both
applications. © 1997 Elsevier Science B.V.

Keywords: Mixtures; Networks; Neural; Spectra

1. Introduction

Artificial neural networks [1–4] have been
proven to be a suitable tool for the automated
interpretation of spectral data. Some previous ap-
plications included the identification of a wide
range of functional groups from the infrared spec-
tra of organic compounds [5–9], the verification
of peak-shaped signals from IR spectral data [10],
the identification of carbohydrates on the basis of
their 1H NMR spectra [11,12], the classification of
mass spectra [13]. Neural networks have also been
used to model quantitative measurements from
ultraviolet-visible spectroscopic data [14–16].

The advantages of the neural network approach
to the spectral interpretation are well-known: the

network architecture is easily programmed, with
the aid of some freely-available computational
packages; the computational effort ends with the
learning session, after which the response is imme-
diate: then the trained network can operate in
real-time, which is of great importance in many
applications. Moreover, the correlations between
spectral features and structural categories need
not to be known in advance: the neural network
can ‘learn by example’, i.e., no a priori assump-
tions need to be made on the behavior of the
data. This leads to the ability to process input
data containing some degree of uncertainty. Spec-
trophotometric data (e.g., in vivo and in vitro
measurement) often contains a high degree of
noise, either inherent in the measurement or in the
variation of the spectral pattern itself; the
difficulties in the interpretation of such distorted* Corresponding author.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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spectra can lead to errors either in the identifica-
tion and in the quantitative measurements. If used
properly, the neural networks performances, com-
pared with other approaches, are less influenced
by subtle perturbations and noise in the input
signals. If the only purpose is to obtain accurate
classifications and/or quantitative predictions, the
trained network can be used as a ‘black box’: the
connection weights stored after the learning pro-
cedure represent the ‘knowledge’ acquired
through the examples, which permits to give accu-
rate evaluations on new data. It is important to
note that the trained network can discriminate
between ‘objects’ in some way connected to those
from which it has learned, but when ‘extraneous’
objects are presented to it, its responses are no
more reliable. In other words, the network has the
ability to interpolate, not to extrapolate, between
the training patterns. However, the network
should be trained in such a way to classify an
extraneous object as ‘unknown’, i.e., it must not
be confused with one of the learned patterns.

From this perspective, this work aims at testing
the performances of neural networks in two dis-
tinct problems: the identification of distorted UV-
visible spectra of a specific class of organic
compounds, and the quantitative determination of
single components in binary mixtures of these
compounds. In the latter case, from the complete
set of 15 possible two-component combinations of
six pure compounds, we chose to study in particu-
lar two binary mixtures, which well represent the
full set. This simplification was done because our
purpose was only to test the performances of a
neural approach to these kind of problems; then,
in our opinion, a full analysis of all the possible
mixtures is not needed.

Three neural networks, each one with a differ-
ent task, were constructed. The first can be used
to identify a pure compound (out of a group of
six) from its absorbance spectrum; we have ver-
ified that the recognition is reliable also in the
eventual presence of an ‘extraneous’ pattern. The
other two systems work on binary mixtures of
known components: each network can predict the
composition of a specific mixture.

2. Network description

A three-layered, full connected FF-network was
used in both problems. Each neuron of the input
layer is fully interconnected with all the neurons
of the hidden layer, which in turn are intercon-
nected with each neuron of the output layer.
There are no connections between the neurons
within a layer, nor any direct connections between
those of the input and output layer. Each connec-
tion has a weight associated with it, representing
the connection strength, which is adjusted during
learning.

A sigmoidal activation function was used, with
a bias associated to each unit; therefore the out-
put of the j-th neuron (belonging to the hidden or
to the output layer) is:

oj=
1

1+exp
�

−%
i

wij ·oi−qj

� (1)

where wij is the weight of the connection between
i and j units, oi is the output of an i unit in the
preceding layer, and uj is the bias of the j unit.
The connection weights were initialized randomly
in the [−1, 1] range.

3. Learning

The standard back-propagation algorithm [1]
was used to train the networks; the weights up-
date rule reads as follows:

Dwn
ij=h ·dn

j ·on−1
i (2)

where h is the learning rate (constant); the change
of the weight Dwij

n of the connection between the
neuron j (on the layer n) with the neuron i (on the
preceding layer) will be proportional to the error
d j

n produced on the neuron j, and to the signal
oi

n−1 coming from neuron i. The problem of how
to calculate the delta values for each layer is
discussed in [2].

In supervised learning the training patterns are
iteratively presented to the network together with
the desired output vector (target or teaching out-
put). The input is propagated forward in the
until the output layer is reached; the errors (d ’s)



M.L. Ganadu et al. / Talanta 44 (1997) 1901–1909 1903

on the output neurons are then calculated and
propagated backward to the inner units, updating
all the weights. One learning iteration (epoch) is
defined as the input, the check, and the correction
of weights in all layers of all training vectors. The
iteration proceeds until the output error falls be-
low an acceptable level; then the resulting connec-
tion weights matrix may be used to classify
previously unseen patterns, i.e., patterns which
have not been used to train the network. The
learning rate h adopted in this work is 0.2: this
value is little enough to avoid local minima in the
training session, but leads however to a fast con-
vergence (i.e., a low training mean square error,
see below).

4. Input

The number of input neurons was varied be-
tween 90 and 450. The latter value corresponds to
the whole spectrum with a resolution of 1 nm (the
wavelength varies in the range 250–700 nm). In
the trials with a lower number of input data, we
selected a subset from the whole spectrum by
sampling the required number of points at regular
intervals.

5. Output

Usually the dimension of the output vector
corresponds to the number of classes to be sepa-
rated (six in our case). In the classification prob-
lem the target vector had only one non-zero
element, corresponding to the class of the associ-
ated pattern: this element has value one. In this
way, the first output neuron represents the first
compound (red cresole), and so on. In the mixture
case, the target vector has only two elements,
whose values range between 0 and 1 (while in the
classification problem the only possible values for
each element of the target vector were 0 and 1),
representing the fraction of component 1 and
component 2 in the mixture.

6. Spectra

The source of the spectral data is [17]; it reports
the parameters of the gaussian bands of six sul-
fonephtalein indicators, in acid and basic form.
The basic forms of these indicators were chosen
for the present study, and the relative abbrevia-
tions which will be used in the following are
reported in Table 1. The complete spectra are
shown in Fig. 1. The two mixtures studied were:
3%,3¦,5%,5¦-Tetraiodophenolsulfonephtalein (abbre-
viation, ind7B) mixed in various proportions with
3,4,5,6-Tetrabromophenolsulfonephtalein
(ind2BrB), and ind2BrB mixed with Clorophenol
red (ind4B). As stated above, these two mixtures
should well represent the full set (from six pure
compounds one can obtain 15 possible binary
combinations); actually, the pure spectra are
rather similar to each other, and the two selected
mixtures represent two ‘extreme’ cases, in terms of
overlapping: the peaks in the spectra of ind2BrB
and ind4B considerably overlap, while the overlap
is lower for the other mixture. In other words, the
complete range of overlapping should be covered
in this way.

We reconstructed the original spectra by linear
combining the above-mentioned gaussian bands,
and by renormalizing each single spectrum. Ran-
dom noise, gaussian-distributed, was added to
each spectrum, in such a way as to reproduce the
experimental noise (see the Appendix A).

The training set for the classification problem
was made of 60 samples of each spectrum, with
different random noise added. Thus, the training
set, in this case, is made of 360 patterns. More-
over, a test set of another 360 distorted spectra
(60 patterns for each of the six compounds, as for

Table 1
Compounds and abbreviations

CompoundAbbreviation

ind1B Cresol red
ind4B Clorophenol red

3%,3¦,5%,5¦-Tetraiodophenolsulfonephtaleinind7B
Xylenolind1CH3B

ind2BrB 3,4,5,6-Tetrabromophenolsulfonephtalein
ind6BrB Tetrabromophenol blue
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Fig. 1. Absorbance spectra of the six compounds studied
(samples taken from the training set).

Table 2
Test patterns and abbreviations

AbbreviationsPatterns

00110×6 Spectra with added noise ten-fold
greater than the experimental one

10×6 Spectra with added noise 50-fold 05
greater than the experimental one

10×6 Spectra with added noise 100-fold 01
greater than the experimental one

L15×6 Spectra left-shifted one data point
L45×6 Spectra left-shifted four data points

5×6 Spectra right-shifted one data point R1
5×6 Spectra right-shifted four data R4

points

S155×6 Spectra with intensities reduced by
a factor of 1,5

5×6 Spectra with intensities reduced by S2
a factor of 2

one of the ‘01’ distorted spectra of ind7B is
shown, to be compared with the non-distorted
spectrum in Fig. 1.

The training set for the mixture problem is
slightly different: for each mixture, two spectra
were rescaled and superimposed, in such a way to
reproduce 11 different percentages of component
1 and component 2, i.e.,: 0–100, 10–90,..., 100–0.
Then, random noise was added to the mixture
spectrum, in order to obtain ten samples for each
composition, resulting in a training set made of
110 patterns for each mixture. Fig. 3 shows the

Fig. 2. Spectrum of ind7B with superimposed noise 100-fold
greater than the experimental one.

the training set) was generated. This set was used
to test the generalization ability of the trained net,
by presenting to it some samples which were not
used in the training session. The distorted spectra
can be divided in three groups: they are reported
in Table 2, together with their relative abbrevia-
tions. Finally, a validation set made of 60 patterns
generated in the same way as the ‘01’ group of the
test set, but with a different random noise com-
pared it, was used, together with the training
set, in the training session (see below). In Fig. 2
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Fig. 3. (a) Absorbance spectrum of 1:1 mixture of ind7B and
ind2BrB; (b) absorbance spectrum of 1:1 mixture of ind4B and
ind2BrB.

Test set: 100 patterns (5 samples×10 compo-
sitions×2 mixtures)

Validation set: 100 patterns (5 samples×10
compositions×2 mixtures).

7. Criteria adopted in the training session

During the training session the training patterns
were presented in random order to the network,
monitoring the mean square error (MSE), as
defined by:

MSE=
1

Np

%
Np

p=1

%
N0

i=1

(oi− ti)2 (3)

where Np is the total number of patterns, No is the
number of output neurons, oi is the output of the
neuron i and ti is the teaching output of the same
neuron. The double sum (not divided by the total
number of patterns) is the standard square error
(SSE). The MSE done by the network on the
training set was monitored together with the MSE
on the corresponding validation set.

The training session ended when the MSE on
the training set fell below 4×10−4 units; this
choice was made because of the following obser-
vations: after a steep fall, the two error curves
continue to decrease very slowly (Fig. 4). There is
an increase in the validation SSE only after 20 000
or more epochs, so we can state that, for the
particular problem studied, overfitting is absent if
we stop the training before that time. Moreover,
the performances of the network which satisfy the
above-mentioned criterion are very similar to

spectra of 1:1 mixtures of the above-mentioned
compounds. The test set, for both mixtures, was
made of another 50 patterns: five samples for ten
spectra, having different percentages with respect
to the training set: 5–95, 15–85,..., 95–5. The
validation set was generated in the same way as
the test set, yet with a different random noise
added.

To summarize, the used patterns were:
Classification problem:

Training set: 360 patterns (60 samples×6
spectra)

Test set: 360 distorted patterns (60 samples×
6 spectra, see Table 2)

Validation set: 60 patterns (10 samples×6
spectra)

Mixtures problem:
Training set: 220 patterns (10 samples×11

compositions×2 mixtures)
Fig. 4. Trend the standard square error on the training set
(continuous curve) and on the validation set (dashed curve).
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those of the network trained just before the
overfitting (stopped-training method [18]); then
the chosen criterion seems to be a good one,
because it requires less training epochs and leads
to similar results compared with the stopped-
training method.

The calculation time required by the training
sessions was 30–40 min for the classification
problem, while the response of the trained net-
work to the test patterns was immediate.

8. Criteria for output interpretation

The interpretation of the output values was
made with the ANALYSE program, included in
the SNNS package; by comparing the teaching
output and the actual output, one could obtain
three kinds of response, on the basis of two fixed
threshold parameters, h and l :

right: the network classified correctly the test
pattern if:

(a) the output of exactly one output unit is ]h ;
(b) the teaching output of this unit (target equal

to 1) is the maximal teaching output for the
pattern;

(c) the output of all other output units is 5 l ;
wrong: the network identified a wrong com-

pound if:
(a) the output of exactly one output unit is ]h ;
(b) the teaching output of this unit is NOT the

maximal teaching output for the pattern;
(c) the output of all other output units is 5 l ;
unknown: a test pattern is unclassified in all

other cases.
There are no exact rules for determining the

parameters h and l. Usually a trial procedure is
adopted (as for the choice of the learning parame-
ters): the best parameters are those which give the
best results. In this case, we observed an improve-
ment when passing from h=0.9, l=0.1, to h=
0.8, l=0.2, to h=0.7, l=0.3, while using h=0.6,
l=0.4 the percentages of correct classifications
worsened again. Therefore, the thresholds
adopted in this work were h=0.7 and l=0.3.
With this criterion, the percentage of correct re-
sponses has been calculated. In the mixture case,
as we stated before, the actual output was the

fraction of the two components in the test spec-
trum, then the calculation of the error was easier:
one has only to average the absolute residuals
(differences between the real output and the
‘wanted’ output).

9. Results and discussion

9.1. Classification problem

We tried to reduce the number of input neurons
in order to optimize the generalization ability of
the network. In fact, every additional input neu-
ron increases the size of the network by six con-
nections, resulting in a larger amount of
calculations to be made in the training session,
which leads in turn to a poor generalization: the
network is ‘too well’ fitted to the training data.
On the other side, a sufficient amount of data
points should be provided to the network in order
to adequately represent the spectral details. We
trained three networks with 450, 222 and 90 input
neurons; the number of epochs needed was 750,
920 and 950, respectively. As stated above, the
test set was made of 60 distorted patterns for each
of the six compounds. The ability of the network
in the recognition of each compound was first
investigated, by separately observing the network
responses to each group: in Table 3 the percentage
of correct classifications for each compound (cal-
culated over its 60 test patterns) is shown, to-
gether with the MSE on the test set. The best
overall performances result from the network with
450 input nodes (over 91% of patterns are cor-
rectly classified, see Fig. 5). We also optimized the
number of hidden nodes by training and testing
three other networks with 4, 8 and 12 hidden
neurons and 222 input neurons. The results are
shown in Table 3: the best performances (in terms
of percentage of right classifications) are those of
the network with six hidden neurons: over 86% of
responses are correct. We can then state that,
among the tested architectures, the best network
for the classification problem should have 450
input and six hidden neurons. have then
investigated the accuracy of this architecture in
the classification of each group of patterns, shown
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Table 3
Performances of the trained networks (classification problem)

1CH3B 2BrB 6BrBNetwork MSE1B 4B 7B

0.08610083.3450-6-6 10083.3 80 100
98.3 65 91.7 0.1222-6-6 86.7 85 90

0.21491.763.390-6-6 81.765 68.3 100
100 70 95 0.13222-12-6 68.3 60 98.3

0.12610063.3222-8-6 91.770 81.7 100
75 91.7222-4-6 78.3 66.7 100 98.3 0.152

in Table 4. For comparison, the same data for the
222-6-6 architecture are shown. As expected, the
ability of the network to correctly classify the test
patterns decreases with the increase of the random
noise. The one-point shifted spectra are all
classified correctly, while when the four-points
shifted spectra are presented as input, the errors
increase considerably. The trained network recog-
nizes all the spectra with intensities reduced by a
factor of 1.5, while only 66.7% of the patterns
with intensities reduced to a half is recognized. If
we excluded from the test set the 01, L4, R4, S2
patterns, which are less common from an experi-
mental point of view, we would obtain a percent-
age of right responses of 99.5% for the 450-6-6
network, and of 97.1% for the 222-6-6 architec-
ture. Then the performances of both networks in
the recognition of the less-distorted patterns are
excellent.

The response of the net to an extraneous spec-
trum was tested with the spectrum shown in Fig.

6: it is the absorbance spectrum of the E100 candy
dye, obtained from the Color Spectra Database
(available via Internet at address ftp.lut.fi). The
wavelength resolution of the spectrum is 2 nm,
therefore we had to present it to the 222-6-6
network. The network classifies the spectrum as
‘unknown’, and the output vector is
(0, 0, 0.905, 0.916, 0.967, 0). If we wanted six zero
values as output vector, we should include in the
training set also some ‘negative’ patterns, i.e.,
extraneous spectra with a (0, 0, 0, 0, 0, 0) teaching
output vector. However, the ‘unknown’ response
obtained is fully satisfactory to our aims.

9.2. Mixtures problem

The training of the ind7B/ind2BrB mixture net-
work was easier than that of the ind4B/ind2BrB
mixture network; it could be explained by observ-
ing the spectra of the 50:50 mixtures (Fig. 3). In
the first case, the two spectra show little overlap-
ping in the low-wavelength region, while in the
second case the two spectra considerably overlap
in that region. Therefore the network encounters
more difficulties to learn the mixed patterns of
ind2BrB and ind4B; actually, it showed overfitting
before the learning criterion adopted (training set
MSEB0.0004) was satisfied. In order to compare
the performances of the two networks, we stopped
the training sessions when the training set MSE
fell below 0.0006 units, for both networks. The
ind7B/ind2BrB network needed only 600 epochs
to be trained, while the other one needed 3500
epochs. There are five samples of each test mix-
ture, and for each sample the trained networks
give the predicted amounts of the two compo-
nents, whose averages are shown in Table 5,

Fig. 5. Responses of the networks: for each topology,
the three bars represent the percentages of right, wrong and
unknown responses, respectively.
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Table 4
Percentage of correct responses for each test pattern group

S2S15Network R4001 L4005 01 L1 R1

100 66.7450-6-6 100 98.3 90 100 100 83.3 66.7
50 66.7 83.3222-6-6 100 98.3 66.785 100 100

together with the exact amounts. The total aver-
age errors are 0.61% for the ind7B/ind2BrB net-
work, and 0.72% for the ind4B/ind2BrB network.
Both networks seem to make greater errors with
the mixtures with one almost-pure component
(see Fig. 7). The maximum absolute errors found
are lower than 1.5%.

10. Technical notes

The simulation of the network was carried out
with the SNNS (Stuttgart Neural Network Simu-
lator) program, version 4.0, which is distributed
by the University of Stuttgart (Institute for Paral-
lel and Distributed High Performance Systems) as
‘free software’. Information about it and the
ANALYSE program included are available at the
Internet address http://www.informatik.uni-stutt-
gart.de/ipvr/bv/projekte/snns/snns.html. The cal-
culations were made on a IBM-RISC 6000

workstation with 32 Mbytes of memory, running
AIX 3.2.5 and X-Windows.

11. Conclusions

A multilayer network with a large number of
input nodes has been shown to be capable to
discriminate between spectra very similar and
with few spectral details, as the UV-visible spectra
in Fig. 1. In addition, the percentage of right
recognitions is quite satisfactory also when highly
distorted patterns are presented to the network.
Moreover, we demonstrated that a specific net-
work can be trained to give accurate estimates of
the concentrations of two components in a binary
mixture. It must be remarked that no preliminary
transformation or reduction of data is needed: the
input patterns are the absorbances at each wave-
length in the spectral range chosen. Then the
neural ‘black box’ as is could be useful in order to
obtain a fast and accurate response in the identifi-
cation and/or quantitative determination of real
data.

Appendix A

The noise added to each point was given by
y=A0 +rnd ·s, where rnd is a random number
sampled from a normal gaussian distribution; us-
ing A0 =0.0015 and s=0.001, the experimental
noise is reproduced, as for the training spectra.
The width of the gaussian is always constant in
every group of spectra; the distorted spectra with
greater noise have been generated simply with a
greater s value (e.g., s=0.01 for the spectra with
added noise ten-fold than the experimental
one).Fig. 6. Absorbance spectrum of E100 candy dye.
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Table 5
Averaged output of the trained networks (mixtures problem)

Exact amounts Network ind7B/ind2BrBNetwork ind4B/ind2BrB

0.05690.15 ·10−30.060490.28 ·10−3Test 1 0.05
0.95 0.940690.29 ·10−3 0.941990.16 ·10−3

0.15 0.136491.1 ·10−3Test 2 0.135490.63 ·10−3

0.863991.1 ·10−3 0.862790.57 ·10−30.85
0.25 0.24591.7 ·10−3Test 3 0.24990.37 ·10−3

0.753991.7 ·10−3 0.751190.33 ·10−30.75
0.35 0.350390.94 ·10−3Test 4 0.356690.39 ·10−3

0.65 0.647990.92 ·10−3 0.645590.47 ·10−3

0.45 0.448690.90 ·10−3Test 5 0.454490.63 ·10−3

0.546690.65 ·10−30.550490.86 ·10−30.55
0.55 0.543590.98 ·10−3Test 6 0.548490.27 ·10−3

0.45 0.456990.92 ·10−3 0.451490.61 ·10−3

0.643690.33 ·10−30.644590.71 ·10−3Test 7 0.65
0.35 0.356890.77 ·10−3 0.355390.34 ·10−3

0.75190.44 ·10−30.754190.68 ·10−3Test 8 0.75
0.24790.72 ·10−3 0.248690.56 ·10−30.25

0.858890.79 ·10−3 0.864390.45 ·10−3Test 9 0.85
0.15 0.140890.83 ·10−3 0.13690.42 ·10−3

0.943190.17 ·10−30.95Test 10 0.935690.70 ·10−3

0.063290.74 ·10−3 0.057390.14 ·10−30.05

Fig. 7. Errors made by the networks trained in the mixtures
quantitation; for each test sample, the two bars represent,
respectively the average percent error on the ind4B/ind2BrB
mixture and on the ind7B/ind2BrB mixture.
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Abstract

The gas chromatographic detection and quantitative determination of various chlorophenolics as well as resin and
fatty acids have been carried out in the chlorination and caustic extraction stage effluents generated in the laboratory
by bleaching a bamboo pulp. A number of chlorinated phenols, catechols, guaiacols, syringaldehydes and resin acids
as well as non-chlorinated saturated and unsaturated fatty acids together with resin acids have been detected. The
concentration of various compounds detected have also been compared with the reported 96LC50 values. © 1997
Elsevier Science B.V.

Keywords: Bamboo; Bleaching effluent; Chlorophenolics; Gas chromatography; Pollutants; Resin and fatty acids

1. Introduction

The dwindling forest cover and increasing de-
mands of the paper, industry worldwide is in-
creasingly requiring the use of hardwoods and
nonwoods (agroresidues and grasses) for making
paper. Bamboo (Bambusa), a grass, has been one
of the most popular raw materials used by the
Indian paper industry. It gives a long fibered pulp
(comparable to softwoods) that forms a strong
paper. With the diminishing forests in India bam-
boo has also, become scarce but is still used by a
large number of paper mills, particularly in east-

ern and southern India.
The paper industry is a high pollution load

industry. Among the various sections, bleaching
often accounts for the largest fraction of toxicity.
The pulp produced by digestion with chemicals is
brownish in color and requires bleaching to pro-
duce pulps of acceptable brightness. In developing
countries the use of chlorine and other chlori-
nated compounds such as calcium or sodium
hypochlorite with an intermediate caustic extrac-
tion is common for nonwoody materials.

The compounds responsible for the toxicity of
chlorination (C) and caustic extraction (E) stage
effluents are chlorophenolics together with resin
and fatty acids [1,2]. The chlorophenolics are
formed during the C-stage of pulp bleaching and

* Corresponding author. Tel: +91 132 727062; fax: +91
132 727387.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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are solublized in the E-stage. The nature and
amount of chlorophenolics formed will depend
upon the nature of the lignin and the bleaching
conditions [3,4]. The resin and fatty acids found in
bleach plant effluent originate from the fibrous
raw material. Their amount depends on the spe-
cies and on the degree of washing of the un-
bleached pulp.

During the last two decades intense research
efforts have been devoted to the identification of
the various compounds [5–10] in bleach plant
effluents and to the investigation of their possible
biological effects [11–15]. These studies have been
performed mostly on softwoods. Very little infor-
mation is available on the nature and the quanti-
ties of various compounds present in bleach plant
effluents formed from Indian varieties of hard-
woods or agroresidues. In the present investiga-
tion we report the results of the detection and
quantitative determination of various pollutants
formed during the chlorination and extraction
stages of the bleaching of bamboo pulp.

2. Experimental

The chlorophenols and fatty acids used were
obtained from the Sigma Chemical Company (St.
Louis, USA) and Aldrich Chemical Company
(Milwaukee, USA). The chlorocatechols,
chloroguaiacols, chlorovanillins, chlorosyringalde-
hydes, chlorosyringols, resin acids and chloro
fatty acids were supplied by Helix Biotech. Cor-
poration (Richmand, B.C. Canada). Solvents
comprising n-hexane, acetone, diethyl ether and
methyl tertiary butyl ether used were HPLC
grade. Analytical grade acetic anhydride was used
after redistillation. Other reagents used for detec-
tion studies were of analytical reagent grade.
Standard solutions of chlorophenols were pre-
pared in acetone/water (10:90), resin and fatty
acids in methanol/diethyl ether (10:90) solution.

Unbleached washed (bamboo) kraft pulp was
provided by Central Pulp and Paper Research
Institute (CPPRI), Saharanpur. Tappi Test
method T236 cm-85 was used to determine the
residual lignin content (kappa number=37.4) of
the pulp.

Pulp bleaching was carried out in more than
one bleaching stages. A fraction (70%) of the
chlorine demand (0.25×kappa number) was ap-
plied as elemental chlorine in chlorination stage.
All chemicals were applied as %O.D. (oven dried)
pulp.

Unbleached pulp (35 g O.D. basis) was
bleached under the conditions shown in Table 1.
The volumes of effluent generated in the C and E
stage were 1.81 and 2.02 l, respectively. The
effluents were characterized by pH, total dissolved
solids, BOD5 (biochemical oxygen demand), COD
(chemical oxygen demand) [16] and color mea-
sured on a Shimadzu spectrophotometer model
UV 2100/S.

Extraction of chlorophenols from the effluents
was performed by simple modification of the pro-
cedure suggested by Lindstrom and Nordin [5].
The E-stage effluent (500 ml) or the C-stage
effluent (1000 ml) was adjusted to pH 2 and
extracted with 200 and 400 ml of 90:10 diethyl
ether/acetone mixture for 48 h, respectively with
intermittent shaking. Extraction of resin and fatty
acids from effluents has been achieved as sug-
gested by Voss and Rapsomatiotis [8]. The
effluent (E-stage 50 ml or C-stage 100 ml) was
adjusted to pH 9 and extracted with equal volume
of methyl tertiarybutyl ether for 1 h.

Chlorophenols as acetyl derivatives [17], resin
and fatty acids as methyl esters [18] were analysed
using Shimadzu gas chromatograph (Model GC-
9A). The GC conditions are given in Table 2.
Retention times (RT) were determined using stan-
dard solutions of various chlorophenolic com-
pounds, resin and fatty acids. In each case 1 ml
sample was derivatized and 1 ml of the derivatized
extract was injected into the column.

Table 1
Bleaching conditions

C-stageParameters E-stage

70 —Cl2 applied (% (demand))
NaOH applied (% (OD pulp)) — 03
Consistency (%) 103.5

11–121.8–2.0pH
25Temperature (°C) 60

75Time (min) 60

All chemicals charged as %O.D. (oven dried) pulp.
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Table 2
GC conditions for the analysis of chlorophenolics and resin
and fatty acids

Parameters HR-1 OV-101

FID FIDDetector
Detector range 10° 10°

5Chart speed (cm min− 5
1)

0.50.5–1Sample size (ml)
22Injection (min) (split

less)
Column dimensions 25 m×0.32 mm30 m×0.32 mm
Film thickness 0.25 mm 0.27 mm
Injection and detector 300275

temp (°C)
190 for 4 min80 for 3 minColumn temperature

(°C)
190–210 at 1°C80–160 at 2°C
min−1min−1

160 for 5 min 210–230 at 2°C
min−1

160–260 at 10°C 230–250 at 3°C
min−1min−1

260 for 15 min 250 for 15 min

3.3. Extraction efficiency determination

3.3.1. Chlorophenolics
The standard solution of 0.1 mg chloropheno-

lics (1000 ml) was extracted and derivatized. An-
other solution of 0.1 mg chlorophenolics (1 ml of
100 mg l−1) was derivatized without extraction.
The extracted and nonextracted chlorophenolics
derivatives were injected into HR-1 column (0.5 ml
each) and the peak areas were determined in both
the cases. The extraction efficiency (EF) was cal-
culated from the equation:

EF(%)=
Peak area of extracted sample

Peak area of nonextracted sample
×100

(1)

3.3.2. Resin and fatty acids
The standard solution of resin and fatty acids

(50 ml of 0.1 mg l−1) was extracted and deriva-
tized. Another solution (1 ml of 5 mg l−1) con-
taining 5 mg of resin and fatty acid was
derivatized without extraction. The extracted and
nonextracted resin and fatty acid were injected
into OV-101 column (0.5 ml each) and the peak
areas were determined in both the cases. The
extraction efficiency was calculated using the Eq.
(1).

The various chlorophenolics, resin and fatty
acids were detected by matching the retention
time with those of pure standards within 90.1
min. For some compounds the value of RT were
nearly the same. In these cases the average quanti-
ties were determined. For carrying out quantita-
tive analysis, response factor (RF) and extraction
efficiency (EF) of various compounds were deter-
mined.

4. Results

The characteristics of effluents generated in lab-
oratory are shown in Table 3. The values of RT
and concentration of various detected chlorophe-
nolics, resin and fatty acids are given in Table 4
and Table 5, respectively. The values of RT show
that most of the chlorophenolics and resin and
fatty acids can be separated on Ulbon HR-1 glass

3. Derivatization procedure

3.1. Chlorophenolics

To 4.5 ml of sample (or diluted sample) taken
in teflon lined screw capped glass tube, 0.5 ml of
0.5 M Na2HPO4 and 0.05 ml of acetic anhydride
were added. After adding 1 ml of n-hexane, the
mixture was shaken for 3 min and 0.5–1.0 ml of
the hexane extract was injected into the HR-1
column.

3.2. Resin and fatty acids

Resin and fatty acids were derivatized with
dropwise addition of etheral solution of dia-
zomethane to 1 ml of the sample till a yellow
color persisted for some time. The excess dia-
zomethane was destroyed by dropwise addition of
glacial acetic acid. The resulting solution was
evaporated to dryness with a current of nitrogen
gas. The dried mass was dissolved in methanol/di-
ethylether (10:90) solution and making the total
volume 1 A 0.5 ml of this solution was injected
into OV-101 column.
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Table 3
Characteristics of effluents generated in the laboratory

Parameters Effluent

E-stageC-stage

2.2 10.7pH
Dissolved solid (mg l−1) 1088.0 1288.0
BOD (mg l−1) 120.0 136.0

722.0593.0COD (mg l−1)
1134.0Colour (Pt. Co) 3875.0

(g odt−1) are given in Table 6 and Table 7,
respectively.

5. Discussion

5.1. Chlorophenols

Six categories of chlorophenolics are present in
spent bleach liquor obtained from Indian variety
of bamboo pulp. These are chlorophenols, chloro-
catechols, chloroguaiacols, chlorosyringols,
chlorosyringaldehydes and chlorovanillins. The
retention times and concentration of various
chlorophenolics observed in the bamboo spent
bleach liquor are given in Table 4.

capillary and fused silica OV-101 capillary
columns, respectively. The quantities of various
categories of chlorophenolics, resin and fatty
acids expressed as g per tonne of oven dried pulp

Table 4
Retention time and concentrations of various chlorophenolics in the effluent

RT (min) E-stage (g odt−1)Chlorophenolics C-stage (g odt−1)

—0.212-Chlorophenol 7.82
8.89 4.613-Chlorophenol —
9.034-Chlorophenol 0.21 1.15

2,6-Dichlorophenol 0.51 —12.96
9.522,5-Dichlorophenola 1.8113.97
9.521.812,4-Dichlorophenola 14.05

— 0.0615.712,3-Dichlorophenol
—17.51 0.363,4-Dichlorophenol

— 0.116-Chloroguaiacol 17.94
2.58 25.382,4,6-Trichlorophenol 19.10

0.230.512,3,5-Trichlorophenol 22.30
2,4,5-Trichlorophenol 22.75 1.03 —

24.612,3,4-Trichlorophenol 0.26 —
4,6-Dichloroguaiacol 24.88 — 1.15

1.15—25.443,4-Dichloroguaiacol
2.88—4,5-Dichloroguaiacol 27.96

7.75 —28.513,6-Dichlorocatechol
—29.65 23.783,5-Dichlorocatechol
2.8830.49 0.183,4,6-Trichloroguaiacola

2.880.186-Chlorovanillina 30.58
6.3534.01 0.363,4,5-Trichloroguaiacol

36.293,4,6-Trichlorocatechol 1.55 —
—20.682-Chlorosyringaldehyde 38.75

39.21Pentachlorophenol 2.07 46.16
39.79 16.153,4,5-Trichlorocatechol 35.67
40.58Tetrachloroguaiacol 0.51 3.46
41.70 0.26Trichlorosyringol 2.30

6.34Tetrachlorocatechol 17.0645.96
2,6-Dich.syringaldehyde 46.167.2446.38

odt, dried tonne pulp.
a Indicate single unresolved peak.
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Table 5
Retention time and concentrations of various resin and fatty acids in the effluent

E-stage (g odt−1)C-stage (g odt−1)Acids RT (min)

49.11 154.00Palmitica 4.92
6.55 0.36Heptadecanoica 3.05

2.588.07Oleicbf 8.07
2.58 8.07Linolenicbf 8.11
1.03 17.30Stearica 8.71

11.30 0.31Pimaricc 0.29
11.70 1.55Sandaracopimaricc 5.77
12.90 2.58Isopimaricc 16.15

—0.52Dihydroisopimaricc 13.90
15.00 0.41Arachidica 3.46
17.90 1.55Neoabieticc 1.15

8.071.03Chlorodehydroabietic Id 21.60
3.62 3.46Chlorodehydroabietic IId 23.00

28.90 3.10Tricosanoica 1.73
1.03 1.1530.4012,14-Dich.dehydroabieticd

5.17 17.30Lignocerica 33.30
9,10,12,13-Tetrach.stearice 35.70 1.732.06

odt, Oven dried tonne pulp.
a Saturated fatty acid.
b Unsaturated fatty acid.
c Resin acid.
d Chloro resin acid.
e Chloro fatty acid.
f Indicate single unresolved peak.

The structure of lignin is very complex. It is a
polymer formed by an enzyme initiated dehydroa-
bietic polymerization of a mixture of three differ-
ent p-hydroxy cinnamyl alcohols (p-coumeryl,
coniferyl and sinapyl alcohols). Compared with
wood lignin, the structure of grass lignin has been
less studied. It varies significantly with source.
Some grass lignins are thought to contain mainly
p-coumaryl units but other grass lignins appear to
approximate the hardwood lignin [19]. During
pulp chlorination lignin is chlorinated and breaks
down to simpler chlorophenolic compounds. The
solubility of chlorophenolics is low in acidic con-
dition (C-stage) and they are solubilized in alka-
line condition (E-stage). The nature and
concentration of different chlorophenolic com-
pounds formed that ultimately end up in SBL
depend upon quantity of lignin i.e., kappa num-
ber of pulp, nature of lignin, and bleaching condi-
tions, i.e., chlorine charged, pH, temperature and
consistency (expressed as g O.D. pulp per 100 g
pulp suspension).

Among the various chlorophenolics found in
C-stage effluent the maximum contribution came
from 3,4,5-trichlorocatechol (35.67 g odt−1).
Other significant contribution came from 3,5-
dichlorocatechol (23.78 g odt−1), 2-chlorosy-
ringaldehyde (20.68 g odt−1), tetrachlorocatechol
(17.06 g odt−1). Small contributions were made
by 2,6-dichlorosyringaldehyde (7.24 g odt−1), 3,6-
dichlorocatechol (7.75 g odt−1). Minor quantities
of 2,4/2,5-dichlorophenol (3.62 g odt−1), 2,4,6-
trichlorophenol (2.58 g odt−1), pentachlorophe-
nol (2.07 g odt−1), 3,4,6-trichlorocatechol (1.55 g
odt−1), 2,4,5-trichlorophenol (1.03 g odt−1) were
also present. Other chlorophenolic compounds
detected in the effluent had concentration about
0.5 g odt−1 or less.

In E-stage maximum contribution came from
2,6-dichlorosyringaldehyde (46.16 g odt−1) and
pentachlorophenol (46.16 g odt−1). Significant
contribution came from 2,4,6-trichlorophenol
(25.38 g odt−1), 2,5/2,4-dichlorophenol (19.04 g
odt−1), 3,4,5-trichlorocatechol (16.15 g odt−1).



C. Sharma et al. / Talanta 44 (1997) 1911–19181916

Table 6
Quantity of various categories of chlorophenolics in the bleaching effluent

E-stage (g odt−1) (C+E)Chlorophenolics C-stage (g odt−1)

(g odt−1) %

Chlorine substitution
30.03 9.53Monochlorophenols 21.28 8.75

70.44 113.70Dichlorophenols 43.26 36.09
95.6953.29 30.3842.40Trichlorophenols
27.37 8.69Tetrachlorophenols 17.57 9.80

15.312.07 48.2346.16Pentachlorophenols

Reactive group
96.63 107.99Phenols 11.36 34.28

34.38108.3022.4985.81Catechols
1.05 17.98 19.03 6.04Guaiacols

25.3079.70Other phenols 28.36 51.34

315.02126.58 100.00188.44Total chlorinated phenolics

Minor quantities of tetrachlorocatechol (6.34 g
odt−1), 3,4,5-trichloroguaiacol (6.35 g odt−1),
3,4,6-dichloroguaiacol/6-chlorovanillin (5.76 g
odt−1), 3-chlorophenol (4.61 g odt−1),
trichlorosyringol (2.3 g odt−1), tetrachloroguaia-
col (3.46 g odt−1), 4,5-dichloroguaiacol (2.88 g
odt−1), 4-chlorophenol, 4,6-dichloroguaiacol and
3,4-dichloroguaiacol (1.15 g odt−1 each) were
also present. Other chlorophenolic compounds
detected in the effluent had concentrations about
0.5 g odt−1 or less.

The chlorophenolics can be categorized on the
basis of chlorine substitution. The total quantities
of mono, di, tri, tetra and penta chlorophenolic
compounds (g odt−1) in C-stage, E-stage and
combined spent bleach liquor (C stage+E stage)
are given in Table 6. Dichloro and trichloro com-
pounds contribute 66% of the total detected
chlorophenolic compounds in the combined SBL.
Similarly the components can be categorized
based on the reactive groups. Catechols, vanillins,
syringaldehydes and syringols contribute 60% of
the total chlorophenolics components in the com-
bined SBL. The concentration of chlorinated gua-
iacols is higher in the E-stage liquor than in the
C-stage liquor. The chlorinated catechols predom-
inate in C-stage effluent. This behavior is similar
to the behavior observed with effluents of wood
pulps. This is presumably, due to the low solubil-

ity of chlorinated guaiacols at low pH and the
sorption of these compounds on the fibers. Alter-
natively these chloroguaiacols may form only
upon the alkaline hydrolysis of chlorinated lignin
in the E-stage.

5.2. Resin and fatty acids

Table 5 gives various categories of resin and
fatty acids detected in the effluent. These are
saturated fatty acids, unsaturated fatty acids,
resin acids chlorinated resin and fatty acids. The
quantities of resin and fatty acids are higher in
E-stage effluent than in C-stage effluent. This is
due to the higher solubility of resin and fatty
acids in alkaline media. The quantities of various
chlorinated and non-chlorinated resin and fatty
acids in C-stage, E-stage and combined spent
bleach liquor (C stage+E stage) are given in
Table 7. From the table we can conclude:
1. The quantities of fatty acids are much higher

than resin acids.
2. The quantities of total saturated fatty acids are

much higher than unsaturated fatty acids.
3. The quantities of chlorinated resin acids are

much higher than chlorinated fatty acids.
The palmitic acid was the most significant satu-
rated fatty acid (203 g odt−1) of the detected resin
and fatty acids. Other major saturated fatty acids
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Table 7
Quantity of various categories of resin and fatty acids in the bleaching effluent

C-stage (g odt−1) E-stage (g odt−1) (C+E)Acids

%(g odt−1)

Non-chlorinated
196.84 256.02Saturated fatty acids 59.18 77.74

21.3016.14 06.475.16Unsaturated fatty acids
23.36 29.87Resin acids 6.51 09.07

Chlorinated
1.73 3.79 01.152.06Chloro fatty acids

18.36 05.57Chloro resin acids 5.68 12.68

100.00329.3478.59Total resin and fatty acids (both chlorinated and non chlori- 250.75
nated)

were lignoceric (22.5 g odt−1) and stearic acid
(18.33 g odt−1). Minor quantities of heptade-
canoic, arachidic, tricosanoic acid (3.4–4.8 g
odt−1) were also detected. Among the various
unsaturated fatty acids oleic/linolenic acids were
found in significant amounts (about 21 g odt−1).

Isopimaric was the major resin acid (18.73 g
odt−1) detected. Significant amount of sandara-
copimaric acid (7.32 g odt−1) was also detected.
Minor quantities (0.5–2.7 g odt−1) of pimaric,
dihydroisopimaric and neoabietic acid were de-
tected. Both the isomers of monochlorodehydroa-
betic acid contributed major share (16.18 g odt−1)
to the detected chloro resin acids. Minor quanti-
ties of 12,14-dichloroabetic acid (2.18 g odt−1)
and 9,10,12,13-tetrachlorostearic acid (3.79 g
odt−1) were also detected.

6. Toxicity

The toxicity of the effluent was evaluated by
comparing the quantities of various chloropheno-
lics, resin acids and fatty acids detected in the
effluent with the values reported in the literature
[4,20,21]. 96LC50 is the lethal concentration at
which 50% of the test organisms will get killed
when the test organism is exposed to the toxicant
for a period of 96 h under standard test condi-
tions. Reported 96LC50 values indicate that
chlorophenolics, resin acids, unsaturated fatty

acids and chlorinated resin and fatty acids are
toxic. Resin acids are more toxic than unsaturated
fatty acids.

The concentrations of 2,4,6-trichlorophenol
(0.44 mg l−1) and pentachlorophenol (0.80 mg
l−1) in E-stage and dichlorocatechols (0.61 mg
l−1) in C stage were found to be higher than the
reported respective 96LC50 values. The concentra-
tions of all other chlorophenolics, resin and fatty
acids were less than the respective 96LC50 values.

The 96LC50 value indicates the toxic concentra-
tion of a particular compound when present
alone. However, when a number of toxic com-
pounds are present, interfering effect may be ob-
served. Substantial evidence now exists which
indicates that the threshold toxic concentration
may be as low as 5–10% of 96LC50 values [22].

Apparently concentrations of a large number of
chlorophenolics, resin and fatty acids may exceed
their respective threshold concentrations. So it
can be inferred that the untreated spent bleach
liquor of bamboo is of environmental concern.
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Ladislau Kékedy-Nagy
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Abstract

The effect of a cylindrical impactor in the spray chamber of a flame photometer on the characteristics of the aerosol
formed, on the transport-efficiency of the nebulizer—spray chamber system, as well as on the analytical signal has
been investigated. The variables were: the diameter F of the cylindrical impactor and its position, i.e., the distance d
in front of the tip of pneumatic nebulizer capillary where the impactor was fixed. The performance characteristics of
an 1 mm F impactor was fixed at d=5 mm was superior to that of a conventional 8 mm F spherical bead. © 1997
Elsevier Science B.V.

Keywords: Flame photometry; Impactor; Pneumatic nebulization

1. Introduction

Pneumatic nebulization is the most frequently
used technique to introduce the sample solution
into the flame in flame photometric determina-
tions. This is a decisive step of the analysis,
because the concentration and the physical prop-
erties of the resulting aerosol essentially influences
the resulting analytical signal and thus the sensi-
tivity and reproducibility of the determinations.
In order to obtain aerosols with small droplets in
high concentrations, high performance nebulizers
have been recently developed [1–5]. In the spray
chamber, the fragmentation of the larger droplets

is generally promoted by means of impact beads
placed at some distance in front of the droplet
forming capillary. Mostly the impactors used are
spherical glass beads of 8 mm F placed at �25
mm before the nebulizer capillary. During our
experiments with such systems, it was observed
that the stability of the analytical signal could be
improved by using an impactor of adequate
shape, placed at a certain distance from the nebu-
lizer capillary in the spray chamber. In our pre-
liminary experiments, the attention was directed
towards cylindrical impactors, scarcely mentioned
in the literature [6–8] and not used in commercial
instruments.

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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The aim of this work is to investigate the effect
of a cylindrical impactor on the characteristic of
the resulting aerosol, on the transport-efficiency
of the nebulizer—spray chamber system and on
the analytical signal, respectively, as a function of
the diameter of the cylinder and the impactor
distance from nebulizer capillary tip.

2. Experimental

As cylindrical impactors, pieces of enamelled
copper wires of 20 mm length and of 0.6, 1, 2, 4
and 8 mm diameter, were used. They were prop-
erly mounted on the pneumatic nebulizer, in an
AAS-1 (Karl Zeiss Jena) commercial flame spec-
trophotometer in place of the original spherical
impactor. They could be moved vertically at sev-
eral distances (d) in front of the tip of the capil-
lary in steps of 190.1 mm. The schematic
diagram of the nebulizer-impactor assembly is
shown in Fig. 1.

The nebulizer was operated with an air stream
of 500 l h−1, triply distilled water being used as
the sample solution. The primary and secondary
aerosols formed were observed with the nebulizer
removed from the spray chamber, the tertiary
ones with the nebulizer in the spray chamber.

The concentration of the aerosols formed was
determined by light scattering measurements. Ac-
cording to Mie scatter theory, the intensity of the
scattered light is proportional to the total surface
of the droplets, i.e., with the concentration of the
aerosol [9]. For this purpose, the aerosol was
illuminated with a 300 W mercury vapour lamp,
the scattered light intensity of the Hg 453.5 nm
line being measured at a right angle to the inci-
dence light beam. Because of a lack of suitable
aerosol standards, we only obtained information
about the variation of the aerosol’s concentration.
The transport-efficiency of the nebulizer-spray
chamber system was determined by weighing the
mass of the empty system and after nebulization
of 10 ml of water, respectively. The effect of the
impactor on the flame emission signal was deter-
mined by measuring the emission of a 10 mg l−1

NaCl solution, at the 589.5 nm Na line, in a
methane-air flame [10].

3. Results and discussion

The intensity of the scattered light was mea-
sured at several heights in the (secondary) aerosol
(h) without impactor (I0) and with impactors (Id)
of different diameters (F) being placed at various
distances (d) from the tip of the nebulizer capil-
lary. The relative intensity (Irel=Id/I0) was then
calculated for each F, d and h values. The data
were processed further by using the MicroCal
Origin Software package, version 3.0 (MicroCal
Software, MA, USA) and plotted as 2D contour
map (Fig. 2).

One can observe that the concentration of the
aerosol depends both of d and h. At h\40 mm,
the aerosol is homogeneous, its final concentra-
tion being virtually constant. With the impactor
of F=0.6 mm the concentration of the aerosol
was maximal at d=4 mm and h=11 mm. The
plots obtained with thicker impactors (F=

Fig. 1. schematic diagram of the nebulizer-impactor as-
sembly: (1) impactor; (2) capillary tip; (3) holder; (4) air inlet.
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Fig. 2. The 2D contour map of the Irel vs. h and d relation.
Impactor F=0.6 mm. The data labels on the plot indicate the
grid matrix values.

the most efficient being placed at a given d dis-
tance from the nebulizer capillary. Impactors with
small diameter (F=0.6, 1, 2 mm) were more effi-
cient than the thicker ones (F=4, 8 mm). The
maximal secondary aerosol concentration was ob-
tained with the impactor of F=1 mm, being
placed at d=5 mm distance from the nebulizer
capillary tip. If we assume that the F=8 mm
diameter cylindrical impactor has the same effect
as a spherical one of the same diameter, one can
state that a smaller cylindrical impactor is more
efficient than the 8 mm F spherical one. The plots
obtained for the variations of the tertiary aerosol
concentration with F and d, were similar to those
represented in Fig. 3, the optimal F and d values
being the same.

The impactor increased the transport-efficiency
(TE) of the nebulizer-spray chamber system too.
The maximal increase was obtained with an im-
pactor of F=4 mm; at d=7.5 mm. In this case,
21% of the nebulized liquid entered in the flame.
For comparison, the TE of the system without the
impactor was 7.5% with the commercial spherical
one the TE was 9.8% and with a cylindrical one of
the same diameter, the TE was 13%.

Finally the effect of impactors on the flame
emission signal of Na was investigated. For this
purpose, the emission signal was determined first
without the impactor in the spray chamber (I0)
and then with impactors of different diameters
placed at different d distances (Id). Then it was
calculated the Irel, Na and the data (average of four
parallel determinations) were plotted as 2D con-
tour map (Fig. 4).

The map shows that the impactor increased the
emission signal too. The effect of the distance d is
relatively small, but that of the impactor’s diame-
ter is considerable. The greatest increase was ob-
served with thin impactors. Being placed at d=5
mm, the 1 mm F cylindrical impactor increased
the analytical signal by a factor 2.6; that of 8 mm
by 1.1; and the usual spherical one by a factor of
1.4 against a spray chamber without impactor.

The precision (reproducibility) of the data is
influenced by the exact centering of the impactor,
in this aspect the thin impactors are more sensi-
tive than the thicker ones. From the data ob-

1, 2, 4, 8 mm) were similar to those represented in
Fig. 2. The efficiency of impactors of different
diameters was estimated by determining the Irel

values at h=55 mm in the aerosol for different d
values and plotted as 2D contour map (Fig. 3).

One can observe the different behaviour of
impactors of different diameters. Each impactor is

Fig. 3. The 2D contour map of the Irel at h=55 mm vs. F and
d relation. The data labels on the plot indicate the grid matrix
values.
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Fig. 4. The 2D contour map of the emission of 10 mg l−1 Na,
Irel, Na, vs. F and d relation. The data labels on the plot
indicate the grid matrix values.

4. Conclusions

The results obtained proved the efficiency of a
cylindrical impactor in the nebulizer spray cham-
ber of an emission flame photometer. The cylin-
drical impactor increased both the analytical
signal and its S/N ratio, decreasing the standard
deviation. The best value (S/N=247.3) was ob-
tained with the cylindrical impactor of F=1 mm,
placed at d=5 mm distance from the nebulizer
tip. The same value for the usual 8 mm F spheri-
cal impactor was S/N=83.4. Substitution of the
spherical impactor in commercial apparatus with
the cylindrical one will increase its performance
characteristics.
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tained, the S/N ratios of the emission signals were
computed too. The greatest value of S/N=247.3
was obtained with the impactor of F=1 mm
placed at a distance of d=5 mm. In comparison,
the same S/N ratio without impactor was 108.7,
and with the spherical one the S/N ratio was only
83.4. In this last case, the standard deviation
more than double of that observed with the cylin-
drical impactor.
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Abstract

Anodic voltammetric method for simultaneous determination of uric acid (UA) and ascorbic acid (AA) in urine has
been developed with the use of a commercial working rotating glassy carbon electrode. UA may be determined in a
sample diluted by the buffer supporting electrolyte (HOAc+NH4OH; pH 5.1–5.2) :100 times, and AA-in a sample
diluted :20 times. Before obtaining the analytical signal the electrode should be maintained in the diluted sample
during 3 min at potential 0 V and the working electrode rotating 100 rpm, for achievement of the adsorption
equilibrium of inhibitors from the urine matrix. For UA the electron transfer is close to reversible, for AA it is an
irreversible one. Optimal voltammetric techniques are the square-wave for UA and the differential pulse for AA.
Calibration curves, detection limits and recoveries for both determinations were evaluated as satisfactory. © 1997
Elsevier Science B.V.

Keywords: Anodic voltammetry; Ascorbic acid; Urine; Uric acid

1. Introduction

Determination of uric acid (UA) and ascorbic
acid (AA) in urine by anodic voltammetry for UA
[1–5] and polarography for AA [6] is an impor-
tant biochemical analysis. These methods are
more selective than colorimetric (spectrophoto-
metric) ones [6–8] including the method using a
spectrophotometric autoanalyzer [7]. Comparison
of the voltammetric and HPLC methods [9]

showed either close results, although the selectiv-
ity, naturally, in each case should be proved. On
the other hand, the voltammetric methods are
simpler, cheaper and less time-consuming.

In spite of separation of the UA and AA
voltammetric anodic signals in urine on carbon-
based working electrodes [3,5] a simultaneous
voltammetric determination of UA and AA in
urine was not carried out up today. For determi-
nation of UA in urine with low detection limit,
the working electrode surface was specially acti-
vated by the anodic pretreatment in alkaline
medium and voltammetric analysis in the same* Corresponding author.
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solution has been carried out [3]. Modification of
a glassy carbon surface by ruthenium catalyst was
also used [5].

In our work a method for simultaneous anodic
voltammetric determination of UA and AA was
developed with the use of a commercial working
rotating glassy carbon electrode (RGCE) without
any special activation of the electrode surface.

2. Experimental

Anodic voltammetric measurements were per-
formed with the use of commercial potentiostat-
galvanostat 263 EG and G PAR (USA) with
rotating disk electrode system model 616 and
working RGCE having the diameter of 4 mm. A
Pt wire was used as auxiliary electrode, while the
reference electrode was Ag/AgCl, KCl 3 M. Three
different voltammetric techniques were estimated:
direct current (DCV), square-wave (SWV) and
differential pulse (DPV). Conditions for DCV
were the followings: scanning rate 40 mV s−1 in
the range from −100 to 800 mV, scanning incre-
ment 2 mV; for SWV: scanning rate 100 mV s−1

in the range from −100 to 700 mV, scanning
increment 2 mV, pulse height 5 mV, frequency 25
Hz; and for DPV: scanning rate 40 mV s−1 in the
range from −100 to 700 mV, scanning increment
4 mV, pulse height 25 mV.

The cleaning of the working electrode by 3 M
HNO3 and then rinsing with water, polishing with
aluminium oxide (1 and 0.05 mm) and again rins-
ing with water in an ultrasonic bath (Astrason,
USA) were carried out before each analysis.

Water used in the experiments was deionized.
AA and UA for biochemistry, and analytical
grade reagents HNO3, HCl, HOAc, NH4OH,
NaNO3, NaOH were purchased from Merck
(Darmstadt, Germany). Aluminium oxide was
purchased from BDH (Poole, England).

Two types of buffer solutions for the support-
ing electrolyte were studied: the 0.2 M acetate
buffer (HOAc+NaOH, pH=3.6–6.3) and the
analogous buffer where NaOH was replaced by
NH4OH in the same pH range. The electrolytes
with lower pH values: 0.01 M HCl+0.1 M
NaNO3 (pH:2) and 0.1 M HCl (pH:1) were

studied too. The pH measurements were carried
out with a pH/ion meter PH M95 (Radiometer;
Copenhagen, Denmark).

Stock solutions of UA 5.0 ·10−3 M were pre-
pared by dissolving in 0.01 M KOH, and of AA
1.0 ·10−2 M in water.

Samples of urine from laboratory personnel
were filtered through triton-free 0.45 mm Millipore
membrane filter (mixed esters of cellulose; Bed-
ford, MA) and stored at 4°C [5].

All measurements were performed in the posi-
tive potentials range without removing of dis-
solved oxygen, at room temperature, in triplicates.

3. Results and discussion

Components of the urine matrix have a signifi-
cant inhibiting influence on the analytical signal
detected on the glassy carbon electrode (the peak
current ip in SWV and DPV or the limiting cur-
rent il in DCV). The inhibition effect is observed
even at large (1+499) dilution of the sample.
Note, this effect was not observed on carbon
paste electrodes [1,3] and glassy carbon electrodes
modified by the ruthenium catalyst [5]. The work-
ing electrode rotation accelerates the achievement
of a stable analytical signal. Therefore the inhibi-
tion effect is most likely caused by the adsorption
of urine matrix components on the electrode sur-
face. It is possible that at the same time simulta-
neous adsorption of UA and AA and their
corresponding preconcentration take place, al-
though earlier the adsorption of UA was detected
on a carbon paste electrode at potential 0.15 V
and was not detected on glassy carbon electrode
[1]. The stable analytical signal was obtained at
RGCE velocity 100 rpm and potential 0 V within
3 min. The increase of the velocity in SWV and
DPV practically did not influence neither ip nor
resolution, which is depended, in the main, on
DEp=Ep(UA)−Ep(AA), where Ep is peak poten-
tial of UA or AA correspondingly. In DCV the
resolution DE1/2 was worsened, where DE1/2=E1/

2(UA)-E1/2(AA) and E1/2 is the half-wave poten-
tial. So, the relatively low working electrode
rotating rpm was used for beginning of the
analysis and then was maintained during the anal-
ysis also.
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The effect of urine matrix is significant espe-
cially for UA at SWV measurements (Table 1).
The electrolytic oxidation of UA and AA is de-
scribed by a two-electron process [10–12]. Since
the chemical reactions follow the electron transfer
step [10–12], il/C values (C is a concentration) in
DCV are dependent only on diffusion rate. There-
fore the il/C values for UA and AA are close at
the same dilution of the sample (Table 1).

For UA the electron transfer step is close to the
reversible one and its rate is independent from
dilution of the sample. It follows from the close-
ness of the half-width of the peak DEp/2 to the
3.52 RT/2F in SWV [13] and DPV [14] (Table 1).
Some increase of DEp/2 in the presence of the
urine sample shows that the reversibility is not
complete. The electron transfer for AA is irre-
versible (Table 1). The closeness to the reversibil-
ity for UA and the irreversibility for AA explains
[13,14] the following relations: ip/CUA higher than
ip/CAA in SWV and DPV, ip/CUA in SWV higher
than in DPV for greatly diluted samples, and
ip/CAA in DPV higher than in SWV. The decrease
of il and ip under the influence of the sample
matrix can be explained by both the increase of
the irreversibility of the electrons transfer and the
decrease of the active surface of the working
electrode because of the adsorption of matrix
components.

As is seen from Fig. 1 sufficient resolution is
observed for the analytical signals of UA and AA
in all voltammograms obtained, but in SWV and
DPV the resolution is better than in DCV. There-
fore SWV for UA and DPV for AA should be
preferred taking also into account the relations: ip
for UA in SWV higher than in DPV, and ip for
AA in DPV higher than in SWV.

The peak potential Ep in SWV and DPV, and
the half-wave potential E1/2 in DCV for the given
acid and dilution of the sample are close. De-
crease of the sample dilution displaces the values
Ep and E1/2 of AA to the positive direction be-
cause of the increase of irreversibility, but Ep and
E1/2 of UA remain almost unchanged. For exam-
ple, for DPV at pH 5.1 (HOAc+NH4OH) in the
electrolyte without urine Ep(UA)=428 mV and
Ep(AA)=181 mV, the same with urine diluted
1+204: Ep(UA)=426 mV and Ep(AA)=188

Fig. 1. Anodic voltammograms: 1. direct current; 2. square
wave; and 3. differential pulse for fortified urine sample di-
luted 205 times. (a) AA, CAA=28 mg l−1; b) UA, CUA=4
mg l−1.

mV, while if dilution is 1+19, Ep(UA)=439 mV
and Ep(AA)=258 mV.

The ip(UA) value is decreased in electrolyte
without urine, when pH is increased in the range
2.0–3.5 (Fig. 2), that corresponds to the data by
Zen et al. [5]. In the presence of urine the depen-
dence shown in Fig. 2 is opposite: increase of pH
from 1–2 to 5–6 causes doubling of ip(UA). The
resolution in the buffer HOAc+NaOH is de-

Fig. 2. Dependences ip(UA) and DEp versus pH for DPV. 1.
ip(UA) in the solution of UA 3 mg l−1 and AA 21 mg l−1

dissolved in HOAc+NaOH buffer, without any urine; 2 and
3. ip(UA) and DEp, correspondingly, in an urine sample di-
luted +19 by HOAc+NaOH buffer.
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Table 2
Results of determinations of ascorbic and uric acids (DPV and
SWV, correspondingly) in an urine sample diluted by HOAc+
NH4OH buffer having pH 5.1

Dilution C9S, mg l−1Acid

1+18 5793AA
UA 1+99 554912

550971+199UA
5439151+499UA

C9S are mean concentration (of triplicates) and correspond-
ing standard deviation of the replicate measurements.

ple and electrolyte from 1+99 up to around
1+19. The analysis conditions in this step are:
RGCE is maintained during 3 min at potential 0
V, than the potential is scanned from 0 to 400 mV
in DPV; the working electrode rotating is main-
tained the same, as in first step (100 rpm). This
succession of operations allows to minimize the
change of the supporting electrolyte volume dur-
ing analysis. The calibration ‘peak current ip ver-
sus acid concentration Cad added to the sample’ is
based on the method of standard additions. Cali-
bration curves for UA and AA (e.g., Fig. 3) are
plotted by the regression analysis. According to
standard addition method, the results of the anal-
ysis (CAA and CUA) are the absolute values of
concentrations at the intersection points of the
extrapolated calibration curves (dotted lines) with
the abscissa.

3.2. E6aluation of the metrological characteristics

The regression calibration curves ‘peak current
versus acid concentration added to the sample’
have squares of correlation coefficients higher
than 0.999. The sensitivities ip/C are shown in
Table 1.

The repeatability (the standard deviations of
the replicate measurements) shown in Table 2
satisfy the AOAC requirements [16].

The detection limit, calculated from the calibra-
tion curves [15] for UA is 3×10−8 M and for AA

creased with pH increasing to 5–6. In case of the
buffer HOAc+NH4OH the resolution is suffi-
ciently high also at pH 5–6 (:200 mV). The
influence of NH4

+-ion on DEp is caused by de-
creasing Ep(AA), i.e., by the acceleration of the
electron transfer. Moreover, acceleration of AA
oxidation by dissolved oxygen with pH increasing
(\5) should be taken into consideration also.
Therefore the buffer HOAc+NH4OH with pH
5.1–5.2 was chosen for the analysis.

Relatively low dilution of the sample (1+19)
was used to obtain sufficiently high signal of AA.
For UA the dilution of the sample was 1+99, by
analogy with Ref. [5], because of limited solubility
of UA. It was shown that higher dilution do not
influence on the analysis results (Table 2).

Thus, the technique of the analysis described
below was formulated.

3.1. Analytical procedure

The procedure consists of two steps. The first
step is UA determination by SWV, the second one
is AA determination by DPV in one and the same
urine sample. In the first step the sample is diluted
up to around 1+99 by 0.2 M supporting buffer
electrolyte HOAc+NH4OH having pH=5.1–
5.2. The conditions of the analysis are: RGCE is
maintained in the electrolyte during 3 min at
potential 0 V, than the potential is scanned from
250 to 600 mV in SWV; the working electrode
rotating is 100 rpm. In the second step (AA
determination) a new portion of the sample is
added into the voltammetric cell with the previous
sample solution to increase the ratio between sam-

Fig. 3. Calibration curves for determinations of UA (a) and
AA (b) in an urine sample by the standard additions method.
The dilution’s of the sample are: (a) 1+99; 1+18. Other
conditions see in the analytical procedure (Section 3.1).
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Table 3
Evaluation of the recovery for ascorbic and uric acids (DPV and SWV, correspondingly) in urine

Recovery, %Measured conc. in unfortified sample, % Measured conc. in fortified sample, %Spike, %Acid

0.01 0.0085AA 850
0.0092 92AA 0 0.01

0.01 0.0088AA 0 88
0.03 940.02830AA
0.03 0.0280AA 930
0.03 0.0288AA 0 96

0.09390.1 940AA
0.0983 98AA 0 0.1

1010.10070.10AA
0.0273 0.0833UA 0.0549 106
0.0273 0.0834UA 0.0549 104

1060.08390.02730.0549UA
1020.1107UA 0.0549 0.0546

0.0546 0.1038UA 0.0549 104
0.09940.0546 990.0549UA
0.1406 105UA 0.0549 0.0820

1050.14060.08200.0549UA
0.0820 0.1360UA 0.0549 99

is 3×10−6 M. Thus, the detection limit for UA
obtained by us on a commercial glassy carbon
electrode is lower than for glassy carbon electrode
with ruthenium catalyst coating (1.1×10−7 M
[5]). At the same time UA detection limit may be
decreased up to 1×10−9 M due to the anodic
pretreatment in alkaline medium [3]. However, it
is noted above, the use of alkaline supporting
electrolyte can accelerate the oxidation of AA by
the dissolved oxygen.

The recovery, as an index of accuracy was
estimated using spiked urine samples with certain
amounts of AA and UA (the concentration of
UA was fortified on 50, 100 and 150% from the
initial one in the sample themselves). The recovery
values for average of triplicates are given in Table
3. The results satisfy the AOAC requirements [16]
too.
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Abstract 

The performance characteristics of an electrochemical detector for liquid chromatography based on a sol-gel 
carbon composite working electrode in a wall-jet configuration are described. The new detector combines the 
versatility of sol-gel processes with several favorable characteristics, including fast electron-transfer kinetics, 
mechanical rigidity and renewability. Factors influencing the amperometric response are explored and optimized. 
Detection limits of 58-170 pg are reported for various neurotransmitters. Repetitive injections yield peak heights with 
relative standard deviations of 2.6-3.7%. The prospects of using sol-gel derived electrochemical detectors are 
discussed. © 1997 Elsevier Science B.V. 

Keywords: Amperometry: HPLC detector; Sol-gel carbon; Electrode 

1. Introduction 

The coupling of liquid chromatography with 
electrochemical detection (LCEC) offers a highly 
sensitive and selective tool for the determination 
of a wide variety of electroactive compounds [1,2]. 
The success of  the electrochemical detection 
scheme is strongly influenced by the working elec- 
trode material. The selection of such material 
depends mainly on the redox behavior of the 
target analytes and the background current (and 
associated noise) at the operating potential. Other 

* Corresponding author. Fax: + 1 505 6462649. 

considerations include the potential window, me- 
chanical properties, chemical inertness, electrical 
conductivity and cost. 

Carbon-based electrodes have typically served 
as working electrodes for the detection of oxidiz- 
able species in the anodic region. A variety of 
carbon electrode materials have been developed 
for LCEC, with glassy carbon and carbon paste 
being most popular. Yet, the development of new 
and improved electrode materials remains a very 
important need in LCEC [2]. 

In this report we describe the performance 
characteristics of a wall-jet amperometric detector 
employing a sol gel derived carbon composite 

0039-9140..'97..'$17.00 @ 1997 Elsevier Science B.V. All rights reserved. 
P11 S0039-91 40(96)0205 1-6 
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working electrode. Sol-gel carbon composites 
represent a new class of carbon-based electrodes, 
that are composed of graphite powder homoge- 
neously dispersed in modified silica ceramics [3]. 
Recent electroanalytical applications of these car- 
bon ceramic electrodes include amperometric 
biosensing [4,5] and gas-phase monitoring [6]. As 
desired for LCEC, such sol-gel derived carbon 
electrodes display favorable electron-transfer ki- 
netics and a wide potential window, are physically 
rigid, have renewable surface, are amenable to 
chemical or biological (bulk) modification, and 
are stable in various solvents. Such attractive 
features are combined with the versatility of sol- 
gel processes [7]. Sol-gel carbon materials thus, 
appear to be a viable alternative to other carbon- 
based working electrodes used in LCEC. The 
opportunities accrued from the development of 
LCEC detectors based on sol-gel carbon com- 
posite electrodes are explored in the following 
sections. 

2. Experimental 

2.1. Reagents 

All the solutions were prepared in HPLC grade 
water. Catechol, epinephrine, arterenol (nore- 
pinephrine) and 3-hydroxytyramine (dopamine) 
were purchased from Sigma. Methyltrimethoxysi- 
lane (Fluka), ethanol (200 proof, Quantum Chem- 
ical Company) and graphite powder (grade # 38, 
Fisher Scientific) were used for the preparation of 
the sol-gel carbon composite electrodes. 
Chloroacetic acid (Aldrich), ethylenediaminete- 
traacetic acid (EDTA) disodium (Fisher Scientific) 
were used for the preparation of the mobile phase. 
Nylon membranes (0.2 /tin pore size, 47 mm 
diameter, MF 5621) were used for filtering the 
mobile phase. Micro filters (MF 5500) and mi- 
crofilter membranes (MF 5658) were used for 
filtering the samples. All were obtained from Bio- 
analytical Systems Inc. (BAS). Ultrahigh purity 
helium gas (Agile Welding Supply, Albuquerque, 
NM) was used as received for degassing the mo- 
bile phase and solutions. 

2.2. High performance liquid chromatography 

All experiments were performed on a reverse 
phase HPLC system (BAS, Model 480) in connec- 
tion with a dual reciprocating pump (PM-80, 
BAS) and an amperometric detector (BAS, Model 
LC-4C) along with a homemade wall-jet electrode 
configuration. Injections were made through a 
Rheodyne valve with 20 /~1 loop onto a C~8 
column (ods-3, BAS, Model MF 6213, 3 /tm, 
3.2 × 100 mm). Chromatograms were recorded on 
an Ominiscribe strip-chart dual pen recorder 
(Houston Instruments). The sol-gel carbon work- 
ing electrode, the Ag/AgCI (RE-l, BAS) reference 
electrode and the platinum wire counter electrode 
were joined through the holes in the Teflon cover 
of the wall-jet cell. 

2.3. Electrode preparation 

Sol-gel derived carbon electrodes were pre- 
pared by mixing 500 /~1 methytrimethoxysilane, 
750/tl ethanol and 50/tl 11 M hydrochloric acid, 
sonicating the mixture for 1 min and adding 2.0 g 
of graphite powder. This mixture was sonicated, 
mixed thoroughly and filled into the cavities of 3 
mm i.d. glass tubes. These composites were dried 
under ambient conditions for 24 h. Similar proce- 
dures were used for making more porous sol-gel 
electrodes, except for the fact that the initial 
mixture (before the addition of graphite) was 
sonicated for the longer times of 15 and 30 min. 
The sol-gel carbon electrodes were polished after 
drying on a 400 grade emery paper and polished 
again on weighing paper. The resulting electrode 
surfaces were shiny and smooth. Carbon-paste 
electrodes were prepared by thoroughly mixing 
graphite powder and mineral oil in the ratio of 
70:30. This mixture was filled into the cavities of 3 
mm i.d. glass tube. The connections were made by 
inserting a copper wire through the other end of 
the capillary in both sol-gel and carbon paste 
electrodes. 

2.4. Procedure 

All the measurements were carried out under 
ambient conditions. Amperometric measurements 
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were carried out after applying the appropriate 
potential to the electrode and allowing the tran- 
sient signal to reach the steady-state value. The 
mobile phase used was 0.1 M chloroacetic acid 
solution containing 0.2 g of disodium EDTA ad- 
justed to pH 3.5 with phosphoric acid. All analyte 
standard solutions were prepared in mobile phase. 
All mobile phase, standard solution, samples were 
filtered and degassed prior to use. Urine samples 
were obtained from healthy volunteers, filtered by 
passing through 10-15 #m glass filters, and di- 
luted (1:50) with mobile phase solution. 

3. Results and discussion 

The sol gel process involves a low-temperature 
production of ceramic materials through the hy- 
drolysis and polycondensation of alkoxides [7]. By 
incorporating graphite powder in the initial sol- 
gel mixture, it is possible to obtain black rigid 
xerogels with percolating graphite powder in the 
silica backbone [3]. The preparation conditions 
(e.g. hydrolysis time, water/silica ratio) can be 
controlled to manipulate the physical characteris- 
tics (particularly the microporosity) of the result- 
ing electrodes [8]. Because of the composite 
carbon character of these sol-gel derived elec- 
trodes, their performance is compared with that 
of common carbon-paste based detectors. 
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Fig. 1. Chromatograms of 100 #M norepinephrine (a), 100 
#M epinephrine (b), 100 #M dopamine (c) and 100 #M 
catechol (d) at a carbon-paste electrode (A) or sol-gel carbon 
composite electrodes with 1 min (B) or 15 min (C) or 30 min 
(D) hydrolysis times. Applied potential: 0.75 V; flow rate: 0.5 
ml min - L; mobile phase: 0.15 M chloroacetic acid with 0.2 g 
EDTA. 
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Fig. 2. Hydrodynamic voltammograms of 100 #M nore- 
pinephrine (A), 100 #M epinephrine (B), 100 #M dopamine 
(C) and 100 #M catechol (D) at sol-gel carbon composite 
electrodes with 1 min hydrolysis (a) and a carbon-paste elec- 
trode (b) in HPLC detection. Other conditions as in Fig. 1. 

Fig. 1 compares chromatograms for a mixture 
of 0.1 mM norepinephrine, epinephrine, do- 
pamine and catechol, obtained with a conven- 
tional carbon-paste electrode and using sol-gel 
carbon composite surfaces of different porosities. 
The well-defined peaks and low noise level of the 
nonporous sol gel carbon composite compare fa- 
vorably with those of the carbon paste detector 
(compare B and A). In contrast, the porous com- 
posite electrodes display a large noise level and 
drifting baseline, and overall an inferior perfor- 
mance (associated with the penetration of mobile 
phase into the electrode interior). All subsesquent 
work was thus, carried out using the nonporous 
sol-gel carbon composite detector. 

Fig. 2 shows hydrodynamic voltammograms at 
the sol-gel derived carbon and carbon-paste wall- 
jet detectors for norepinephrine, epinephrine, do- 
pamine and catechol. The carbon-ceramic 
composite detector displays well-defined waves 
and potential-independent transport limited cur- 
rents for all four compounds. The anodic wave 
starts at + 0.25 V, and rises rapidly. A limiting- 
current plateau is reached at potentials higher 
than +0.65 V (C) and +0.7 V (A,B,D). The 
sol-gel carbon detector offers a substantial de- 
crease in the potential of the voltammetric wave 
for all four compounds, compared with the car- 
bon-paste surface (AEI. 2 ranging from 67 mV (D) 
to 155 mV (A). In addition, an increase in the 
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mass-transport controlled response (up to 38% in 
the case of norepinephrine) is observed in com- 
parison to the carbon-paste detector. In view of 
the use of the same graphite powder, the more 
favorable redox behavior observed at the sol-gel 
detector may be attributed to a catalytic action by 
the silicon oxide component. Enhanced electron- 
transfer kinetics by metal-oxide surface catalysts 
has been used previously to lower the operating 
potential of LCEC detectors [9]. While the sol-gel 
network is negatively charged, it does not appear 
that the cationic catecholamines interact with the 
surface under the chromatographic conditions 
employed in this study. (Note that the enhanced 
signal for the neutral catechol offered by the 
sol-gel carbon detector, vs. the carbon paste one, 
is similar to that observed for the cationic neuro- 
transmitters.) Similarly, there is no indication of 
electrostatic repulsion of anionic compounds, in 
view of the similar data for ascorbic and uric 
acids (not shown). Based on the data of Fig. 2, a 
potential of + 0.75 V was used throughout this 
study. 

The dependence of the chromatographic peak 
currents upon the flow rate is shown in Fig. 3. 
The peak heights increase linearly with the flow 
rate at first (between 0.2 and 0.3 ml min-J) and 
then more slowly up to 0.5 ml min - ' .  The peaks 
decrease slightly between 0.5 and 0.8 ml rain-~, 
and then rise slightly. Such profiles reflect the 
combined flow rate effect upon the chromato- 
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Fig. 3. Effect of flow rate on the amperometric peak current in 
the HPLC detection of 100 #M norepinephrine (a), 100 pM 
epinephrine (b), 100 /~M dopamine (c) and 100 ~M catechol 
(d) at a sol-gel carbon composite electrode. Other conditions 
as in Fig. 1. 
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Fig. 4. Current time recordings (A) and calibration plot (B) of 
norepinephrine (a), epinephrine (b), dopamine (c) and catechol 
(d) at a sol-gel carbon composite electrode for the successive 
additions of the analytes in HPLC detection. 1-5 represents 
the concentrations of 20-100/~M, respectively. Other condi- 
tions as in Fig. 1. 

graphic peak (band) broadening and on the mass 
transport towards the detector surface. Unlike 
continuous wall-jet electrodes where the steady- 
state current is proportional to U 3!4, the com- 
posite character of the present sol-gel derived 
electrode reduces the influence of forced convec- 
tion upon the response. A flow rate of 0.5 ml 
min ~ was chosen as optimum for all further 
studies. 

The sensitivity and linearity of the response 
were evaluated using 11 successive injections of 
mixtures containing increasing concentrations of 
various catecholamines (from 5 to 100/~M). Well- 
defined peaks were obtained at the micromolar 
level (Fig. 4A). The peak response increased lin- 
early upon increasing the concentration of these 
analytes (Fig. 4B). The slopes of these calibration 
plots correspond to sensitivities of 3.84 (nore- 
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pinephrine), 2.95 (epinephrine), 2.43 (dopamine) 
and 2.62 (catechol) nA/~M ~ (correlation coeffi- 
cients, 0.999). 

An injection of a 0.5 /~M mixture of the cate- 
cholamines was used to estimate the minimum 
detectable quantities (Fig. 5A). Based on a sig- 
nal-to-noise ratio of three, the detection limits 
were 25 (norepinephrine), 32 (epinephrine), 50 
(dopamine) and 25 (catechol) nM. Such levels 
correspond to 85, 110, 170 and 55 pg, respec- 
tively, in the 20 y1 injected volumes. Such ex- 
tremely low detection limits are attributed to the 
composite character of the sol-gel derived car- 
bon surface. 

The suitability of the sol-gel detector for as- 
says of body fluids is illustrated in Fig. 5B. The 
chromatogram for the diluted (1:50) urine sample 
displays defined ascorbic acid and uric acid 
peaks at retention times of 2.0 and 3.5 min, 
respectively. 

The reproducibility was assessed from a series 
of 20 successive injections of a mixture contain- 
ing 100 ,uM of the various catechol compounds 
during an unbroken 200 min period (conditions, 
as in Fig. 1). The mean peak currents found 
were 405 (norepinephrine), 288 (epinephrine), 218 
(dopamine) and 256 (catechol) nA, with relative 
standard deviations of 2.6, 3.1, 3.2 and 3.7%, 
respectively. 
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Fig. 5. Chromatograms for submicromolar concentrations of 
catecholamines (A) and a urine sample diluted (1.50) in mobile 
phase (B) at a sol-gel carbon composite electrode. 1 and 2 
represents ascorbic acid and uric acid, respectively; a - d  repre- 
sent norepinephrine, epinephrine, dopamine and catechol, re- 
spectively, at 0.5 /tM. Other conditions, as in Fig. 1. 

In conclusion, the experiments described above 
clearly indicate that sol-gel carbon composites 
can provide versatile, easy-to-prepare, renewable 
LCEC detectors, possessing high sensitivity, se- 
lectivity and stability. While such features are 
presented in connection with a wall-jet detector, 
other detector configurations could benefit from 
the attractive properties of sol-gel carbon com- 
posites. The shape and form of the sol-gel 
derived electrodes can be controlled to suit the 
specific application. Application of this detector 
for monitoring other eleectroactive compounds in 
chromatographic effluents appear promising. En- 
zyme-based detectors (e.g. for phenols, amino 
acids or carbohydrates) could also benefit from 
the attractive, low-temperature encapsulation of 
biocomponents within sol-gel networks. Doping 
of the sol-gel carbon composite with an electro- 
catalyst (e.g. dispersed metal particles) could of- 
fer additional detection advantages. 
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Abstract 

The protonation constants of five Schiff base and two benzothiazoline type ligands and stability constants of 
their complexes with six lanthanide ions were determined by potentiometrically in ethanol-water solution (1:1, 
v/v) at 25 __+ 0.1°C, The Schiff base-type ligands were salicylidene 2-iminopyridine (SAPy), salicylidene-5-methyl-2- 
iminopyridine (SAPyMe), salicylidene-5-chloro-2-iminopyridine (SAPyC1), 2-(2-pyridylmethyleneamino) phenol 
(PyOH), 2-(2-quinolylmethyleneamino) phenol (QuOH) and the benzothiazoline-type ligands were pyridine-2-car- 
bozaldehydebenzothiazoline (PyS) and quinoline-2-carboxaldehydebenzothiazoline (QuS). The order of stability 
constants was found to be for metal ions La(III) < Pr(III) < Nd(III) < Eu(III) < Ho(III) < Yb(III), and for 
ligands SApyCI < SAPy < QuS < QuOH < PyS < PyOH < SAPyMe. The FORTRAN programs PKAS and BEST 
were used for the calculation of protonation constants and stability constants, respectively. © 1997 Elsevier 
Science B.V. 

Keywords: Benzothiazolines; Lanthanon(lI1) complexes; Potentiometry; Protonation constants; Schiff bases; Stability 
constants 

1. Introduction 

Potentiometric studies on and the coordination 
chemistry of  lanthanide cations with Schiff bases 
have been investigated and reviewed over the last 

* Corresponding author. 

few years [1-4]. The stability constants of  l:l 
complexes of  Pr(III), Nd(III) ,  Sm(III)  and Gd(III )  
with SAPy have been reported [5]. The characteri- 
zation of cobalt, manganese, nickel and some 
lanthanide complexes of  PyOH and QuOH [6-10] 
and silicon, niobium, manganese and lead com- 
plexes of  PyS have also been reported [11-14], 
but a literature survey indicated that no work has 
been done on complex formation equilibria of  

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)02058-9 
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these ligands. Such studies have now been under- 
taken and are reported in this paper. The struc- 
tures of the ligands are shown below. 

CH---~N N X= H SAP¥ 
X=CI SAPyCI 

~"2XX X=Me SAPyMe 

OH 

R_CH=N.~ R = ~  PyOH 

R = ~  OuOH 

j S  PyS 
R--C-- N - ~  R=~ 

R = ~  OuS 

2. Experimental 

2.1. Synthesis of ligands 

SAPy, SAPyC1 and SAPyMe were synthesized 
by condensing 1:1 molar amounts of salicylalde- 
hyde with 2-aminopyridine, 2-amino-5-chloropy- 
ridine and 2-amino-5-methylpyridine, respectively 
in ethanol as reported earlier [15-17]. PyOH 
and QuOH were synthesized by condensing 2- 
hydroxaniline in 1:1 molar ratio with pyridine-2- 
carboxaldeyde and quinoline-2-carboxaldehyde, 
respectively, as reported earlier [6-10]. PyS and 
QuS were prepared by the condensation of 2-mer- 
captoaniline with pyridine-2-carboxaldehyde and 
quinoline-2-carboxaldehyde respectively in a 1:1 
molar ratio in benzene [11-14]. 

The ligands were fully characterized by their 
melting points, elemental analysis (C, H, N) IR 
and NMR spectra. 

2.2. Reagents and solutions 

Ethanol-water (1:1, v/v) prepared from triply 
distilled water and absolute ethanol was used as a 
solvent. All metal ion solutions were prepared 
from their analytical-grade chlorides (Aldrich) 
and were standardized by EDTA titration [18]. 
Carbonate-free KOH solution was standardized 
with potassium hydrogen phthalate. KCI (Merck, 
extra pure) and concentrated HC1 (Merck, extra 
pure) were used for the preparation of 1.00 M 
KC1 and 0.017 M HC1 solutions. The HC1 solu- 
tion was standardized with standard KOH. 

2.3. Potentiometric measurements 

Measurements were carried out using a Corning 
M-240 pH-meter equipped with a Corning 
semimicro combined glass electrode. The system 
was calibrated to read hydrogen ion concentration 
by titration of hydrochloric acid solution at 25 + 
0.1°C and 0.2 M KC1 ionic strength with KOH 
solution according to Gran's method [19]. Small 
amounts of (Av = 0.05 cm 3) titrant KOH solution 
were added with a microburette. The waiting pe- 
riod was 3 rain. Sample solutions were titrated in 
a double-walled glass cell maintained at 25 + 
0.1°C by circulating water and were stirred mag- 
netically under a continuous flow of nitrogen. 
Titration were performed over the pH range 2.0- 
12.0 using 25 + 0.01 cm 3 samples in a medium of 
constant ionic strength (0.20 M KC1). There were 
no precipitation in the pH range in which the 
titration were performed. The concentration of 
the ligands was 5.0 x 10 4 M and the metal-to- 
ligand molar ratios was 1:4. Corrections for pH 
measurements in the aqueous-organic system 
were performed as described by van Uitert and 
Haas [201 . 

2.4. Calculations 

The protonation constants of the ligands and 
stability constants of the complexes were com- 
puted form titration data using the FORTRAN 
programs PICAS and BEST, respectively [21]. The 
number of experimental (v, pH) points was more 
than 39 (maximum 62) for each titration. In 
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refining the overall constants, some experimental 
points, especially, around the equivalent points, 
were neglected. The error estimate for each con- 
stant was between 0.01 and 0.07 log units. 

3. Results and discussion 

3. I. Protonation constants of  ligands 

The protonation constants of the ligands and 
stability constants of the complexes are given in 
Table 1. For Schiff base ligands, the first con- 
stants refer to protonation of phenolate ions and 
the second constants to protonation of pyridine 
or quinoline nitrogens. 

As can be seen from Table 1, the first protona- 
tion constants of PyOH and QuOH are higher 
than that of SAPy. This means that the electron 
densities of the phenolic oxygen atoms of PyOH 
and QuOH are higher than that of SAPy. This 
can be explained as follows. The lone pair on the 
nitrogen atom of the imino group participates in 
the resonance of the phenol (or quinolinol) ring 
and increases its electron density. The logK2 H 
values of these ligands also support this observa- 
tion, because the second protonation constant of 
SAPy is higher than those of PyOH and QuOH, 
contrary to the logK~ values of these ligands. 
For SAPy, SAPyC1 and SAPyMe ligands, both of 
the protonation constants follow the order 
SAPyC1 < SAPy < SAPyMe. Because of the in- 
ductive electron withdrawing effect of the chlorine 
atom, the basicity of the pyridine nitrogen in 
SAPyC1 is lower than that of SAPy. On the other 
hand, the inductive electron-donating effect of the 
methyl group increases the basicity of the pyridine 
nitrogen in SAPyMe. The more basic the pyridine 
nitrogen is, the more stable is its proton-ligand 
complex. 

As can be seen in Table 1, pyridine-2-carbox- 
aldehyde benzothiazoline and quinoline-2-carbox- 
aldehydebenzothiazoline ligands also have two 
protonation constants. 

The potentiometric titration curve of PyS is 
given in Fig. 2. The high values of the first 
protonation constants (11.46 for PyS and 11.30 
for QuS) indicate a very weak acidic proton in 

these molecules; it might be a methynic hydrogen 
atom in thiazoline ring. Since the methynic car- 
bon is bonded to nitrogen and sulphur atoms in 
the thiazoline ring and to the pyridine (or quino- 
line) ring, the inductive electron-withdrawing ef- 
fect of these three enhances the acidity of the 
methynic hydrogen atom to some extent. 

The second protonation constants of PyS and 
QuS ligands (2.61 and 2.48, respectively) are lower 
than those of PyOH ad QuOH ligands. These 
lower values indicate that the second protonation 
occurs on either the nitrogen or sulphur atom of 
thiazoline ring, but not on the pyridine (or quino- 
line) nitrogen, although the pyridine (or quino- 
line) nitrogen is more basic than sulphur and 
nitrogen atoms of the thiazoline ring. No reason- 
able explanation can be given for this result. 

3.2. Stability constants of  complexes 

First, the complex-forming reactions of Schiff 
base and benzothiazoline-type ligands with metal 
ions were investigated. For this purpose, 1:1 and 
1:2 molar ratios of Pr 3 + ion to PyOH Schiff base 
ligand and La 3 + ion to PyS benzothiazoline lig- 
and were titrated against 0.084 M KOH. The data 
are plotted in Fig. 1 and Fig. 2, respectively. 

A break near m = 2 for all 1:1 systems can be 
explained by the release of two hydrogen ions 
from protonated form of the ligand molecules for 
each metal ion when complexes were formed. The 
1:2 M:L systems contain four titratable protons 
per metal ion, and further there is a break in each 
of the curves near m = 4. 

The complex-forming equilibria can be given as 
follows: 

Ln 3 + + H2L + ~- LnL 2 + + 2H + 

LnL 2+ +H2L + ~ LnL2 + + 2 H  + 

The stability constants of the Lanthanon(III) 
chelates of all ligands are given in Table 1. For 
the same ligand, the log K~ values were found to 
increase in the order La(III) < Pr(III) < Nd(lII) < 
Eu(III) < Ho(III)<Yb(III), which is in accor- 
dance with the order of increasing acidity of the 
metal ions. 
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The stability constants of the complexes of 
three salicylidenpyridine ligands with the same 
metal ion also followed the same order as the 
proton ligand stability constants of the ligands, 
i.e. SAPyCI < SAPy < SAPyMe. This may be at- 
tributed to the different basicities of the donor 
atoms of the ligands caused by the inductive 
substituent effects as discussed earlier. The ML 3- 
type complexes of SAPyC1 were not observed in 
the pH range in which the titration were per- 
formed, because of their low stabilities. The order 
of log K values of the other four ligands with the 
same metal ions expected is as PyOH < QuOH < 
PyS<QuS. Because the donor oxygen atom 
present in PyOH and QuOH ligands is a harder 
base than the donor sulphur atom present in PyS 
and QuS ligands, the lanthanon(III) ions, being 
hard acids should preferentially bond to oxygen 
donor ligands. Contrary to these expectations, the 
order of log K values of four ligands with the 
same metal ion was found to be PyOH < PyS < 
QuOH < QuS. This might be attributed to steric 
hindrance of quinoline ring. 
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Fig. l. Potentiometric titration curves for PyOH (L) and l:l 
and 1:2 stochiometries of Pr 3+ to PyOH (ML and ML2) as a 
function of added KOH• m = Moles of base added per mole of 
metal ion (or ligand) present• 
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Fig. 2. Potentiometric titration curves for PyS (L) and 1:1 and 
1:2 stochiometries of La 3+ to PyS (ML and ML2) as a 
function of added KOH. m = Moles of base added per mole of 
metal ion (or ligand) present• 

The stability constants of the ML-type com- 
plexes of all ligands with the same metal 
ion except La(III) were found to increase in the 
order SAPyC1 < SAPy < QuS < QuOH < PyS < 
PyOH < SAPyMe. The log K value of PyOH with 
La(III) ion was higher than that of SAPyMe. 

3.3. T h e r m o d y n a m i c  p a r a m e t e r s  

The stability constants of three salicyli- 
denepyridine ligands with metal ions were also 
determined 50_+0.01°C and the thermodynamic 
parameters AG and AH for complexation reac- 
tions of their ML-type complexes were evaluated• 
The proton-ligand and metal-ligand stability 
constants decreased with increasing temperature, 
as expected. The thermodynamic parameters were 
calculated using the following relationships: 

A G  = - R T  In K 

d In K / d ( I / T )  = - A H / R  
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Table 2 
Thermodynamic parameters of ML-type complexes of SAPy 
SAPyCI and SAPyMe with Lanthanon(lll) ions at 25 _+ 0.1°C 
and p. = 0.2 M KCI 

Metal ion Ligand - A G  (kJ tool- - A H  (kJ mol 
1) l) 

La 3+ SAPyMe 36.3 +0.3 36 ± 11 
SAPy 26.8 _ 0.2 28 + 6 
SAPyCI 21.4 _+ 0.4 23 ± 9 

Pr 3+ SAPyMe 40.68 _+ 0.05 42 + 3 
SAPy 29.3_+0.1 3 0 + 4  
SAPyCI 24.3 _+ 0.2 25 -+ 4 

Nd 3+ SAPyMe 41.1 +0.05 42 ± 3 
SAPy 30.32+0.05 31 -+2 
SAPyCI 25.2 ± 0.02 26 ± 5 

Eu 3+ SAPyMe 43.2 ±0.2 42 ± 5 
SAPy 35.1 _+ 0.3 34 ± 5 
SAPyCI 28.3 ± 0.2 27 -+ 4 

H 3+ SAPyMe 44.67 _+ 0.05 43-+ 3 
SAPy 35.7_+0.1 34_+4 
SAPyCI 30.2 ± 0.1 29 _+ 4 

Yb 3+ SAPyMe 45.9 -+ 0.2 43 ± 4 
SAPy 37.2 -+ 0.3 35 _+ 5 
SAPyC1 30.56 _+ 0.3 29.6 + 6 

The overall free energy and enthalpy changes are 
reported in Table 2. 

The negative free energy and enthalpy changes 
of all the complexes indicated a spontaneous and 
exothermic nature of complexation reactions. 
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Abstract 

Mass spectrometry was used to detect transfer of deuterium from labeled reagents to arsines following hydride-gen- 
eration reactions. The arsine gases liberated from the reactions of arsenite, arsenate, methylarsonic acid, and 
dimethylarsinic acid with HCI and NaBD 4 in H20, or with DC1 and NaBH 4 in D20, were examined. Differences in 
the mode of deuterium incorporation for the various arsines were detected. These results may help explain some of 
the observed variations in arsine-generation efficiency for various arsenic compounds present in environmental and 
biological samples. © 1997 Elsevier Science B.V. 

Keywords: Arsenate; Arsines; Arsenic; Arsenite: Dimethylarsinic acid; Hydride generation; Mass spectrometry; 
Methylarsonic acid 

1. Introduction 

Hydride-generation (HG) methodology coupled 
to element-specific detectors has been used exten- 
sively for the trace determination of hydride- 
forming elements such as arsenic, bismuth, 
selenium, and antimony [1], germanium [2], tel- 
lurium and tin [3], and lead [4]. Such analyses are 
accomplished by first converting the metal or 
metalloid into its corresponding gaseous hydride 
followed by transfer to a spectrometric detector. 
HG coupled to atomic absorption spectrometry 

* Corresponding author. 
Address: Department of Chemistry, University of British 

Columbia, Vancouver, B.C., Canada V6T IZI. 

(AAS) or inductively coupled plasma mass spec- 
trometry (ICPMS) has been used extensively for 
the determination of arsenic in a variety of sample 
types [5-10]. These methods allow the separation 
of analytes from the sample matrix, and provide 
high sensitivity and low limits of detection. For 
these reasons, HG techniques are widely used by 
the U.S. Environmental Protection Agency for the 
determination of the toxic elements arsenic and 
selenium. Hydride generation can also be inter- 
faced with gas chromatography for the speciation 
of organometallics [11-13]. Because of the effi- 
cient analyte introduction into the detector af- 
forded by HG, it may also improve the sensitivity 
of liquid chromatographic arsenic speciation tech- 
niques [14]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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Despite its many advantages, a number of 
problems are associated with the HG approach. 
Interferences caused by transition metals have 
been extensively reported [15 17]. Variations in 
the hydride-generation efficiency for different 
compounds of the same element have also been 
reported [17-21]. To compensate for these varia- 
tions, digestions usually must be performed to 
convert all species of an element into the same 
form. Even though these effects are well docu- 
mented, little effort has been made to elucidate 
their relationship to the mechanisms involved in 
hydride formation. 

In this report, we describe experiments in which 
deuterium-labeled reagents and mass spectrome- 
try were used to study the generation of arsines 
from aqueous solutions. The objective was to 
investigate differences in the reactions generating 
arsine, methylarsine, and dimethylarsine. Deu- 
terium transfer from the reagents to the generated 
arsines was monitored by using a mass spectro- 
metric detector. 

2. Experimental 

2. I. Instrumentation 

A Finnigan-MAT TSQ 700 Gas Chro- 
matograph (GC)/Mass Spectrometer (MS) system 
was used for most of the experiments in this 
study. The instrumental operating conditions were 
as follows: electron impact (EI) ionization mode, 
electron energy 70 eV, tuning and calibration with 
perfluorotributylamine (FC43). A Varian 3400 
GC system was equipped with a fused-silica 
column 0.18-mm I.D. x 20-m Crossbond ® phenyl- 
methylpolysiloxane (Restek, USA) column. A GC 
ion-trap mass spectrometer (Finnigan-MAT Mag- 
num TM) was also used for some of the experi- 
ments. 

2.2. Reagents 

The following arsenic reagents were used: 
dimethylarsinic acid (Sigma Chemical, St. Louis, 
MO), disodium methylarsonate (Chemical Ser- 
vice, West Chester, PA), sodium m-arsenite 

(Sigma Chemical), and sodium arsenate (Sigma 
Chemical). Solutions of each of the arsenic com- 
pounds were made up in H20 o r  D 2 0  , depending 
on the experiment. 

Sodium borohydride (98 atom %deuterium), 
deuterium oxide (99.8 atom %D), and a deu- 
terium chloride solution in D20 (37% w/v) were 
purchased from Aldrich Chemical Company, 
(Milwaukee, WI, USA). Hydrochloric acid (dou- 
ble sub-boiling distilled in quartz) was obtained 
from Seastar Chemical (Sidney, B.C., Canada), 
and sodium borohydride was obtained from J.T. 
Baker Chemical (Philipsburg, N.J.). 

2.3. Procedures 

Reactions were carried out in 2 ml glass vials 
with rubber septa. Unless stated otherwise, reac- 
tion conditions were as follows: 50/zl of 100 ppm 
arsenic solution for each of the arsenic com- 
pounds investigated, along with 50 /L1 of HC1 
(20% w/v) were added initially to the reaction vial. 
The vial was flushed with argon and sealed prior 
to the injection of 70 /zl of 2% w/v NaBH4. 
Sampling of the headspace was accomplished by 
inserting a syringe needle through the cap septum 
and withdrawing a 2 /zl gas sample. The sample 
was immediately injected, in the splitless mode, 
onto the GC/MS. The following GC temperature 
program was used: 0.5 min at 50°C, ramped up to 
150°C in 3.5 min, and held at 150°C for 3 rain. 

3. Results and discussion 

When arsenite was reacted with DC1 and 
NaBH4 in D20, most of the arsine detected was 
non-deuterated. The mass spectrum of the 
gaseous productg of this reaction is presented in 
Fig. la. The ion at m/z 79 (8%) indicates the 
presence of a small amount of AsH2D. An exper- 
iment was conducted to examine variations in 
product formation over time. Hydride-generating 
reactions were carried out in four separate vials. 
Hydrides were sampled and injected onto the 
GC/MS at 0, 8, 18 and 28 min. The spectra 
obtained were identical to the one presented in 
Fig. l a. From the above data it can be proposed 



S.A. Pergantis et al. ,; Talanta 44 (1997) 1941 1947 1943 

that hydrogen is transferred from borohydride to 
the arsenic atom without any further reaction of 
the arsine with the deuterated acid present in 
D20.  To confirm this assumption, arsenite was 
reacted with HCI and NaBD4 in H20. The gener- 
ated arsine was deuterated, as indicated by its 
mass spectrum presented in Fig. lb. The ion at 
m/z 80 (6%) indicates a small amount of AsD2H 
present in the gaseous products. Identical mass 
spectra were obtained when arsenate, instead of 
arsenite, was used for these reactions. 

When methylarsonic acid (MAA) was reacted 
with DC1 and NaBH4 in D20,  the resulting 
methylarsine was a mixture of MeAsH2, MeAsD2, 
and MeAsHD (Fig. 2). To confirm the presence of 
these arsine species, a time-series study was con- 
ducted. Four identical reactions were carried out 
in separate vials, which were sampled after 0.5, 7, 
14 and 22 rain, respectively. The mass spectrum 
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Fig. I. A: mass spectrum of arsine generated from arsenite, 
DCI, and NaBH 4 in D20, B: mass spectrum of arsine gener- 
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Fig. 2. Mass spectrum of methylarsine generated from methy- 
larsonic acid, DCI, and NaBH 4 in D20, after reacting for; A: 
0.5 min, B: 7 min and C: 14 min. 

after 7 min is presented in Fig. 2b, and the mass 
spectrum after 14 min is shown in Fig. 2c. This 
time-series study clearly demonstrates the forma- 
tion of MeAsD 2 (m/z 94) and the disappearance 
of MeAsH2 (m/z 92) over time. The sample in- 
jected after 22 min did not produce a mass spec- 
trum that matched those obtained for 
methylarsine. This may be due to extensive de- 
composition or adsorption of the methylarsine gas 
in the reaction vial. 
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Further evidence for the presence of the mix- 
ture of deuterated and non-deuterated methylarsi- 
nes was extracted from the mass spectrum of 
MeAsH2 generated from HC1 and NaBH4 in H20 
(Fig. 3a) and from the mass spectrum of MeAsD2 
generated from DC1 and NaBD4 in D20 (Fig. 3b). 
The combination of these two mass spectra results 
in a mass spectrum containing ions of similar 
relative intensity to those shown in Fig. 2b. Simi- 
lar observations were made when MAA was re- 
acted with HC1 and NaBD4 in H20; initially 
MeAsD2 was detected, along with a smaller 
amount of MeAsH2. The ratio of non-deuterated 
to deuterated methylarsine increased with time. 
The gradual conversion of MeAsH2 to MeAsD 2, 
and vice versa, indicates that arsines once gener- 
ated may further react with acids present in the 
reaction mixture, thus, allowing for hydrogen- 
deuterium exchange. 
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Fig. 3. Mass spectra of monomethylarsines generated from; A: 
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When dimethylarsinic acid (DMAA) was re- 
acted with DC1 and NaBH4 in DzO, the resulting 
dimethylarsine was identified as M%AsD (Fig. 
4a). When DMAA reacted with HC1 and NaBD 4 
in H20 the resulting arsine was MezAsH (Fig. 
4b). The products of these reactions formed 
rapidly and did not change over time, indicating 
that any hydrogen-deuterium exchange in these 
products is rapid. Table 1 contains a summary of 
the data obtained from these experiments. The 
reactions in Table 1 are based on data presented 
in this paper along with the reaction schemes 
proposed by others [5,22,23]. 

The relative rates of hydrogen-deuterium ex- 
change for the arsines in these experiments varies 
in the same order as their basicity (AsH 3< 
MeAsH2 < Me2AsH) [24]. Because MezAsH is the 
most basic of the three arsines, the following 



S.A. Pergantis et al /Talanta 44 (1997) 1941-1947 1945 

protonation reaction would be expected to be the 
most favorable: 

Me2AsH + H + ~ Me2AsH + (1) 

To test the hypothesis that this protonation is 
involved in the observed hydrogen-deuterium ex- 
change, an experiment was conducted in which 
Me2AsD was generated in a sealed vial (vial A), 
and a 800-#1 gas sample was then removed from 
vial A and bubbled through a 250-/A HC1/H20 
solution present in another sealed vial (vial B). A 
gas sample was immediately removed from vial B 
and injected onto the GC column. The resulting 
mass spectrum is presented in Fig. 5a. The molec- 
ular ion present at m/z 106 indicates that reaction 
Eq. (1) takes place rapidly, relative to the time- 
scale of the experiment. In a similar experiment, 
Me2AsD was injected into the headspace of a vial 

Table I 
Summary of arsine generating reactions carried out in this 
study 

Arsenic corn- Proposed reactions ~' 
pound 

As(OH)~ 

As(OH)3 

H3AsO 4 

H3AsO 4 

CHsAsO(OH)2 

CHsAsO(OH)2 

(CHa)2AsO(OH) 

(CHs)2AsO(OH) 

As(OH) 3 (aq)+BH4 (aq)+D + (aq)+ 
D20 -+ASH 3 (g)+ H3BO3/D3BO3 (aq)+ 
H2/D2 (g) 
As(OH)s (aq)+BD4(aq)+H + (aq)+ 
H20 ~ AsD~ (g) + H3BO3/D3BO 3 (aq) + 
H2/D2 (g) 
H3AsO 4 (aq)+BH~- (aq)+D + (aq)+ 
D20 -~ AsH 3 (g) + HsBO3,/D3BO ~ (aq) + 
H2/D2 (g) 
HaAsO 4 (aq)+BD£ (aq)+H + (aq)+ 
HzO ~AsD3 (g)+ H3BO3/D~BO 3 (aq)+ 
H2/D2 (g) 
CHsAsO(OH)2 (aq)+BHZ (aq)+D + 
(aq) + D20 -* CH3AsD2(g)/CH3AsH 2 
(g)+H3BOs/D3BO3 (aq)+H2/D2 (g) 
CH3AsO(OH)2 (aq)+BD4 (aq)+H + 
(aq)+ H20 -~ CH3AsD2(g)/CH3AsH 2 
(g)+HsBOs/D3BO3 (aq)+He/D2 (g) 
(CHs)2AsO(OH) (aq)+BH~- (aq)+D + 
(aq)+DzO -~ (CH3)2AsD (g)+ H3BO~/ 
DsBO s (aq) + H2/D 2 (g) 
(CHa)2AsO(OH) (aq)+BD~- (aq)+H + 
(aq)+HzO ~ (CH3)2AsH (g) + H3BO3/ 
D3BO3 (aq)+H2/D2 (g) 

Boldface indicates reagents, underline indicates products 
identified by using mass spectrometry. 
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Fig. 5. Mass spectrum of gaseous products formed after 
bubbling; A: Me2AsD through a HCI/H20 solution, B: 
M%AsH through a DC1/D20 solution, and C: Me2AsH 
through a D20 solution. 

containing HCI/H20, rather than being bubbled 
through the solution. The mass spectrum obtained 
was identical to the one shown in Fig. 5a, thus, 
indicating that reaction Eq. (1) occurs even 
though the arsine is not bubbled through an acid 
containing solution. An additional series of exper- 
iments was conducted with Me2AsH bubbled 
through a D20/DC1 solution. As expected, the 
molecular ion appeared at m/z 107 (Fig. 5b). To 
further understand the acid effect on dimethy- 
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larsine, an experiment was conducted in which the 
Me2AsH was bubbled through D20, in the ab- 
sence of DC1. The resulting mass spectrum (Fig. 
5c) did not show evidence of reaction Eq. (1) 
taking place because of the molecular ion present 
at m / z  106, not 107. These results clearly demon- 
strate that the protonation of dimethylarsine oc- 
curs only under acidic conditions. Also, to check 
if hydrogen-deuterium exchange occurs in the gas 
phase, a 250 /~1 sample of HC1/H20 vapor was 
withdrawn, by using of a 500/tl  gas-tight syringe, 
from a reaction vial containing 200 /tl of HC1/ 
H20. Subsequently, a 250/A sample of M%AsD 
was withdrawn into the same syringe along with 
the HC1/H20 vapor. A portion of  this mixture 
was then analyzed by using GC/MS. The mass 
spectrum of  dimethylarsine showed no Me2AsH. 
Thus, hydrogen-deuterium exchange appears to 
occur only in the aqueous phase, further support- 
ing exchange through reaction Eq. (1). 

Reaction Eq. (1) can thus explain the formation 
of Me2AsD when generated from DC1 and 
NaBH 4, and the formation of Me2AsH when gen- 
erated from HC1 and NaBD4. Protonation of 
MeAsH 2 similar to that of Me2AsH in reaction 
Eq. (1) would be expected to be less favored, due 
to the lower basicity of MeAsH2. This hypothesis 
is supported by the more gradual hydrogen-deu-  
terium exchange indicated by the mass spectra 
shown in Fig. 2. Apparently, protonation of AsH3 
does not occur to any appreciable degree. These 
conclusions can be further supported by the re- 
sults obtained from the following experiment. A 
mixture of arsines (AsH 3, MeAsH2, Me2AsH) was 
generated in one vial, a sample of which was 
immediately injected onto the GC/MS. Subse- 
quently, a 1 ml gas sample was removed from the 
vial and then injected into the headspace of a 
second vial containing 200/~1 of HC1/H20. After 
4 min, a gas sample was removed from the second 
vial and injected onto the GC/MS. The purpose 
of this experiment was to investigate any loss of 
arsines as a result of their dissolution in the 
HC1/H20 solution. To a first approximation, if 
the protonation of the arsines varies in the order 
Me2AsH > MeAsH2 > AsH 3, then the solubility 
of the arsines in the aqueous acid should vary the 
same way. The results obtained from this experi- 

ment indicated a greater loss of M%AsH com- 
pared with MeAsH2 and ASH3. This was clearly 
observed when comparing the relative amounts of 
the arsines detected in the two chromatograms 
(Fig. 6) obtained from the arsine samples taken 
from the first and second vial. This experiment 
was conducted in triplicate, and a control was 
carried out in which the second vial only con- 
tained 200 j~l of H20. The control experiment 
demonstrated that the arsine solubility variations 
observed in HC1/H20 do not occur in H20. 

Hinners [18] emphasized the critical effect of 
acid concentration on the hydride-generation re- 
sponses from arsenite, arsenate, MAA, and 
DMAA. He was unable to find a compromise 
acid concentration at which the same response 
could be obtained for the four arsenic species. For 
HC1 concentrations of 4 10 M, DMAA gave only 
15% or less of the signal that was obtained from 
the same amount of arsenite. Other studies have 
clearly indicated that when using 5 M hydrochlo- 

AsH 3 

1Bo 
1 : 0 8  
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I MeA~Hz Me2AsH 
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i ' , E , i , , 

12B 148 168 188 1:12 1:Z4 1:36 l:4B 

A~H 3 

B 

1~, dg 1; . . . .  1;1z 1:36 1;40 

Fig. 6. GC/MS chromatograms of an arsine mixture; taken 
before (A) and after (B) injection of the arsine mixture into the 
headspace of a vial containing an HC1/H20 solution. 
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ric acid, DMAA is underestimated [19]. A number 
of studies have demonstrated that each arsenic 
species has a different acid concentration for opti- 
mal efficiencies of hydride generation [14,19-21]. 
The results presented in this paper indicate that 
generated MezAsH further reacts with hydrochlo- 
ric acid, producing a water-soluble dimethylarson- 
ium species in equilibrium with gaseous 
dimethylarsine. This observation could help ex- 
plain why the efficiency of generating MezAsH is 
reduced compared with the efficiency obtained 
when generating other, less basic, arsines. 

Le et al. [7] demonstrated that by using 2% 
cysteine and 0.3-0.7 M HC1, maximum and iden- 
tical results are obtained from all four arsenic 
species. It was proposed that arsenate, MAA, and 
DMAA, all in the As(V) state, are reduced to the 
As(III) state as organo-sulfur-arsenic(III) com- 
pounds through reaction between the arsenic spe- 
cies and thiol. These products, organosulfur 
derivatives of As(III), easily react with tetrahy- 
droborate(III) under similar conditions to afford 
the arsines without interference from cysteine. It 
is our intention to further study the proposed 
mechanism of action of cysteine on hydride-gener- 
ation of arsines, by using deuterium labeled 
reagents and mass spectrometric techniques. 

4. Conclusion 

In this study we have investigated differences 
governing the process of arsine generation for 
various arsenic compounds. The results obtained 
indicate that Me2AsH reacts with hydrochloric 
acid forming water-soluble arsonium species. This 
is also expected to occur to some extent with 
MeAsH2. However, this is not the case when 
arsines are generated from arsenite and arsenate. 
Furthermore, it was demonstrated that mass spec- 
trometry can be a useful tool for investigating the 
mechanisms responsible for hydride generation. 
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Abstract 

A spectrophotometric method for the determination of trace water in organic solvents using a near infrared 
absorbing dye has been developed. This method is based on the effect that a minor change in polarity of the solvent 
caused by trace water content determines the extent of aggregation of a near-infrared dye monomer. This change can 
be detected spectrophotometrically. The calibration curves for methanol, ethanol, and isopropanol were determined. 
This method has the highest sensitivity (em= 16.73 unit) for water in isopropanol and the lowest sensitivity 
(em = 2.806 unit) for water in methanol. The correlation coefficient (R) 2 values for the regression lines ranges from 
0.990-0.998. The linear range of the method for ethanol is 0.001 0.5%, for isopropanol is 0.001-0.1%, and for 
methanol is 0.001 1.0%. The limit of detection for ethanol, isopropanol, and methanol are 0.0001, 0.0001, and 
0.005% water, respectively. The developed method is sensitive, simple and easy to operate, and the cost of analysis 
is low. © 1997 Elsevier Science B.V. 

Ke),words: Infrared absorbing dye; Organic solvents; Trace water 

1. Introduction 

The determination of water in organic solvents 
has been of interest to chemists for many years 
[1]. The majority of  water determinations in or- 
ganic solvents are performed by the Karl Fisher 
titration [2]. The Karl Fisher titration method 
requires special equipment and expertise to obtain 
good accuracy and precision [3]. The method 
exhibits interferences from oxidizing agents, un- 
saturated compounds,  and sulfur compounds [4 
6]. The Karl Fisher titration method is not 
considered a low level method [7]. In addition, 
there are safety concerns about  the highly toxic 

reagent. Recent refinements in the Karl Fisher 
method have concentrated on improving accuracy 
and extension to other solvent systems [2,4,6,8]. 
The Karl fisher method has been automated using 
flow-injection analysis [9] where improved preci- 
sion and accuracy were observed, but the detec- 
tion limit was a disappointing 0.03%. 

Other methods that are used include thermal 
conductivity detection gas chromatography [10]; 
electrochemical sensors based on thin-film pe- 
rfluorosulfonate ionomer (PFSI) coated with cel- 
lulose triacetate; polyvinyl alcohol (PVA)-H3PO4; 
or PVA-PFSI-H3PO4 composite films operated in 
a pulsed voltammetric mode [1]; an organic phase 

0039-9140/97/$17.00 ~' 1997 Elsevier Science B.V. All rights reserved. 
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enzyme electrode [11] where the enzyme activity 
has been shown to be strongly dependent upon 
the water content; an FIA-spectroscopic method 
[12] based on the reaction between group IV and 
V metal halides and water; HPLC methods where 
the water peak was detected by either electric 
conductivity [5] or optical absorption [13]; Solva- 
tochromic effect [3,14,15]; and a spectrofluorimet- 
ric method [7] based on formation of the exciplex 
of pyridoxal. More recently, FIA-NIR spec- 
trophotometry [16] was used for the direct deter- 
mination of water in organic solvents by using the 
O - H  stretch absorbance bands. In most of these 
methods either the detection limits were too high 
or the method did not work in highly polar 
solvents. 

During investigations of near infrared dyes in 
this laboratory, it was observed that these dyes 
appeared to be unstable in alcohol solvents at 
room temperature. However, this instability was 
not observed in extremely dry alcohols. Upon 
further investigation, it was discovered that the 
dye dimerized or polymerized in the alcohol solu- 
tions. The extent of polymerization depends on 
the solvent polarity, temperature, and the basicity. 
Trace amount of water in the solvent alters the 
polarity of the solvent and that the polymeriza- 
tion reaction was directly proportional to the 
water concentration in the alcohol. This paper 
discusses a new near infrared dye, spectrophoto- 
metric method for the determination of low level 
water in polar organic solvents. 

2. Experimental 

2.1. Chemicals 

Methanol was purchased from Fisher Scientific 
(acetone free, absolute methanol with water con- 
centration of 0.02%). This methanol was further 
purified as suggested by Lund and Bjerrum [17]. 
A 200 ml volume of methanol reacted with 24 g of 
magnesium turnings for 6 h (reaction is vigorous 
under heating). A 3 1 amount of methanol was 
added and the mixture was refluxed for 5 h and 
then the methanol was distilled into 500 ml glass 
bottles containing 5 g of molecular sieves. The 

first 50 ml of collected methanol was discarded. 
This procedure produced about 2 1 of dry 
methanol. Ethanol was obtained from Quantum 
Chemical Corporation (200 proof dehydrated al- 
cohol with water concentration of 0.02%) and was 
further purified with the same method as used for 
methanol. Isopropanol was purchased from fisher 
Scientific (suitable for electronic use, water con- 
centration was 0.04%) and was dried with molecu- 
lar sieves for 2 weeks. 

2.2. Synthesis of  the near infrared dye 

The near infrared dye, 2-[4'-chloro-7-(3"-ethyl- 
2"-benzothiazothiazolinylidene)-3',5'-(l",3"-propa- 
nediyl) - 1'3'5' - heptatrien - 1' - yl] - 3 - ethylbenzo- 
thiazolium iodide as shown in Fig. 1, was pre- 
pared as the bromide analog [18]: ethyl iodide and 
2-methylbenzothiazole were refluxed in dimethly- 
formamide at 153°C overnight. The mixture was 
refrigerated for 2 h and then slowly added diethyl 
ether to initiate crystallization of the product. The 
crystals were filtered, washed with diethyl ether, 
and dried under reduced pressure. The dried 
product, 3-ethyl-2-methyl-benzothiazolium iodide, 
was refluxed with N-[(3-(anilinomethylene)-2- 
chloro-l-cyclohene-l-yl)-methylene]analene mo- 
mohydrochloride in ethanol under the presence of 
anhydrous sodium hydrochloride for 1 h and kept 
in a refrigerator for 1 h. The crystals were filtered 
off, washed with distilled water, benzene, and 
ether and dried under a vacuum. The product was 
recrystallized in ethanol and dried under a vac- 
uum at 50°C for 6 h. The nuclear magnetic reso- 
nance spectrometry (NMR) and matrix assisted 
laser desorption ionization mass spectrometry 
(MALDI-MS) spectra were presented in Fig. 2 
and Fig. 3. 

CH~ CH 3 

Fig. 1. Structure of dye 1. 
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Fig. 2. NMR spectrum of dye 1. 200 MHZ NMR, DMSO as solvent. 

2.3. Safety consideration 

Methanol, ethanol, and isopropanol are highly 
flammable and toxic by inhalation, in contact 
with skin, and swallowed. Chloroform is volatile 
at room temperature and is highly toxic cancer 
suspect agent. 

2.4. Apparatus 

A Hewlett Packard 8452A Diode Array Spec- 

trophotometer was used to scan the spectra and 
absorbance measurements. Tekmar utility bath 
was used for heating and temperature control. All 
glassware was cleaned with detergent, rinsed with 
distilled water, rinsed with acetone, dried in the 
oven at 100°C for 1 h and cooled in a dedicator 
before use. MALDI-MS spectra were obtained 
with the Bruker Reflex II TOF-MS mass spec- 
trometer equipped with a Nd:YAG laser model 
Minilase-10. N M R  spectra were acquired with 
Bruker AC-200 M H Z  N M R  spectrometer. 
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Fig. 3. MALDI-MS spectrum of dye 1. Nd :YAG laser (355 nm), matrix was :~-cyano-4-hydroxy cinnamic acid, and CH~CN as the 
solvent. Number  of shots was 40. 

2.5. Reagents 

1.125 × l0 --3 M dye solution was made in 
methanol -ch loroform (50:50) solution and was 
kept in the refrigerator. Upon  storage, aggregates 
of  the dye were formed and the solution was no 
longer useful for the analysis. The solution can be 
dept up to 2 months in a refrigerator and 1 week 
at room temperature. A 1.0 × 10-3 M potassium 
hydroxide solution was prepared as follows: dis- 
solve a certain amount  of  potassium hydroxide in 
dried ethanol, filter the solution, and dilute to the 
volume with ethanol. The standard stock solution 
of 1% water was made with dried solvents and 
deionized water. 

2.6. Procedure 

A 10 ml volumetric flask was filled about half 
full with the sample solution, add 0.2 ml of K O H  
solution and 0.2 ml of  dye solution, and then 
dilute with the sample to the volume and mix 
well. The solution mixture was placed into a hot 
water bath with the cap on at 60-70°C for 10 min 
and cooled at room temperature for 15 min. The 
reduction of absorbance was measured at about 
800 nm depending on the solvents. The water 
concentration in the solvents was derived from the 
calibration curve. The calibration curve was ob- 
tained by measuring the absorbance of 0, 50, 100, 
200, 300, and 500 ppm (v/v) standard solutions. 
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These standard solutions were prepared in 10 ml 
volumetric flasks adding 0, 0.05, 0.10, 0.20, 0.30 and 
0.50 ml water working solution (10 000 ppm) and 
following the same procedure of sample analysis 
described above. 

3. Results and discussion 

Near-infrared dyes absorb light between 600 
1200 nm and exhibit large molar absorptivities 
( ~  200000 Abs cm-1 M 1), thereby enhancing 
their potential for low level detection. In addition, 
most NIR dyes are strongly fluorescent in solution 
[18-20]. When NIR dyes are used for analytical 
applications, detection can be carried out in the 
longer wavelength regions creating a reduced back- 
ground and interferences from coexisting species. 
Despite these attributes and the large number of 
NIR dyes available, the use of NIR dyes has not 
gained much attention in analytical applications. 
Dye I has been used as a hydrophobicity probe for 
aliphatic alcohols and other water-miscible organic 
solvents [18] with water/organic solvent ratio ranged 
from 50-100 (pure water). This dye has a molar 
absorptivity of 1.83 x 105 [18] and absorbance 
maximum wavelength of 800 nm in ethanol. Absorp- 
tion spectra of the dye changed significantly depend- 
ing on the solvent hydrophobicity. With higher 
concentration (over 50%) methanol, the maximum 
absorption band of the dye solution was at 811 nm. 
When the methanol concentration was decreased 
from 50% to 0 (pure water), the absorption peak 
at 811 nm disappeared and a new peak at 698 nm 
appeared. It was suggested that the observed change 
in the NIR absorption spectra is a result of dye 
dimerization [18]. 

It is known that aqueous NIR dye solutions, 
especially at higher dye concentrations, exhibit an 
absorption band different from the absorption band 
that can be observed in less concentrated solutions 
or in less polar organic solvents. These spectral 
changes have long been attributed to dye molecule 
aggregation. The NIR dyes also display this type 
of behavior in water, where they tend to form 
dimmers (2 = 698 nm) or higher aggregates (,i = 
450-500 nm) because of the strong dispersion 
forces associated with the high polarizability of the 

polymethane chain [21]. Experimental results in this 
lab revealed that dimerization conditions for the 
cyanine dyes depend on the following factors: dye 
concentration, water concentration, temperature, 
reaction time, exposer to light, and the basicity of 
the solution. The dependence of the dimer formation 
on the dye concentration and water content in the 
solution has been proven by West and Pearce [21] 
and Patonay et al. [18]. Dimmers usually do not form 
in pure organic solvents. The dimmersband and the 
higher-aggregate band were observed at 698 and 450 
nm, respectively, in 1 x 10 5 M aqueous solutions. 
Fig. 4 presents the spectra obtained in this lab for 
the dye in 60% water/ethanol solution with increas- 
ing basicity and reaction time. Five peaks are 
observable in the wavelength range of 320 820 nm. 
The peak at 800 nm is the dye monomer, 692 nm 
is the dimer peak, and the rest are the peaks for 
higher aggregates of the dye. As the solution basicity 
increased, the 656 nm and 380 nm aggregate peaks 
were decreased and the 496 nm peak increased, the 
692 nm dimer peak initially persisted and then 
started to decrease when the 656 nm peak disap- 
peared. As the 656, 698, 380 nm aggregate peaks 
decreased, the 800 nm monomer peak increased until 
the dimer peak became a shoulder of the monomer 
peak and then decreased with increasing basicity. 

These changes in the spectra indicate that dimers 
form in neutral solutions at high concentrations of 
water in aliphatic alcohols. When a small amount 
of base is added, the polymer at 656 nm and the 
dimer decompose to their monomer. When the 
basicity is further increased, polymerization to 
higher aggregates happens. Using the optimized 
conditions for the method, the 656 and 698 nm 
peaks did not exist (Fig. 5), instead, higher aggre- 
gates represented by the peak at 496 nm were 
formed. 

There are at least three isosebestical points at 
575, 405 and 363 nm. These points indicate that 
there are three equilibrium systems in the solu- 
tion. In the solution without added basicity (spec- 
trum 1 in Fig. 4(a)), dimers and the aggregates at 
656 nm were formed and there is equilibrium 
between the aggregate of 656 nm and the 
monomer. With increasing basicity (spectra 2 5 
in Fig. 4(a)), the dye is distributed between the 
dimers and the aggregates at 496 nm. When the 
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Fig. 4. Absorption spectra of  the dye in 60% water/ethanol solution: (a) with different KOH concentration: 1-neutral solution; 
2-2 .8  x 10 4 M; 3 -8 .4  x 10 . 4  M; 4 -1 .4  x 10 - 3  M; 5-2 .8  x 10 3 M; (b) under different reaction time: 5 -5  min; 6 10 rain; 7 -20  
rain; 8 -35  rain. Spectrum 9 was obtained after heating the solution of 2.8 x 10  - 3  M in KOH 10 rain at 70°C. 

basicity of  the solution was further increased or 
the basic solution sat for long time (spectra 6 -8  in 
Fig. 4(b)), the equilibrium shifted toward the 
monomer and the polymer at 496 nm. The poly- 
merization rate of the monomer to the aggregate 
at 496 nm is slow. It took 30 min to convert 
spectrum 5-8  in Fig. 4(b) at room temperature. 
But when the solution was heated for 10 min at 
70°C, the conversion was completed almost imme- 
diately (spectrum 9 in Fig. 4(b)). 

When the system was going through higher-ag- 
gregation and a reduction of  the monomer peak 
was observed, the sensitivity was higher than the 
dimerized system. This was one of the reasons 
that the determination of  trace amount of water 
in organic solvents is possible in this method. 
Representative absorption spectra of  the dye in 
dry ethanol (spectrum 1) and in 0.05% water in 
ethanol solution (spectrum 2) are presented in 
Fig. 5. The peak reduction at 800 nm was used for 
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the quantitative analysis of trace water concentra- 
tions in organic solvents. 

As it was mentioned earlier, besides the dye 
concentration and water content in the system, 
basicity of the solution is an important factor for 
the process being dimerization or higher-aggre- 
gate formation. It can be seen in Fig. 4(a) that 
dimers were formed in neutral ethanol solutions 
and with increasing basicity the dimer peaks 
would disappear. When the solution was basic 
and heated at a certain temperature for a period 
of time, even a little change in polarity by trace 
amounts of water in the solvent caused aggrega- 
tion of  the dye in the solution. The extent of  
aggregation was proportional to the water con- 
centration in the solvent. Both monomer and 
H-aggregate peaks can be used for the measure- 
ment, but he monomer peak at 800 nm is the 
most sensitive. 

Basicity of the solution was adjusted by adding 
different amount of KOH/ethanol  solution. 
Reagent grade KOH was kept in a desiccator and 
the carbonate impurities were insoluble in alco- 
hols and were removed by filtration. The result of 
the basicity experiment is shown in Fig. 6. With 
increasing KOH concentration from 0-8.0 × 10 
4 M, the net absorbance of 0.05% water/ethanol 
solution increased, reaching a maximum at 4 x 
10 4 M of KOH. Therefore, the KOH concentra- 
tion of 4 x 10 -4 M was chosen. 

It was pointed out [18] that formation of H-ag- 
gregates of the dye was observable in 1 x 10 4 M 
aqueous solution. If the concentration is lower 
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Fig. 5. Absorption spectra of the dye in dry ethanol [1] and in 
0.05% water/ethanol solution [2]. 
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Fig. 6. Effect of KOH concentration on the absorbance of the 
dye in water:ethanol solution. 

than 1.25 x 10 5 M, then the higher aggregate 
band diminished. In the range of dye concentra- 
tion tested, no dimer peaks were seen. When the 
dye concentration increased from 0-1.3 x 10 4 
M, the absorbance for both blank and 0.2% wa- 
ter/ethanol solutions increased (Fig. 7(a)) and 
reached the maximum absorbance. The rates of 
absorbance increases were different. Blank ab- 
sorbance was increasing faster than the water 
solution. The absorbance difference between 
blank and water solution was biggest at the dye 
concentration of 6.8 × 10 5 (Fig. 7(b)). Since at 
this concentration the absorbance of dry solvent 
was about three absorbance unit, accurate ab- 
sorbance measurement is questionable. Therefore, 
a dye concentration of 4.5 x 10--5 M was selected. 

Heating prevented dimer formation and cata- 
lyzed the higher aggregation process. Heating was 
also the main factor for the dye responding to 
trace water concentration. At room temperature, 
the lowest water concentration measurable was 
1% in ethanol after 45 rain. When the solution 
was heated, there were some changes in the spec- 
tral properties of the dye (Fig. 8). Both in dry 
ethanol and 0.05% water/ethanol solution, the 
peak at 800 nm shifted to 816 nm and the peak at 
460 nm move to 495 nm when the temperature 
increased from 43.2-62.3°C. The peak reduction 
at 800 nm was much bigger in the water/ethanol 
solution than in dry ethanol. When the tempera- 
ture of  the solution was increased, the absorbance 
for both blank and 0.05% water/ethanol solution 
decreased (Fig. 9). After about 50°C, the blank 
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absorbance persisted and remained constant up to 
85°C. The absorbance of 0.05% water solution 
was further decreased and kept constant between 
60-85°C. The maximum absorbance difference 
occurred between 60-70°C.  Therefore, heating at 
60-70°C was utilized. The aggregation reaction 
under elevated temperature was a reversible pro- 
cess. Heating provided the energy for shifting the 
reaction equilibrium toward the formation of  the 
aggregates. When the solution was cooled at room 
temperature, absorption peak of the monomer 
increased with decreasing temperature and was 
stable after 15 min at room temperature. 

Formation of the aggregates at 496 nm from 
their monomers was a relatively slow process. 
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Fig. 7. Effect of the dye concentration. (a) Absorbance of the 
dye in dry ethanol and 0.05% water/ethanol solution. (b) Net 
absorbance of the 0.05% water solution. 
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Fig. 8. Absorbance spectra of the dye at different temperature 
and water contents. Spectra 1 and 2 are for dye in dry ethanol 
at 43.2 and 62.3°C, respectively. Spectra 3 and 4 are for the 
dye in 0.05% water in ethanol solution at 43.2 and 62.3°C, 
respectively. 

After 30 min at room temperature, the conversion 
process was still active (Fig. 4(b), spectrum 8). At 
higher temperature, aggregate formation immedi- 
ately complete in higher concentration of  water/ 
ethanol solution. When water concentration is 
very low (0.1-0.001%), heating was needed to 
catalyze the aggregation process. Fig. 9 is the 
result of the experiment to determine the reaction 
time needed at 70°C. With increasing heating time 
from 0 - 3 0  min, the absorbance of the blank 
solution was decreased at almost a constant rate. 
But 0.05% water solution exhibited rapid reduc- 
tion in absorbance between 0 - 1 0  min heating at 
70°C was utilized, Fig. 10. 

Calibration curves (Fig. 11) were obtained un- 
der the optimized conditions for methanol, 
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Fig. 9. Temperature effect of  the dye in dry ethanol and 0.05% 
water/ethanol solution. 
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Fig. 10. Effect of heating time on the dye absorbance dry 
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Fig. 11. Calibration curves. 

ethanol, and isopropanol and the results of the 
curves are summarized in Table 1. This method 
has the highest sensitivity (era= 16.73 unit) for 
water in isopropanol and the lowest sensitivity 
(em = 2.806 unit) for water in methanol. The cor- 
relation coefficient (R) 2 values for the regression 
lines ranged from 0.990-0.998. The linear range 
of the method for ethanol is 0.001 0.5%, for 
isopropanol is 0.001-0.1%, and for methanol is 
0.001-1.0%. The limit of detection for ethanol, 
isopropanol, and methanol are 0.0001, 0.0001 and 
0.005% water with relative standard deviations of 
2.62, 2.25 and 2.59% at 0.05% water concentra- 
tion, respectively. The limits of detection depend 
mostly on the preparation of dry solvents. 

4. Conclus ions  

In this study we demonstrated for the first 

time that trace amount of water in polar or- 
ganic solvents can be determined by the fact 
that a minor change in polarity of the solvent 
caused by trace water content determines the ex- 
tent of aggregation of a near-infrared dye 
monomer, which can be detected easily by mea- 
suring the absorbance reduction at 800 nm. By 
using a NIR dye, the detection was moved to 
longer wavelength where background interfer- 
ences were minimized. Sensitivity of the method 
was very high, owing to the high molar absorp- 
tivity of the dye solution and formation of a 
higher aggregate in the system. The limits of 
detection were lower than that of most reported 
methods. The developed method is simple, easy 
to operate, and the cost of analysis is low. Cur- 
rent work in our laboratory concerns the possi- 
bility of applying this method to different 
organic solvents. 

Table l 

Results of calibration curves 

Solvent Equation A = a + b  [C] R -~ Linear range v/v, % LOD Wv, % 

Methanol a = 0.002649 ± 0.004509 0.991 0.001 1.00 0.005 

b = 2.806 ± 0.117 

Ethanol a = 0.006375 ± 0.006375 0.998 0.001-0.10 0.001 

b = 7.825 4- 0.153 
Isopropanol a = 0.03783 4- 0.03462 0.995 0.001 0.50 0.001 

b = 16.73 + 0.82 
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Abstract 

A new, simple, precise, rapid and stability indicating RP-HPLC method has been developed for the simultaneous 
determination of mebendazole and pyrantel pamoate from tablets. Chromatography was carried out on a Shodex C8 
column using a mixture of 0.05 M monobasic sodium phosphate: acetonitrile: triethylamine (60:40:1.5, v/v), adjusted 
to pH 6.8 with phosphoric acid. Detection was carried out at 290 nm using a UV detector. Retention times for 
pamoic acid, pyrantel base and mebendazole were 3.61, 6.41 and 12.81 min, respectively. Linearity was obtained in 
the concentration range of 20-160 lag and 30-240 lag for pyrantel pamoate and mebendazole, respectively. The 
method after its application for the assay of pyrantel pamoate and mebendazole from tablets, was statistically 
evaluated for its accuracy and precision. © 1997 Elsevier Science B.V. 

Keywords: High performance liquid chromatography; Mebendazole; Pyrantel pamoate 

I. Introduction 

Mebendazole (MEB) chemically, methyl 5-ben- 
zoyl 1-H-benzimidazol-2-ylcarbamate,is an an- 
thelmintic drug [1]. It is official in I.P. [2], B.P. [3], 
U.S.P. [4]. Various methods, such as spectropho- 
tometry [5] and HPLC [6,7] are reported in the 
literature for its determination from formulations 
and biological fluids. 

Pyrantel pamoate (PYP) chemically, 1,4,5,6-te- 
trahydro- 1 -methyl-2-[(E)-2- (2-thienyl)vinyl]-pyri- 

* Corresponding author. 

midine 4,4'-methylenebis (3-hydroxy-2-napthoate), 
is an anthelmintic drug [1]. It is official in U.S.P. 
[4]. Various methods, such as Ion selective elec- 
trode [8] and HPLC [9,10] are reported in the 
literature for its determination from formulations 
and biological fluids Fig. 1. 

Fixed dose combinations containing MEB and 
PYP are widely available in the market, however 
there is no reported method for the simultaneous 
determination of  these two drugs from formula- 
tions. 

We report in this paper a new RP-HPLC 
method for the simultaneous determination of  
MEB and PYP from tablets, which is simple, 
precise, rapid and stability indicating. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)021 1 8-2 
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2. Experimental Pyrantel Pamoate 
2.1. Instrumentation 

High pressure liquid chromatograph (HPLC) 
Tosho CCPE pump equipped with a universal 
injector and an integrator (Oracle-2) were used. 

2.2. Solvents and chemicals 

Reference standards of mebendazole and 
pyrantel pamoate procured from Tata Pharma, 
Patalganga, Maharashtra, India. These standards 
were tested as per U.S.P. Monographs, 23, and 
were found to be 98.93 and 99.07% pure, respec- 
tively. Tablet formulations were procured from 
the market. A.R. Grade diethylamine (DEA), tri- 
ethylamine (TEA), phosphoric acid, monobasic 
sodium phosphate were used. Acetonitrile and 
methanol were of HPLC grade, supplied by S.D. 
Fine Chemicals, Thane, India. 

N ~  

0 OH HO 0 .o o. 
Mebendazole 

o 

N H 

OCH 3 
o 

Fig. 1. Structure of  pyrantel pamoate  and mebendazole. 

mark with the diluent. Standard stock solution, 3 
ml, was taken in a 50 ml standard volumetric 
flask, diluted upto the mark with the mobile phase 
and used as a working standard. 

2. 7. Sample solution 

2.3. Mobile phase 

A mixture of 0.05 M monobasic sodium phos- 
phate: acetonitrile: triethylamine (60:40:1.5, v/v), 
adjusted to pH 6.8 with dilute phosphoric acid 
was used as a mobile phase. 

2.4. Stationary phase 

C8 Shodex column (3.9 mm x 25 cm) (5 ta). 

2.5. Diluents 

Acetonitrile: diethylamine: acetic acid (90:10:10, 
v/v). 

2.6. Standard stock solution 

Accurately weighed 50 mg of standard PYP 
and 75 mg of standard MEB were taken in a 50 
ml volumetric flask. Glacial acetic acid, 15 ml, 
was added and kept in an ultra sonic bath for 30 
min, then it was kept on a boiling water bath for 
15 min. The solution was cooled,then 30 ml of 
diluent was added in a hood and kept in an ultra 
sonic bath for 10 min. Volume was made upto the 

Tablets, 20, were weighed and finely powdered. 
An accurately weighed portion of the powder 
equivalent to 50 mg of PYP and 75 mg of MEB 

AREA 
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o t Y  
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0 20 40 60 80 100120140160180200220240 

CONCENTRATION IN/,zg 

[~MEBENDAZOLE -*- PYRANTEL PAMOATE ] 

Fig. 2. Calibration curve of mebendazole and pyrantel 
pamoate.  
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Table 1 
Parameters of system suitability 

Sr. No. Parameters PYP MEB 

I. Theoretical plates 5000 8000 
2. Resolution factors 1.64 2.28 
3. Tailing factor 1.3 1.1 
4.a. R.S.D.--Brand I (%) 1.23 0.95 
4.b. R.S.D. Brand II (%) 0.97 0.89 
5. Relative retention time of pyrantel base to pamoic acid 1.0:0.53 
6. Limit of detection (lag) 10 15 
7. Limit of quantification (lag) 40 60 

was taken in a 100 ml volumetric flask. About 25 
ml of  glacial acetic acid was added and kept in an 
ultrasonic bath for 30 min. It was then kept on a 
waterbath for 20 min, cooled and diluted with 65 
ml of diluent A in a hood and then sonicated for 
20 min. Volume was made upto the mark with the 
diluent and mixed--(Solut ion A). This solution 

(1) 

c~ 

(2) 

.~. (3l 

u~ 

( 1 )  PAMOIC ACID 

{2) PYRANTEL BASE 

[31 MEEENDAZOLE 

Fig. 3. Typical chromatogram of mebendazole and pyrantel 
pamoate. 

was filtered through Whatman No. 42 filter paper. 
The filtrate solution, 6 ml aliquot, was taken in a 
50 ml volumetric flask, diluted upto the mark with 
mobile phase and then used for the analysis. 

2.8. Calibration 

Aliquots of standard stock solution of MEB 
and PYP were taken in different 10 ml standard 
volumetric flasks and diluted upto the mark with 
mobile phase such that the final concentrations of  
MEB and PYP were in the range of 30-240 lag 
and 20-160 lag, respectively. Evaluation of both 
drugs were performed with a UV detector at 290 
nm. Peak areas were recorded for all the peaks 
Fig. 2. 

2.9. Assay  

Each of  the standard and the sample solutions 
were injected into the chromatographic HPLC 
system and peak areas were recorded as described 
in the calibration procedure. 

From the peak area of  MEB and PYP, the 
respective amounts were computed as, 

Amount  of MEB and PYP* 

Rspl x C x D x Average wt. 
= x Factor* 

Rstd x W 

where, 
Rspl = area of  MEB or PYP in sample solu- 

tion. 
Rstd = area of  MEB or PYP in standard solu- 

tion. 
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Table 2 
Results of HPLC assay from tablets 
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Sr. No. Pyrantel base (mg Tab t) Mebendazole (mg Tab- I )  
(label claim: 100 mg Tab 1) (label claim: 150 mg Tab i) 

Brand I 1 98.02 150.33 
2 98.58 151.93 
3 100.82 149.76 
4 98.88 148.47 
5 100.50 151.68 
Mean 99.36 150.43 
R.S.D 1.23% 0.95%, 

Brand II 1 98.82 151.38 
2 98.17 150.81 
3 98.75 150.47 
4 100.62 148.35 
5 98.45 148.72 
Mean 98.96 149.95 
R.S.D. 0.97% 0.89% 

C =  concentration of standard in mg ml ~. 
D = dilution factor. 
W = weight of tablet in rag. 
Factor = 0.347, conversion factor for PYP to 

PY R ANTEL base. 

3. Results and discussion 

3. I. System suitability' 

According to U.S.P. 23, method (621), system 
suitability tests are an integral part of gas and 
liquid chromatographic methods. They are used 
to verify that the resolution and reproducibility of 
the chromatographic system are adequate for the 
analysis to be done. To ascertain its effectiveness 
system suitability tests were carried out on freshly 
prepared standard stock solution of MEB and 
PYP and the parameters obtained are shown in 
Table 1. The results are in concurrence with 
U.S.P. 23 requirements. 

3.2. Chromatography 

The mobile phase resolved the two drugs very 
efficiently into three distinct peaks of pamoic acid, 
pyrantel base and mebendazole as shown in Fig. 

3. The retention times of pamoic acid, pyrantel 
base and mebendazole were about 3.61, 6.41 and 
12.81 min, respectively. The relative retention 
times of pamoic acid and pyrantel base were 
about 0.55 and 1.0 min, respectively, which corre- 
sponds to relative retention times given for the 
same in U.S.P. monographs for PYP. A wave- 
length of 290 nm was selected for the detection 
purpose to match the sensitivities of these two 
drugs. 

3.3. Linearity, limit of  detection and 
determination 

The plot of peak area, versus the respective 
concentrations of MEB and PYP were found to 
be linear in the range of 30-240 and 20-160 ~ag 
(Fig. 2). They were represented by linear regres- 
sion equations: 

YMEB = 50.56555 × + 0.37205 (r = 0.999) 

Ypvp = 30.33034 x + 0.38508 (r = 0.999) 

The limit of  detection (LOD) and the limit of 
quantification (LOQ) of MEB and PYP were 
calculated on the peak area using the following 
equations: 

LOD = 3 × N/B; LOQ = 10 x N/B 
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Table 3 
Results of recovery analysis from tablets 

Brand Drug Amount of drug added (mg) Amount found* (mg) S.D. ( _+ ) R.S.D. (%) 

I PYP 0 99.23 0.85 0.85 
20 118.28 1.31 1.11 
40 138.16 0.92 0.67 
60 158.22 1.28 (I.81 

% Recovery = 98.43% 

11 PYP 0 98.68 0.92 0.93 
20 118.62 1.09 0.92 
40 138.15 0.98 0.71 
60 158.33 0.97 0.61 

'Y,, Recovery = 98.90% 

I MEB 0 150. l I 1.54 1.02 
30 179.18 1.46 0.81 
60 208.24 1.65 0.79 
90 237.26 1.64 0.69 

% Recovery = 98.53% 

I1 MEB 

% Recovery = 98.29% 

0 149.94 1.27 0.85 
30 177.84 1.59 0.89 
60 207.79 1.68 0.81 
90 237.89 1.55 0.65 

*Average of three experiments. 

Where N, the noise estimate, is standard deviation 
of the peak areas (five injections) of the drugs, B 
is the slope of the corresponding calibration 
curve. The limit of detection/the limit of quantifi- 
cation for MEB and PYP were found to be 15 
lag/60 lag and 10 lag/40 lag respectively. 

3.4. Assay 

The contents of MEB and PYP (equivalent to 
pyrantel base) per tablet for two commercial 

Table 4 
Stability indicating ability 

Degradation 
with respect to 

Labelled amount 
MEB (150 mg Tab-I)/ '  
PYP (100 mgTab  ~) 

Heat @100°C 
for 1 month 

Sunlight for 1 h 

141.26 (mg Tab-L)/94.51 (mg Tab-~)  

149.83 (mg Tab-I)/92.67 (mg Tab i) 

brands found by the proposed method were 
150.43 mg T a b -  ~ (R.S.D. = 0.95%) and 99.36 mg 
Tab i (R.S.D. = 1.23%) for Brand I and 149.95 
mg Tab -~ (R.S.D = 0.89%) and 98.96 mg Tab 
(R.S.D. =0.97%) for Brand II, respectively, as 
shown in Table 2. The low values of  R.S.D. 
indicate that the method is precise and accurate. 

3.5. Accuracy and precision 

To study the accuracy and precision of the 
proposed method, recovery experiments were car- 
ried out by standard addition technique, by 
adding standards at four different levels to the 
preanalysed sample. Each level was repeated 
thrice. 

A plot of the drug found in mg by the proposed 
method (Y-axis) against the amount of the stan- 
dard drug added (X-axis) was drawn. Intercept on 
the Y-axis indicates the amount of the drug found 
in mg per tablet. 
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Fig. 4. Chromatogram of mebendazole and pyrantel pamoate 
on degradation with respect to sunlight. 

method. There was no secondary degraded peak, 
but the assay values were found to be less for 
MEB and PYP as reported in Table 4. 

3.6.2. Degradation with respect to sunlight 
The solution of the tablets used for assay 

preparation (Solution A) were prepared and be- 
fore it was analysed by the proposed method was 
kept in sunlight for 1 h and the degradation 
profile was studied. Pyrantel pamoate is a salt 
of pamoic acid and pyrantel base as shown in 
Fig. 1. It was observed that pamoic acid de- 
graded and showed degraded peaks as shown in 
Fig. 4. Pyrantel base did not show any degraded 
peaks but the assay values were low (92.67 mg 
T a b - I ) ,  MEB remained unaffected on photo- 
degradation. 

From the amount of the drug found, % recov- 
ery was calculated using the formula: 

N ( Z X Y )  - ( Z X ) ( Z Y )  x 100 
% Recovery = N(ZX2)  _ (ZX)  2 

where, 
X =  amount of standard drug added. 
Y= amount of drug found by the proposed 

method. 
N = number of  observation. 
The recoveries of PYP and MEB obtained 

were 98.43 and 98.53% for Brand I and 98.90 
and 98.29% for Brand II, respectively as shown 
in Table 3. This shows that there is no interfer- 
ence from the excipients present in the tablets. 

3.6. Stability indicating ability 

Stability indicating ability of the method was 
studied with two different parameters: 

(a) Degradation with respect to heat. 
(b) Degradation with respect to sunlight. 

3.6.1. Degradation with respect to heat 
Tablets were kept in an oven at 105°C for 1 

month and analysed according to the proposed 

4. Conclusion 

The proposed RP-HPLC method is accurate, 
precise, rapid and stability indicating for the 
simultaneous determination of MEB and PYP in 
tablets. Hence it can be easily and conveniently 
adopted for routine quality control analysis. 
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Abstract 

The complexant efficiency with aluminium of 2'-hydroxy-4-R-chalcones, which depends on the nature and positions 
of the substituent was studied by a spectrophotometric method. The apparent formation constant was determined. 
The quantitative analysis of the substituent's influence on the complexation reaction equilibrium was made using the 
Hammett relation. The constant a magnitudes of groups OH, OCH3, C1 and F in the 4-position agree with values 
reported in the literature. © 1997 Elsevier Science B.V. 

Keywords: Aluminium; 2'-hydroxy-4-R-chalcones; Spectrophotometric 

1. Introduct ion 2. E x p e r i m e n t a l  

Chalcones and their analogues are well known 
for having variable bactericidal [1], fungicidal [2] 
and carcinogenic activity [3]. Moreover, 2'-hy- 
droxychalcones have been employed as analytical 
reagents for some metal ions [4,5]. 

Considering their complexant efficiency, which 
depends on the substituent character and position, 
the 2 '-hydroxychalcone--aluminium (III) systems 
were studied by a new spectrophotometric 
method. The combining ratio and kinetic be- 
haviour were described, determining the apparent 
formation constants. The quantitative analysis of 
the substituents influence on the complexation 
reaction equilibria was made using the Hammett  
relation. 

* Corresponding author. Fax: + 54 652 30224. 

2. I. Apparatus 

All the absorption spectra were measured by a 
UV-160 spectrophotometer (Shimadzu, Japan) at 
constant temperature. 

2.2. Reagents 

The substances studied were the following: 
I. 2'-hydroxychalcone, 
II. 2',4-dihydroxychalcone, 
III. 2'-hydroxy-4-methoxychalcone, 
IV. 2'-hydroxy-4-chlorochalcone, 
V. 2'-hydroxy-4-fluorochalcone, 
Their structures and the numbering system are 

shown in Fig. 1. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02123-6 
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2'-hydroxy-4-R-chalcones were prepared by re- 
action of 2-hydroxyacetophenone with substituted 
benzaldehydes according to a method reported in 
the literature [6]. They were purified by LH 20 
Sephadex column chromatography with methanol 
as eluent and identified according to physical, 
chromatographic and spectroscopic properties. 

2'-hydroxychalcone: Rf(TLC): 0.38; mp 88- 
8 8 . 5 ° C ;  U V  ~ M e O H  Zmax nm 312, 350, 220; IR v(CC14) 
cm J" 1639(C--O), 3480 (OH). 

2',4-dihydroxychalcone: Rf(TLC): 0.23; mp 
158-159°C; UV ,~MeOHmax nm: 365, 240; IR v(CC14) 

c m - ' :  1641 (C--O), 3600 (OH). 
2'-hydroxy-4-methoxychalcone: Rf(TLC): 0.32; 

mp 90-91°C; UV " MeOH Ama x nm: 360, 240; IR v(CCI4) 
cm ~: 1635(C-O), 3480 (OH). 

2'-hydroxy-4-chlorochalcone: Rf(TLC): 0.28; 
mp 137-138°C; UV ~MeOH Zma~ nm: 318, 355 sh; MS 
m/z 258 M ÷, 165, 147, 137, 120, 102. 

2'-hydroxy-4-fluorochalcone: Rf(TLC): 0.38; 
mp 116-117°C; UV 2 Me°H nm: 316, 353 sh, 224; 
MS m/z 242 M +, 149, 147, 121, 120, 102. 

The complex solutions in methanol were pre- 
pared by mixing variable concentrations of alu- 
minium (III) and 2'-hydroxy-4-R-chalcones (10 4 
M-10  5 M). Ionic strength (0.01 M), tempera- 
ture (32°C_0.1) and a metal:ligand ratio (3:1) 
were maintained constant. The equilibrium solu- 
tion absorbances were measured at the maximum 
absorption wavelength of the complexes (2max). 

3. Results and discussion 

5" 5 

o o 

~ H """ 

Fig. 1. Structure and numbering system of 2'-hydroxy-4-R- 
chalcones. 

tants, ligand molar absorbtivity and absorbances 
for equilibrium solutions. 

In a chemical reaction 

n L H + M  n+ ~ L n M + n H  + (1) 

where LH is the complexant reagent, M n + is the 
metallic ion and n is the stoichiometry coefficient, 
the equilibrium thermodynamic constant (Ka) is: 

K a a ~ + ' a L n M - - K c ' K  ;, (2) 
a ~.H " a M n  + 

where a, c and 7 are the species activities, molar 
concentrations and activity coefficients, respec- 
tively [11]. 

In the considered system, at ionic strength and 
pH constant, the apparent formation constant 
(K'), is 

[LnM] Ko 
K' - - (3) 

[LH]n[M" + ] [H +]n 

The molar composition for all the complexes 
was determined by a molar-ratio method [7] and a 
1:1 (metal:ligand) stoichiometry was found (see 
Fig. 2). 

Semiquantitative kinetic experiments allowed to 
establish more suitable reaction times (1-4 h) for 
each system. 

The values of the apparent formation constants 
were determined by a new linear graphical 
method [8]. This method, applicable to mono and 
polynuclear complexes does not have the limita- 
tions of the other methods proposed [9,10]. It is 
easy and of extensive applicability. Its application 
only requires: analytical concentrations of reac- 

9 8  

0 7  ~..t-~"" 
O. 6 - - ' - - " "~"~ 

0 . 4  

0 3  

, / 2  

~ 0  , i , i , i , i , i , I , h , b , i , i 

0.0 0 2  0 4  0 6  0.8 1 0  1.2 1.4 1 6  1 8  2.0 

CL/CM 

Fig. 2. Application of Yoe-Jones method to 2'-hydroxy-4-Cl- 
chalcone--Al(IIl) system. 
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where the brackets refer to the substance molar 
concentrations. If a and b are the ligand and 
metal molar analytic concentrations, respectively, 
and x is the complex equilibrium molar concen- 
tration, the apparent formation constant can be 
written as: 

x 
K' = (4) 

(a - nx )(b - x) 

Considering the Newton binomial expansion [12] 

1[~ _{_ n(n - 1)~m-- 2fl 2 
= ~m + nod~ 2! 

m(m -- 1)(m -- 2)~ m 3fl3 
+ +-... 

3~ 
(5) 

Starting from Eq. (4) the following polynomial is 
obtained 

( n -  1)(n - 2 ) a "  3.(nx)4 
3! 

( n - l ) [  ~5n(n-2)a~ 3 ] 
- 2 -3- + an 2 (nx)S 

[ b n ( n - 1 ) a "  21 q_ a n I +  2! (nx)2  

- [ a  ~ + b n 2 a "  J + K " ] x + b a "  = O  (6) 

with K"  = I / K' .  
On the other hand, according to Beer's law, the 

reacting solution absorbance (A) can be expressed 
as 

A = e,.(a - n x ) l  + eM(b -- x ) l  + e c x l  (7) 

where eL, eM and Ec are the ligand, metal and 
complex molar absortivities, respectively, and l is 
the path length. If  eM = 0 at the selected wave- 
length, then 

A --AL 
x (8) 

l ( e c -  nEL) 

where, A L (ligand absorbance) is 

AL. = q # l  (9) 

From Eq. (8) it is evident that the complex con- 

4O 

z '  

+ ,30 

20 

10 

J 
, , i , l , i , i12 , ~ , i16 , i , 210 , 212 , 

2 4 6 8 10 la~ 18 

(aj.bj)/A 109 

Fig. 3. Formation of 2'-hydroxy-4-F-chalcone--Al(III) in 
methanol at 32°C. 

centration ratio (D) of two equilibrium solutions 
7' and 'r ' ,  is 

D = YA - (A - AL!/ (10) 
xr (A - AL) r 

N o w ,  

1. applying the polynomial Eq. (6) to the 7' and 
'r '  solutions; 

2. expressing the 'j' polynomial solution in terms 
of x using Eq. (10); 

3. confronting the two polynomials in x and 
formulating the equations that link equal de- 
gree terms; 

4. combining and reordening the previous expres- 
sions, Eq. (11) is obtained 

a'/ + n2b/a~ -1 

(a} + n2bra~ , + K " ) ( A  - AL) r a)abi l 

a~br ( A -  AL)/ K '  
(11) 

It is the general validity and for the particular 
cases is simplify. For example, the expression for 
complexes LM (n = 1) is 

(a/ + bi) (at + br + K " ) ( A  - A O r  aJbi 1 

arb,. (A -- AL) j K' 
(12) 

Fig. 3 shows the graphic representation of this 
equation for the system 2'-hydroxy-4-fluorochal- 
cone-Aluminium(III). The values for apparent 
formation constants of different complexes stud- 
ied are listed in Table 1. 
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Table l 
Apparent formation constants(K') of 2'-hydroxy-4-R-chal- 
cones AI(III) in methanol at 32°C 

System 2ma x Slope Intercept x 106 K' x 10 s 

I-AI 424 16153 8.40 1.26 a 
I1-A1 443 42372 3.70 2.69 
III-Al 437 33807 4.80 2.09 
IV-A1 355 21364 3.64 2.75 
V-AI 427 16952 2.61 3.41 

a Ref. [13]. 

The general expression of the Hammett equa- 
tion, [14] applicable for aromatic compounds with 
the same reaction centre, is as follows: 

log K' = log K~ + pa (13) 

where K~ is the equilibrium constant of the stan- 
dard compound, K' is the equilibrium constant of 
a particular derivative, a is the substituent con- 
stant present in the derivative, p is the reaction 
constant. This constant p, which depends on the 
reaction characteristics and the external condi- 
tions, shows a negative value for a reaction that is 
hindered by electron withdrawal of the benzene 
ring. The complexation reactions of the 2'-hy- 
droxy-4-R-chalcones with AI(III) present this be- 
haviour. Substituents that withdraw ring B 
electrons hinder the complex formation by an 
electronic density decrease of the oxygen atoms 
that are involved in the chelate (carbonylic oxygen 
and hydroxylic oxygen bound to C~). 

If Eq. (2) is applied to the systems studied, 
using the I-AI(III) complex as the standard reac- 
tion and p =-1 to the complexation reactions of 
2'-hydroxy-4-R-chalcones, then: 

Table 2 
Constant a values for 4-substituted 2'-hydroxychalcones 

System Experimental a value Reported a value a 

II-AI -0.33 -0.37 
ItI-A1 -0.22 -0.27 
IV-A1 -0.34 -0.31 
V-AI - 0.43 - 0.48 

a Refs. [15] and [16]. 

K~ (14) a = log ~-7 

from which the substituent constant was esti- 
mated for OH, OCH3, C1 and F groups in the ring 
B 4-position of 2'-hydroxychalcones (see Table 2). 

4. Conclusions 

According to the above results, the following 
conclusions may be drawn: 

Under the working conditions taken up, 2'-hy- 
droxy-4-R-chalcones--Al(III) chelates are found 
to be stable for at least 48 h and to have a 
ligand:metal stoichiometric relation 1:1. 

The original method used is suitable for the 
mono-nuclear (and polynuclear) complexes stud- 
ied and only analytical concentrations of reac- 
tants, absorbances for equilibrium solutions and 
ligands molar absortivity are requested for its 
applications. 

The constant magnitudes of groups OH, 
OCH3, C1 and F in the 4-position (2'-hydroxy- 
chalcones ring B), evaluated by application of the 
Hammett equation, agree with the values reported 
in the literature. 
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Abstract 

The analytical properties of 5,5-dimethyl 1,3-cyclohexanedione dithiosemicarbazone monohydrochloride (5,5- 
DiMe-I,3-CHDT.HC1) are described. The reagent gives pink coloured solutions with chromium(VI) in acetic medium. 
The maximum colour intensity is observed in 0.5-2.5 pH range. This colour reaction (molar absorptivity, 1.63 × 10 4 

1 mol-  ~ cm- ~ at 360 nm) has been used for the spectrophotometric determination of total chromium in alloy steels 
and industrial effluents. © 1997 Elsevier Science B.V. 

Keywords: Alloy steels; Chromium(VI); Industrial effluents; Spectrophotometric 

1. Introduction 

Thiosemicarbazones are interesting analytical 
reagents [1-3]. Although monothiosemicarba- 
zones have been widely used for the spectrophoto- 
metric determination of metal ions, dithiosemicar- 
bazones are not exploited much possibly due to 
their lower solubilities in aqueous medium. How- 
ever, 1,3-cyclohexanedione dithiosemicarbazone 
monohydrochloride (1,3-CHDT.HC1) has been 
extensively used for the spectrophotometric deter- 
mination of  Chromium(VI) [4], osmium(VIII) [5], 

palladium(II) [6] and nickel(II) [6]. In the light of 
good analytical potentialities of  1,3-CHDT.HC1, 
herein we report the synthesis, characterization 
and analytical properties of a derivative of 1,3- 
CHDT.HC1 viz. 5,5-dimethyl 1,3-cyclohexane- 
dione dithiosemicarbazone monohydrochloride 
(5,5-diMe-I,3-CHDT.HC1). The determination of 
chromium(VI) using this reagent is also included 
in this paper. 

2. Experimental 

* Corresponding author. 

2. I. Preparation of  5,5-diMe-I ,3-CHDT.HCI 

The reagent was prepared by simple condensa- 

0039-9140/'97./$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02138-8 
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tion of  1 mol of  dimedone with 2 mol of  thiosem- 
icarbazide. In a 250 ml round bot tom flask, a hot 
ethanolic solution of 5,5-dimethyl 1,3-Cyclohex- 
anedione (dimedone) (0.031 mol) and aqueous 
solution of thiosemicarbazide (0.062 mol) were 
mixed. Then 6 ml of  conc. HC1 was added and 
heated to reflux for 1 h on water bath. On cooling 
and slow evaporation of the reaction mixture, a 
white product was separated out, collected by 
filtration, washed with cold methanol, yield 76%, 
m.p. 208°C. 

2.3. Reactions with metal ions 

The reactions of  some important  metal ions 
were tested at different pH values. The samples 
were prepared in 25 ml volumetric flasks by 
adding 10 ml of  buffer, metal ion, 2.5 ml of  
dimethylformamide (DMF) and 1 ml of  0.01 M 
5,5-diMe-I ,3-CHDT HC1 solution. The reaction 
mixture was diluted to the mark  with distilled 
water. The absorbance was measured in 350- 
600 nm range against the reagent blank. The 
results are summarized in Table 1. 

2.2. Characterization of  5,5-diMe-I,3-CHDT.HCI 

The purity of  the product was found to be 
99.5% by direct titration with 0.05 M N a O H  
using phenolphthalein indicator. Elemental anal- 
ysis, found C, 39.48%, H, 5.35% and N, 25.53%. 
Calculated for C16H19N682CI C, 37.09%, H, 
5.56% and N, 25.96%. 

The pKa values are determined by recording 
the UV-Visible  spectra of  laM (4 x 10 -5 M) so- 
lutions of  ligand at various pH values and by 
taking the arithmetic mean of  the values ob- 
tained from the measurements at four different 
wavelengths. The values of  the deprotantion of 
the ligand are 6.5 (pK 0 and 9.3 (pK2). 

The 1H-NMR spectrum of the reagent was 
recorded in DMSO solvent. It shows signals 
corresponding to -CH3  (gem), CH2 (ring), N H  
and NH2 protons at 1.96 (S, 6H); 2.43 (d, 6H, 
J = 4 ) ;  5.57 (S, 2H) and 7.90 (d, 6H), respec- 
tively. 

The reagent solution (0.01 M) was prepared 
by dissolving 325 mg of  the compound in 100 
ml of  distilled water and it is stable for at least 
12 h. 

Hydrochloric acid (1 M ) - - s o d i u m  acetate (1 
M) (pH 0.5-3.5); 0.2 M N a O A c - 0 . 2  M AcOH 
(pH 4-6 )  and 2 M NH4C1-2M HN4OH solu- 
tions were used. The standard chromium(VI) so- 
lution (1 x 10 2 M) was prepared using 
analytical reagent grade potassium dichromate 
(previously dried at 140°C). Solutions of diverse 
ions of  suitable concentrations were prepared 
using AR grade chemicals. 

Table 1 
Analytical characteristics of 5,5-dimethyl-l,3-cyclohexane 
dione dithiosemicarbazone monohydrochloride compounds 

Metal ion pH nm I mole- ~ cm- 1 

Fe(II) 10.0 400 1.50 × 104 
Co(II) 8.0 400 2.59 × 104 
Ni(ll) 8.0 405 3.51 × l04 
Cu(ll) 6.0 445 6.22 × 104 
Zn(II) 10.0 367 1.97 × 104 
Cr(VI) 1.5 360 1.64 × 104 
Pd(II) 8.0 380 3.46 x 104 
Os(VIlI) 10.0 432 3.77 × 10 4 

Pb(II) 10.5 435 1.52 × 10 4 

Cd(II) 10.5 435 2.50 × 104 
Hg(II) 11.0 450 2.30 x 104 

Table 2 
Interferences of foreign ions in the determination of 0.85 lag 
ml- ~ of chromium 

Ion added Tolerance limit 
(lag ml -I) 

Tartrate, EDTA 2 600 
82 O2-, I , C1 , CIO 4 500 
SO 2-, Br-, SCN-, C2042-, F-, AI(III) 320 
Fe(III)*, NO3 95 
Citrate, Cr(III) 80 
Mn(II), Fe(III), Ni(II), Mo(VI), Zr(IV), 24 

Zn(II), Co(II) 
Hg(II), W(VI), V(V) 20 
Cu(II), Pd(II), Pt(IV) 2 

* In the presence of 285 gg ml ~ of fluoride. 
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2.4. Recommended procedure Jbr the 
determination of chromium(VI) 

An aliquot of the solution containing 0.15-1.5 
I-tg ml-~ (or ppm) of chromium(VI), 10 ml of 
NaOAc-HCI  (buffer) solution (pH, 1.5), 2.5 ml 
of DMF and 1 ml of 0.01 M 5,5-diMe-I,3- 
CHDT.HCI were combined in a 25 ml volumetric 
flask and the mixture was diluted to the mark 
with distilled water. The absorbance of this solu- 
tion was read at 360 nm against reagent blank. 
The measured absorbance is used to compute the 
amount of chromium from the predetermined cal- 
ibration curve. 

2.5. Apparatus 

Schimadzu 160A UV-visible spectrophotometer 
equipped with 1.0 cm quartz cells and an ELICO, 
model LI-120 pH meter were used in the present 
study. 

3. Results and discussion 

rized in Table 1. Two types of colour reactions are 
implicated. They are: 1. redox reactions; and 2. 
complex formation reactions. The former type of 
reactions take place with metal ions such as 
Cr(VI) and Os(VIII) as dithiosemicarbazones are 
easily oxidized. But this property is infrequently 
used for the determination of metal ions [4,9] in 
higher oxidation state. The redox reaction be- 
tween Cr(VI) and the reagent may be written as 

2Cr(VI) + 3(reduced reagent) 

~- 2Cr(llI) + 3(oxidized reagent) 

Two electrons are involved for each reagent 
molecule and the oxidation of the two >C=S 
groups give > ~ S - S - C .  The oxidation prod- 
ucts are formed by either intermolecular (II) or 
intranolecular (Ill) sulphur sulphur bonding. 

~ N  I v x " 

CH 3 

Ill 
II 

H~Jq~N 7 C=S J 

5,5-Dimethyl- 1,3-cyclohexanedione dithiosemi- 
carbazone monohydrochloride is as easily ob- 
tained as the oc-dithiosemicarbazones [7], 
probably because it is stabilized as the hydrochlo- 
ride(I). A 0.01 M solution of this reagent solution 
is stable for 12 h. The bathochromic shift of 
strong absorption band from 215 to 310 nm indi- 
cates that in solution on increasing the pH, the 
acid is neutralized and the > C=S group is eno- 
lized and dissociated [8]. 

The colour reactions of some important metal 
ions with 5,5-diMe-I,3-CHDT.HC1 are summa- 

The latter type of reactions occur with divalent 
metal ions such as Ni(II), Zn(II), Pb(II) and 
Cd(II) in basic medium to give intense coloured 
complexes. In basic medium, the ligand pre- 
sumably exists in enolic form and coordinates the 
metal ion as dianion to give neutral complex 
[lO,1 l]. 

3. I. Determination of chromium(Vl) 

Chromium(Vl) reacts with 5,5-diMe-I,3- 
CHDT.HC1 in acidic pHs to give pink coloured 
species. No colour reactions of the reagent with 
Cr(III) is observed. However, the colour reaction 
of Cr(VI) with the reagent is instantaneous even 
at room temperature (28 + 2°C) in the pH range 
1 5. The absorbance of the pink coloured species 
()~ ..... 360 nm) remains constant for 1 h. The 
maximum colour intensity is observed in the pH 
range 0.5 2.5. 

A 20-fold molar excess of the reagent is ade- 
quate for full colour development. Addition of 
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Table 3 
Analysis of chromium in alloy steels 

Sample Composition, % Chromium cer- Chromium content b by the present 
tiffed value method, % 

BCS 409 0.48 Mn; 3.14 Ni; 0.79 Mo; 0.23 Cu; 0.028 V; rest 1.22 1.22 + 0.007 
Fe a 

BCS 406 0.55 Mn; 1.04 Mo; 1.69 Ni; 0.32 Cu; 0.02 V; rest 2.10 2.10+0.04 
Fe a 

BCS 483 10.8 W; 1.94 Co; 0.54 V; 0.29 Mn; 0.17 MO; rest 3.21 3.21 +0.05 
Fe . 

a Masked with 285 ~tg ml-  1 of fluoride. 
b Average _+ S.D. of five determinations. 

Table 4 
Determination of chromium in industrial effluents 

Name of Industry Chromium found in 

Present method mg 1-1 Diphenyl carbazide method mg I-  

M/S. Vijaya Metal Finishes, Bangalore 
M/S. Electrometals and chemicals, Bangalore 
M/S. Electrochemical Metal Finishes, Bangalore 

1.86 1.72 
3.19 3.21 
2.38 2.19 

excess reagent has no adverse effect on the ab- 
sorbance. The order of addition of metal ion, 
reagent and buffer solution has no effect on the 
absorbance, provided DMF is added prior to the 
reagent solution. 

3.2. Analytical characteristics 

The system obeys Beer's law over the concen- 
tration range 0.16-1.49 lag m l -  1. The optimum 
range for the determination of chromium(VI) 
from Ringbom's plot was found to be 0.30-1.40 
lag ml 1. The molar absorptivity and Sandell's 
sensitivity of the method were 1.63 z 104 1 mol -  1 

c m -  ~ and 0.0031 lag cm 2, respectively. The rela- 
tive standard deviation for ten replicate analyses 
of a solution containing 0.83 lag ml i cobalt was 
1.62%. 

3.3. Nature of  oxidation reaction 

Job's and Molar ratio methods gave the com- 
position of pink coloured species as 2:3 
(metal:ligand). Hence 2 mol of chromium(VI) re- 

acts with 3 mol of reagent. Accordingly and in 
analogy with previous observations [4,12] the re- 
dox reaction is proposed (Section 3). 

3.4. Interferences 

The effect of some of the ions which often 
accompany chromium has been studied by adding 
different amounts to 0.84 lag m l -  1 of chromium 
in solution. The colour is developed as described 
in the standard procedure. An error of + 2% in 
the absorbance reading is considered tolerable. 
The results are given in Table 2. Higher amounts 
of iron(III) (95-fold molar excess) could be toler- 
ated with fluoride. 

3.5. Analysis of  alloy steels 

Alloy steel sample solutions were prepared by 
following the procedure given in the literature 
[13]. A sample containing 0.5 g of steel sample 
was dissolved in 30 ml of 1:4 sulphuric acid. A 5 
ml volume of nitric acid was added to remove the 
carbaneous residue. The solution was boiled to 
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remove excess of nitric acid, cooled and diluted to 
80 ml. A 2 ml volume of a 1.5% silver nitrate 
solution and 2 g of potassium persulphate were 
added and the solution was swirled for dissolution 
to occur and the reaction mixture heated at 80°C 
for 15 min. The purple colour of mangandse was 
destroyed by the addition of a few drops of 1:1 
hydrochloric acid. The solution was evaporated to 
almost dryness, cooled and diluted in order to 
obtain the required concentration of chromium in 
the stock solution. 

To 10 ml of NaOAc-HC1 solution of pH 1.5, 
1.5 ml of 0.1 M sodium fluoride, steel sample 
solution (in the optimum concentration range), 
2.5 ml of D MF  and 1 ml 0.01 M reagent solution 
were added. The solution was diluted to volume 
(25 ml) with distilled water and the absorbance 
was measured at 360 nm against reagent blank. 
The results are presented in Table 3. 

3.6. Analysis o f  eJfluents 

Effluents samples were collected from three dif- 
ferent electrometal (Chrome plating) and metal 
finishing industries located in Bangalore city, In- 
dia. The sample (150 ml) was acidified with 2 ml 
of conc. HC1. Then 25 mg of ferric chloride was 
added and the pH was adjusted to 7.5 with borate 
buffer solution. The solution was allowed to stand 
overnight and filtered. Then 2 ml of 30% H202 
was added and evaporated to dryness. The dried 
mass was dissolved in 1 ml 1:1 HzSO 4 and diluted 
to 25 ml. Known aliquots of this sample was 
taken and colour was developed as described in 
the recommended procedure. The results are given 
in Table 4. 

3. 7. Conclusions 

Most of the spectrophotometric methods 
[14,15] involve either heating of the reaction mix- 
ture [16-18] or extraction [19-22]. However, 
heating at a specific temperature and for a long 
time is laborious and time consuming. Also for 
some methods tolerance limit for associated ions 
is low. The present method compares (Table 5) 
favourably with come recently reported spec- 
trophotometric methods [4,23-26] for the deter- 
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mination of chromium(VI), published in standard 
international journals. Further, the reagent is easy 
to synthesize using commercially available dime- 
done. The most favourable feature of 5,5-diMe- 
1,3-CHDT.HC1 is its solubility in water. More- 
over, the present method is simple, rapid, reason- 
ably sensitive and selective without the need for 
heating or extraction. 
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Abstract 

A method has been described for the direct determinations of trace cadmium using derivative atom trapping flame 
atomic absorption spectrometry with an improved water-cooled stainless steel trapping equipment. The characteristic 
concentration (gave a derivative absorbance of 0.0044) and detection limit (3a) of cadmium were 0.028 and 0.02 ng 
ml 1 when collecting for a 1 min, respectively, which were 992 and 145-fold better than those of the conventional 
flame atomic absorption spectrometry. The detection limit and sensitivity of the proposed method for a 2 min 
collection time were 1 and 2 orders of magnitude higher than those of conventional flame atomic absorption 
spectrometry. The present method was applied to the determinations of cadmium in water samples with a recovery 
range of 91 ~ 111% and a relative standard deviation of 4.7 ~ 5.6%. © 1997 Elsevier Science B.V. 

Keywords: Derivative atomic absorption spectrometry; Atom trapping; Cadmium 

1. Introduction 

There is an increasing number of studies deal- 
ing with the determination and quantification of 
heavy metals in various waters, because even low 
concentrations of them can cause serious toxic 
effects to organisms. From a public health view- 
point, it is necessary to determine the heavy metal 
contents in various potable waters. Methods re- 
ported for the determinations of  trace levels of 
cadmium in water samples include spectrophoto- 
metry [1 6], anodic stripping voltammetry (ASV) 

* Corresponding author. Fax: + 86 312 5016914. 

[7-9], electrothermal atomic absorption spec- 
trometry (ETAAS) [10-16], flame atomic absorp- 
tion spectrometry (FAAS) [17-23] and atom 
trapping flame atomic absorption spectrometry 
(ATFAAS) [24-30]. 

The atom trapping technique developed by Lau 
et al. is a method of preconcentrating the analyte 
atoms in the flame. This technique was applied to 
the determination of  cadmium with a characteris- 
tic concentration of 0.4 ng ml- l for a 2 min 
collection [24]. In another paper reported by Lau 
et al., cadmium was determined using ATAAS 
with a detection limit of 0.1 ng ml - J  and a 
relative standard deviation (RSD) of 7.4% at 10 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(96)021 57- 1 
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ng ml-~ level of cadmium when collection for 2 
min [25]. Khalighie et al. [26] studied the determi- 
nation of Cd with atom-trapping technique, the 
characteristic concentration was found to be 1.3 
ng m l -  1 for 8 min collection. For the determina- 
tion of Cd in soil, Fraser et al. [27] described the 
use of atom-trapping technique with a detection 
limit (2a) of 0.0016 mg ml-1 and the RDS was 
found to be 11.8% at 0.007 mg m l - I  level of 
cadmium. Roberts and Kahokola [28] described 
the use of 1/203 as the coating material in atom- 
trapping, the best characteristic concentration of 
0.26 ng m l - I  was obtained. Turner et al. [29] 
studied the determination cadmium with atom- 
trapping technique and the sensitivity was found 
to be 0.3579 ng ml 1. In our previous paper, the 
use of water cooled stainless steel tube as an atom 
collector has been described for the direct deter- 
mination of cadmium by FAAS, the sensitivity for 
a 2 min collection were nine-fold better than that 
of conventional FAAS [30]. Derivative flame 
atomic absorption spectrometry (D-FAAS) was 
found by combining the laboratory derivative 
measurement system with atomic absorption spec- 
trometer. The sensitivity and detection limit of 
D-FAAS were enhanced 50 and 10 times com- 
pared with those of conventional FAAS, respec- 
tively [31]. The requirement for analysis at trace 
and ultra-trace concentration of cadmium has 
demanded increasingly lower detection capabili- 
ties from modern analytical methods. 

The main purpose of this paper is to establish a 
sensitive, simple and reproducible method that 
affords low determination limit with low analyti- 
cal costs. For this purpose, the laboratory deriva- 
tive measurement system was used and the 
original atom trapping equipment [30,32,33] was 
improved. The method was applied successfully to 
the determinations of cadmium in water samples. 

2. Experimental 

2.1. Apparatus 

A WYX-402 atomic absorption spectrometer 
(Shenyang Analytical Instrument Factory, 
Shenyang, China) was employed for the measure- 

ment of the absorbance. A spectral slit width of 
0.2 nm was used to isolate the 228.8 nm resonance 
line. 

The improved atom trapping equipment with a 
water-cooled stainless steel trap tube in an air- 
acetylene flame and the laboratory derivative 
measurement system were used throughout the 
experiments. The derivative measurement system 
consists of two parts, i.e., magnification and dif- 
ferential unit. Five sensitivity grades, expressed by 
2, 5, 10, 20 and 50 mV min-1,  were designed in 
the derivative measurement system. Increase in 
the derivative signal intensity of the same cad- 
mium solution is accompanied by a decrease in 
the number of the sensitivity grade. The derivative 
measurement system was connected between the 
atomic absorption spectrometer and the double- 
pen recorder. The derivative and conventional 
signals were recorded simultaneously by the 
recorder set at the 10 mV range. 

2.2. Reagents 

A cadmium stock solution, 1000 ~tg ml-1,  was 
prepared by dissolving 1.1423 g of cadmium oxide 
(analytical reagent grade) in 20 ml of 5 tool 1- 
HC1 and diluting to 1000 ml with sub-boiling 
distilled water. Working solutions were prepared 
daily by serial dilution of the stock solution with 
sub-boiling distilled water just before use. 

All the other reagents were of analytical-reagent 
grade. Sub-boiling distilled water was used 
throughout. 

2.3. Procedure 

A stainless steel trap tube (5 mm o.d.) was 
positioned 7 mm above the burner and 2 mm 
under the light path. The cooled tap water at a 
flow rate of 2 l min i was passed through the 
tube during the collection cycle. Cadmium solu- 
tions were aspirated normally into the flame with 
an air flow of 6 1 min - 1 and acetylene flow of 1.5 
1 min-1 for an appropriate collection time. An 
appreciable proportion of the analyte condensed 
on the cool surface of the tube. After the collec- 
tion cycle, the tap water was shut off, and then 
the coolant water flow out of the tube automati- 
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cally. Cadmium was released into the flame by 
rapidly heating of the trap tube. The signals of 
conventional and derivative atom-trapping atomic 
absorption spectrometry were recorded simulta- 
neously by the double-pen recorder. Sensitivity 
grade, 20 mV min -  1, and 1 min collection time 
were used during the optimization of experimental 
conditions, unless otherwise stated. The recom- 
mended experimental conditions are summarized 
in Table 1. 

3. Results and discussion 

3.1. Characteristic o f  D-A T -FAAS  signal 

qJ 

A D'E G r Time 

The laboratory derivative measurement system 
consists of magnification and differential unit. 
The input signal was magnified through the mea- 
surement system and there is a rigorous derivative 
relation between the output and input signal. The 
output signal of the system will keep in base-line 
when the variation of the input signal is zero, and 
when the variation of the input signal is not zero, 
the output signal is in direct proportion to the 
variation of the input signal. The absorption sig- 
nals of conventional AT-FAAS and D-AT-FAAS 
recorded simultaneously by a double-pen recorder 
were shown in Fig. 1. 

Fig. 1 (I) showed the absorption signal of cad- 
mium obtained by conventional AT-FAAS during 
the collection, A ~ C, followed by the aspiration 
of the blank solution D ~ E and the release E 
G. The derivative absorption signal consists of 
four peaks, i.e., a, b, c and d (Fig. 1 (II)). The 
peak a and b are corresponding to the cycle A ~ B 
and C ~ D  of the conventional signal, respec- 

Table 1 
Recommended experimental conditions 

Wavelength (nm) 
Lamp current (mA) 
Air flow rate (1 

min- i) 
Acetylene flow rate 

(1 min -I) 

228.8 Coolant water (1 min -~) 2 
3 Recorder grade (mV) 10 
6 Trap position 

1.5 Above the burner (mm) 

Below the burner (mm) 

Fig. I. The absorption signals of conventional AT-FAAS (1: 
left) and DAT-FAAS (lI: right). 

tively. The peak c and d correspond to the re- 
leasing cycle E--*F-~G. The peak-height mea- 
surement was used in the present work. The total 
height of peak c and d, which is in direct propor- 
tion to the concentration of cadmium according 
to our experimental results, was considered as the 
absorbance of D-AT-FAAS. 

3,2. Modification o f  trapping equipment 

Up to now, all of the atom trapping methods 
found in the literature required to flush the cooled 
water out of the trap tube rapidly by a blast of air 
via the control tap system during the releasing 
cycle. If the air blast was continuously passed or 
the cooled water was not flushed out of the tube 
completely and rapidly, the surface of the trap 
tube would not be heated up rapidly, which will 
influence the signal intensity of cadmium. Thus, it 
is important to keep the air flow high enough and 
optimum air-passing time in each operation. In 
order to simplify the trapping equipment and 
operation procedure, the original trapping equip- 
ment was improved in our work. The sketch of 
the improved equipment was shown in Fig. 2. 

The coolant water was passed through the trap 
tube during the collection cycle. During the re- 
lease cycle, the tap water was shut off by turning 
the three-way valve and the coolant water auto- 
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matically flow out of the trap tube through I and 
II without a blast of air. Under the same instru- 
mental conditions, the sensitivity and precision 
for the determination of cadmium with the im- 
proved system were compared with those with the 
previous system. The signals of conventional AT- 
FAAS and D-AT-FAAS were recorded and the 
analytical results indicated that the precisions ob- 
tained with the improved equipment are consis- 
tent with that obtained from the original equip- 
ment without loss in sensitivity. Although the 
improved system does not give a higher sensiti- 
vity and a lower detection limit than the original 
one, the former simplified the analytical proce- 
dures in the release cycle. Thus, the improved 
trapping equipment was used in the sequent ex- 
periments. 

0.60 

0.40 

c" 
0 

o 

r~ 
< 

0 . 2 0  

0.00 , i r i r i = = = I i i J ~ i i i i = I i i , i r , 

0.00 5.00 10.00 

Distance(mm) 

Fig. 3. Influence of the position of the tube trap on absorbance 
of cadmium: (A) absorbance versus distance of the trap from 
the lamp beam; (©) absorbance versus distance of the trap 
from the burner slot. 

3.3. Effect of trap position 

The tube position was optimized with respect to 
both the light path and the flame. This is done by 
varying its distance from the burner or the light 
path, one at a time, and measuring the derivative 
signal from cadmium solution of 0.05 lag ml i in 
each position until the maximum derivative signal 
is obtained. Effect of the position of the trap tube 
between the light path and the burner on the peak 
height of the derivative absorption signal was 
shown in Fig. 3. 

Hollow-cathode lamp beam 

A 

/[ 

Drain 

Water 

Fig. 2. The sketch of the improved trapping equipment: A, 
trapping tube; B, burner; and C, water control system. 

As shown in Fig. 3, the maximum derivative 
absorption signal was obtained by raising the trap 
tube until its intersection with the absorption 
beam caused about a 5% intensity loss, but it will 
be achieved with sacrifice in precision. The opti- 
mum position of the trap tube corresponded to 
the distance of 2 mm under the light path and 7 
mm above the burner. 

3.4. Effect of flame condition 

The influence of flame condition on the sensitiv- 
ity of cadmium with D-AT-FAAS was investi- 
gated by altering the acetylene flow rate with a 
fixed air flow rate of 6 1 min-1. The derivative 
signals obtained by aspirating 0.05 ~tg ml-~ cad- 
mium standard solution varied over the range 
0.48, 0.52, 0.58 and 0.57 for the acetylene flow 
rates of 0.5, 1.0, 1.5 and 2.0 1 min 1, respectively. 
The derivative absorbances of cadmium were not 
very different for collecting or releasing in a lean 
and full-rich flame. The sensitivity of D-AT- 
FAAS for cadmium appeared to be virtually inde- 
pendent of the flame condition. The acetylene 
flow rate of 1.5 lmin  ' and air flow rate of 61 
min - '  were used for further experiments during 
the collection and release cycles. 
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Fig. 4. Collection of cadmium as a function of time. 

3.5. Effect of  coolant water flow 

Effect of coolant water flow on derivative ab- 
sorbance was studied with cadmium solution of 
0.05 t~g ml - ~. The results showed that the temper- 
ature of the outlet water increase with the de- 
crease of the flow rate when the temperatures of  
inlet water remain constant. At a temperature of  
17°C of the inlet water, when the flow rate is of  
2.5 and 0.3 1 min-J ,  the temperature of outlet 
water is 19°C and 31°C, respectively. No signifi- 
cant differences were found in the derivative ab- 
sorbance when a coolant water flow rate of 
0.3-2.5 1 m i n -  ~ were used during the collection 
cycle of cadmium solution. 

3.6. Effect of  collection time 

The deposition of cadmium on the trap tube 
surface is not a one-way process, but will eventu- 
ally reach an equilibrium. To test the efficiency of 
collection from different dilution, aqueous solu- 
tions of cadmium were collected for different 
time. Fig. 4 shows the effect of collection time on 
the analytical growth curves for various concen- 
tration of cadmium standard solutions. 

The plot (Fig. 4) illustrated that the derivative 
absorbance is linearly dependent on collection 
time for cadmium solution. For a 1 min collection 
time, the characteristic concentration of D-AT- 
FAAS was 0.37 ng ml ~, which was improved 6.2 
times compared with 2.3 ng ml i obtained by 
AT-FAAS. The sensitivity could be further en- 
hanced when 2, 5 and 10 mV min ~ sensitivity 
grades were used. 

3.7. Effect of  derivative sensitivity grade 

The derivative measurement system is an elec- 
tric differential apparatus. The output signal of 
the atomic absorption spectrometer was magnified 
at first and then differentiated. The derivative 
measurement system has five sensitivity grades, 2, 
5, 10, 20 and 50 mV min 1. In order to examine 
the influence of the sensitivity grade on sensitivity 
of D-AT-FAAS, the derivative absorption signals 
were measured using different sensitivity grades 
with cadmium standard solutions. The results are 
given in Table 2. 

As shown in Table 2, the smaller the number of  
derivative sensitivity grade, the bigger the deriva- 
tive absorbance with the same cadmium solution. 

Table 2 
Effect of derivative sensitivity grade on the derivative absorbance 

Sensitivity grade (mV min ~) Absorbance 

2 ngml ~ 5 ngml-t I0 ngml ] 20 n g m l l  

50 0.028 (t.057 0.120 
20 0.030 0.065 0.140 0.295 
10 0.062 0.133 0.312 0.641 
5 0.131 0.272 0.645 
2 0.340 0.668 
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Table 3 
Comparison of sensitivity (S) and detection limit (D.L.) 

/Talanta 44 (1997) 1979-1986 

Method Sensitivity grade (mV min-~) Collection time (min) S (ng ml- t )  D.L. (ng ml -~) Improvement fac- 
tor a 

S D.L. 

FAAS 
AT-FAAS 

D-AT-FAAS 
50 
20 
10 
5 
2 

27.8 2.9 
1 2.3 0.8 12 
1 0.95 0.39 29 
1 0.37 0.15 75 
1 0.17 0.11 163 
1 0.08 0.06 347 
1 0.028 0.02 992 
2 0.014 1985 
3 0.01 2780 
4 0.008 3475 
5 0.006 4633 

3.6 
7 

19 
26 
48 

145 

~Compared with S and D.L. of FAAS. 

The highest and lowest sensitivity were obtained 
by 2 and 50 mV m i n -  1 sensitivity grades, respec- 
tively. The derivative sensitivity grade could be 
selected according to the amount of cadmium in 
real samples. 

3.8. Analytical performance of D-A T-FAAS 

For a 1 min collection of the cadmium solution, 
the linear regression equations of  D-AT-FAAS 
obtained at the sensitivity grades of  50, 20, 10, 5 
and 2 V m i n -  ~ were A = 0.0046C + 0.001, A = 
0.0119C-0.004, A -- 0.0258C + 0.009, A = 
0.0550C-0.010 and A=0.1571C-0.051 with the 
coefficients of  0.9935, 0.9945, 0.9947, 0.9989 and 
0.9971, respectively, where the A = derivative ab- 
sorbance and C = concentration of cadmium solu- 
tion (ng ml-~). 

The concentration ranges were 0 ~ 180, 0 ~ 70, 
0 ~ 3 4 , 0 ~ 1 7 a n d 0 ~ 7 n g m l - ~  at 50, 20, 10, 5 
and 2 mV m i n - t  sensitivity grade, respectively. 
The good linearity is the basis of  quantitative 
analysis by D-AT-FAAS. 

Under the optimal instrumental conditions, the 
sensitivities of D-AT-FAAS, AT-FAAS and 
FAAS were compared, where sensitivity is defined 
as the concentration of  analyte that provides the 
peak absorbance of 0.0044. The detection limits of 
the three methods, based on the triple value of the 

standard deviation of the blank (n = 11), were 
determined, respectively. The results were shown 
in Table 3. At the sensitivity grades of  50, 20, 10, 
5 and 2 mV m i n - l ,  the sensitivities of  D-AT- 
FAAS were 0.95, 0.37, 0.17, 0.08 and 0.028 ng 
m l - t  for a 1 min collection time, respectively, 
which were 29, 75, 163, 347 and 992-fold better 
than that of  FAAS. The sensitivities of  different 
sensitivity grades could be further enhanced with 
the extension of collection time. At 2 mV m i n -  
grade, the sensitivities of D-AT-FAAS was three 
orders of  magnitude higher than that of  FAAS 
for a 2 min collection time, the detection limit was 
improved for two orders of  magnitude for 1 min 
collection. 

For a 1 min collection of  standard cadmium 
solution, the precisions (relative standard devia- 
tion) of  D-AT-FAAS, AT-FAAS and FAAS were 
evaluated by seven replicate determinations, re- 
spectively. The results showed that the relative 
standard deviation (RSD) of  D-AT-FAAS 
method is in the range of 2.6-4.5% at the cad- 
mium concentration level of 50-2  ng ml-1 ,  that 
of  AT-FAAS method is 2.5% at the cadmium 
concentration level of  100 ng ml 1 and that of 
FAAS method is 1.9% at the cadmium concentra- 
tion level of  1000 ng m l - l .  

The above results indicated that D-AT-FAAS 
had better sensitivity, lower detection limit and 
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good reproducibility compared with those of AT- 
FAAS and FAAS. 

3.9. Sample analysis 

The proposed method was applied to the deter- 
minations of cadmium in several water samples. 
The recovery results of cadmium spiked to water 
samples are in the range of 90-111% which indi- 
cated that the proposed method is reliable. 

The slope of the calibration graphs prepared 
with standard curve method for water samples 
was found to be almost identical with that of the 
standard additions plot. The standard curve 
method was used in the determinations of various 
samples. 

The accuracy of the proposed method was 
checked by comparing the sample analysis results 
with those of ETAAS. The results of sample 
analysis are listed in Table 4. 

The content of cadmium in samples given in 
Table 4 showed that the concentration of cad- 
mium determined by D-AT-FAAS was in good 
agreement with that obtained by ETAAS. A 't '  
test has been done on the results listed in Table 4, 
which indicates that no significant difference was 
found at the confidence level of 95%. The preci- 
sion of the method, when applied to real samples, 
was in the range of 4.7-5.6% expressed as RSD%. 
The results showed the applicability of the pro- 
posed method for the determinations of ng ml-  
level cadmium in water samples. 

Table 4 
Comparison of the results obtained with D-AT-FAAS and 
ETAAS for cadmium content in water samples" 

Water sample Content in sample (ng ml -~) 

D-AT-FAAS ETAAS 

1 0.25 +0.13 0.23 +0.024 
2 0.18 + 0.010 0.20 + 0.009 
3 0.32 + 0.015 0.31 + 0.027 
4 0.21 __+ 0.012 0.23 + 0.019 
5 0.35 __+0.018 0.35 __+0.030 

"2 mV min-  ~, collecting for 5 min, average of seven determi- 
nation and standard deviation. 

4. Conclusions 

The combination of AT-FAAS with the deriva- 
tive technique significantly improved the sensitiv- 
ity and detection limit compared with those 
obtained with AT-FAAS and FAAS for the deter- 
mination of cadmium. The obtained results point 
to the feasibility of using D-AT-FAAS for the 
routine determinations of trace cadmium in water 
samples. The advantages of the present method 
include simplicity of the procedure, shorter time 
required for analysis, less risk of contamination 
and less analytical cost. 
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I. Introduction 

In a continuing search to find the most advan- 
tageous method for the analysis of solid samples, 
many methods for the introduction of solids into 
an inductively coupled plasma (ICP) have been 
developed. These methods span from early tech- 
niques such as direct insertion [1,2] to the more 
recent approach of laser ablation [3-5], with neb- 
ulization [6], electrothermal vaporization (ETV) 
[7-9], arcs and sparks [10,11], and various types 
of slurry sampling [12,13] in between. The ideal 
method for the analysis of solid samples would 
eliminate sample dissolution, minimize sample 
preparation, and maximize transport into the 
ICP. These goals are yet to be realized with any of 
the introduction techniques currently used for the 
ICP. 

The main complication that hinders the various 
nebulization techniques is the need for lengthy 
sample preparation involving digestion proce- 
dures. When preparing aqueous solutions of solid 
samples for these introduction methods, many 
problems can be encountered, such as incomplete 
dissolution, precipitation of insoluble analyte ele- 
ments, loss of volatile analytes during heating and 
contamination of the sample [3]. In order to avoid 

*Corresponding author. Fax: + l 352 3924651; e-mail: 
;dwin@ehem.ufl.edu 

these difficulties, slurry sample introduction tech- 
niques have been used. However, slurry nebuliza- 
tion, unlike nebulization of aqueous solutions, 
can result in an aerosol that is unrepresentative of 
the original sample. Because of irregular particle 
size distributions, larger particles are removed 
from the spray chamber. This is especially true for 
geological samples which contain minerals that 
are more resistant to grinding [12]. Nebulization 
also suffers from poor transport efficiency which 
can lead to memory effects if the sample is de- 
posited in the transport tubing. This problem has 
been addressed by other ICP sample introduction 
techniques. 

ETV, laser ablation, and arc and spark ablation 
rely on direct analysis of solid samples with mini- 
mal to no sample preparation. These methods 
were developed for sample vaporization and 
transport to the ICP and therefore separate spe- 
cies based on their volatility. ETV is superior to 
nebulization for analysis of most solids because it 
has low sample consumption and high transport 
efficiency [5]. However, ETV is hindered by spec- 
tral and nonspectral interferences that may occur 
when sample matrices reach the plasma and is 
limited by the kinds of samples that can be ana- 
lyzed [9]. In contrast, laser ablation offers direct 
solid sampling for almost any sample and can also 
be used to determine spatial distribution of ele- 
ments in a solid [l]. A disadvantage of laser 
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ablation is that it is difficult to know how much 
sample is being ablated or whether the ablated 
sample is representative of the entire solid [1]. 
Spark ablation may be used as an alternative to 
laser ablation, but requires that the sample be a 
conducting solid [10]. The direct current (DC) arc, 
historically used as an excitation source for opti- 
cal emission experiments [14], is capable of vapor- 
izing 7 mg of many solid samples in a short 
(10 20 s) period of time. If these vapors are 
collected and transported to an ICP, the DC arc 
then becomes a viable sample introduction tech- 
nique. 

This paper presents a method for determining 
magnesium in geological samples by DC arc-ICP 
optical emission spectroscopy (DC arc-ICP-OES). 
Minimal sample preparation is required and de- 
tection limits in the ppm range are obtainable. A 
method of standard additions is used in conjunc- 
tion with internal standardization for the Mg 
determinations. 

Several chamber designs constructed of  water 
cooled glass or ceramic chambers with brass elec- 
trode holders were evaluated. Because of  the in- 
herent differences in the thermal expansion 
coefficients of these materials, it was difficult to 
maintain an air-tight enclosure. Vaporized analyte 
could not be effectively contained, and ambient 
air could enter the chamber and subsequently the 
plasma. The design used in the present experi- 
ments consisted of a glass dome, with an inlet and 
an outlet, which was sealed onto a ceramic disk. 
The ceramic disk had two holes in it which al- 
lowed connection of  the power supply to the 
cathode and the anode. The total volume of the 
chamber was about 100 cm 3 and it was found that 
water cooling was not necessary. This design was 
air-tight, mechanically robust, and simple to use. 

The power supply was connected to the arc 
chamber by a positive and negative lead, both of 
which connect to the bottom of  the chamber. The 

2. Experimental 

2.1. Apparatus 

Fig. 1 is a schematic of the experimental setup. 
The power supply (Cat. #2001-30, Zeebac, 
Barea, OH.) is a constant current device capable 
of yielding a continuous range between 4 and 30 
A at an open circuit voltage of 300 V. Ignition is 
automatic and a timer can be set to terminate the 
current at any time less than 120 s after ignition. 

Because the vapors generated by the DC arc 
must be transported to the ICP, the design of the 
arc chamber has several unique requirements. 
First, it must be essentially air tight to prevent the 
escape of analyte. Second, it must have an inlet 
and an outlet through which argon can pass to 
carry the analyte vapors to the plasma. Third, it 
should have as small a volume as possible to 
minimize dilution of the analyte vapor and thus 
loss in sensitivity. Finally, the chamber must 
provide for easy sample manipulation and must 
also be constructed of  a material which can with- 
stand the heat produced by the arc but which 
does not produce any interferences when heated. 

Monochromator 
, Plasma 

Photodiodc i 
array 

Focusing 
lens 

I L_.._ Intermediate 
It---- Gas 

Argon career gas } 

Glass dome 
Carbon . / ~IW" Sample vapor 

"R l ~  So~;d core 

~ Ceramic disk 
Brass holder 

~+i (-1 
Power] 
supply 

Fig. 1. Schematic of DC Arc Vaporization for ICP-AES. The 
two carbon electrodes are enclosed by the glass dome which 
forms an air-tight seal with a ceramic disk. Argon carrier gas 
flows through the glass dome and carries vaporized sample to 
the plasma torch. At the torch, intermediate and coolant gas 
(both argon) are introduced. 
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sample containing electrode (anode) fit into a 
holder and was secured with a set screw while the 
upper electrode (cathode) screwed into a holder 
supported by 4 ga. solid core wire. The anode was 
a crater electrode (Ultra Carbon, Bay City, MI) 
with an outer diameter of 0.185 in. and a sample 
capacity of 0.025 cm 3. The upper electrode was a 
post electrode (Ultra Carbon, Bay City, MI) 
which had been snapped off behind the taper so 
that it was a simple cylinder of uniform diameter 
0.125 in. It was observed that this geometry mini- 
mized arc wandering on the sample electrode. The 
electrodes and electrode holders were enclosed by 
the glass dome which sealed to the ceramic base, 
allowing collection of vaporized sample and trans- 
port to the plasma by a sample gas flow. 

The inductively coupled plasma (Thermo Jarrell 
Ash, Franklin, MA) was a 40 MHz argon plasma 
which operated at forward powers between 700-- 
1500 W. The lower portion of the enclosure (just 
below the torch) was removed to allow for easy 
switching between sample introduction techniques. 

The detector used was an intensified photodi- 
ode array (ST-120, Princeton Instruments, Tren- 
ton, N J) which was fitted to a monochromator  
(82020 Scanning Monochromator,  Thermo Jarrell 
Ash) containing a grating of 1180 lines r a m  
blazed at 250 nm. The plasma was imaged onto 
the entrance slit by a lens mounted in the plasma 
enclosure. The linear dispersion of the monochro- 
mator was 1.2 nm mm ~ and the 1024 diode 
array had a total length of 25 ram, so that a 
spectral window of  about 30 nm could be viewed 
when the photodiode array was in the focal plane 
of the monochromator.  

2.2. Technique 

In early experiments, the arc chamber was con- 
nected to the plasma torch by a 20 cm length of 6 
mm i.d. Tygon tubing. This length was intention- 
ally kept short to minimize diffusion of analyte 
vapor during transfer. Integration of the emission 
signal from the ICP was initiated at the same time 
the arc was ignited and continued until approxi- 
mately 2 s after the arc was terminated, a total of  
12 s. In this way, the emission from an entire 2 
mg sample of Mg in graphite was collected. 

One problem with this technique which imme- 
diately became evident was that the argon plasma 
was noticeably unstable during the operation of 
the arc, which led to large fluctuations in the 
emission signal obtained at any given instant. 
Integration of the signal over the total time of  12 
s gave relative standard deviations of ~ 50%. The 
problem of plasma stability was solved by cou- 
pling the arc' chamber to the plasma with a 2 m 
length of Tygon tubing. With this longer length of 
tubing, it was found that the analyte vapors did 
not arrive at the plasma until ~ 10 s after the arc 
was ignited. The vaporization of sample was com- 
plete by this time, so the arc was extinguished 
before the arrival of analyte at the plasma. The 
emission could then be collected from the much 
more stable plasma, and it was found that sample 
dilution was not significant as the signal still 
lasted a total of about 10 s, and was of roughly 
equal intensity to that with the shorter transfer 
tube. 

Initial characterization of the experimental 
setup was performed on Mg standards prepared 
in graphite powder. Initially less than 0.2 g of 
MgC12 was weighed into a plastic vial and mixed 
with graphite powder (Ultra Carbon, Bay City, 
MI). Serial dilutions of the sample with graphite 
powder were carried out to achieve a range of Mg 
concentrations from 1 to 88 ppm. Different 
weights of the graphite matrix standards could be 
reproducibly loaded into the sample electrodes by 
use of a solids pipette (Drummond, Broomall, 
PA). 

The current, electrode gap, and sample size 
were evaluated to find a combination of these 
three parameters which would provide total va- 
porization of  the analyte with maximum repro- 
ducibility. The range of current available was 
0 -30  A and the electrode gap range (limited by 
the chamber) was 0 15 ram. 

The voltage drop across the electrodes was 
measured for different electrode gaps. At a gap of  
10 mm and a current of 10 A, the voltage between 
the electrodes was 25 V; the voltage decreased to 
14 V at a gap of 5 mm. Temporal profiles of 
vaporized Mg in graphite powder for different 
gap and current settings showed that the time 
required to vaporize a given mass of sample was 
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more dependent on the gap length than the arc 
current. At a gap of  5 mm, a minimum current 
of 8 A was required to produce a smooth vapor- 
ization of a 2 mg sample of Mg in graphite. The 
Mg emission from the ICP was transient over a 
10 s period. At a current of 10 A, the temporal 
profile remained largely unchanged but the emis- 
sion intensity increased slightly. Further increases 
in current for the 5 mm arc gap produced little 
change in the signal observed. With the arc gap 
set to 10 mm, the signal from the vaporized 
analyte was considerably more intense but also 
more unstable. At an electrode gap of  10 mm, 
the arc tended to wander around the sample 
electrode causing discontinuous vaporization and 
erratic emission. The time required to vaporize a 
2 mg sample could not be well-defined. For  this 
reason, and because this larger gap greatly in- 
creased the heating of  the chamber and reduced 
the life of the electrodes, it was decided that a 
gap of 5 mm would be used with a current of 
10A. 

The intermediate gas flow rate had little effect 
on the signal intensity over the range in which a 
stable plasma could be formed, and a value of  1 
1 m i n - t  was used for all experiments. Similarly, 
the coolant gas flow rate affected the signal in- 
significantly, and was set to a value of  10 1 
min-~ which gave the most symmetrical plasma 
shape. The carrier gas flow rate, however, had a 
large effect on signal intensity. A minimum of 1 1 
min-~ was needed to puncture the plasma and 
form a sample channel; this flow rate provided 
the greatest signal level which dropped rapidly 
with increasing flow rates. In an effort to exam- 
ine carrier gas flow rates of less than 1 1 min ~, 
an auxiliary flow was coupled to the flow 
through the chamber so that a sample channel 
could be maintained at flow rates of  less than 1 1 
min-~ through the chamber. However, it was 
found that the signal intensity did not increase 
and so a carrier flow of 1 1 min-~ was used with 
no auxiliary flow. 

The effect of the forward power of the plasma 
on emission intensity was examined over the 
range 1000-1400 W and a value of 1250 W was 
chosen as much for plasma stability as for signal 
intensity. The image of  the ICP was focused 
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Fig. 2. Backround versus viewing height for nebulizer and Dc 
Arc. The background counts obtained at low plasma viewing 
heights are much higher for aqueous nebulization than for DC 
arc vaporization. As a result, the optimum viewing height is 
lower in DC arc vaporization than in nebulization. 

onto the entrance slit of  the monochromator,  
and the effect of  plasma viewing height on signal 
and background intensities was measured. Fig. 2 
is a plot of background versus viewing height for 
the nebulizer and DC arc sample introduction. 
The background during nebulization falls sharply 
with increased viewing height while the back- 
ground with DC arc introduction is fairly con- 
stant over the entire height of  the ICP plasma. 
This phenomenon is probably due to the large 
amount of  water introduced to the plasma with 
the nebulizer as compared with the DC arc. The 
result is that the optimum S/N ratio for DC arc 
sample introduction is found at a somewhat 
lower viewing height (14 versus 18 mm above the 
load coil) than for nebulization, although the 
maximum signal for both types of  sample intro- 
duction is found at 14 mm. The width of the 
entrance slit was set at 50 ~tm giving a spectral 
resolution of  0.1 nm. 

The photodiode array was set to collect emis- 
sion for a total of 10 s and to display a spectrum 
of average intensity over the 10 s integration. 
The Mg 279.6, 280.3, and 285.5 nm lines could 
all be viewed simultaneously in the window 
which extended from 260-290 nm. The 279.6 nm 
line was the strongest line observed for Mg emis- 
sion in the UV/VIS region. 
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3. Results and discussion 

Two different experiments were performed to 
test the feasibility of  calibrating based on a total 
energy procedure in which emission is integrated 
for the entire sample [14]. First, different masses 
of sample of the same Mg concentration were 
vaporized, then equal masses of samples of differ- 
ent Mg concentrations. The plot of signal versus 
mass was linear over a mass range of 0.5-2.0 mg 
and the plot of  signal versus concentration was 
linear over a concentration range of 1-100 ppm. 
The slope of the signal versus concentration 
shows that the arc is capable of determining ana- 
lyres in solids with a sensitivity superior to that 
found in nebulization of liquids. However, large 
relative standard deviations indicated that this 
calibration technique was not sufficient to per- 
form determinations with precision better than 
about 20%. The sensitivity of the DC arc tech- 
nique is due to the high transport efficiency rela- 
tive to nebulization. For  comparison, a 
calibration curve was generated by nebulizing 
aqueous Mg standards. Table 1 is a comparison 
of the analytical figures of merit. A comparison of 
the sensitivities (counts ng -~) for nebulization 
ICP-OES and DC Arc-ICP-OES can be done as 
follows. 

With a nebulizer flow rate of  1 ml m i n -  ~, 16 ng 
s ~ ppm ~ of Mg enter the nebulizer. Dividing 
the slope of the nebulization calibration curve by 
this factor gives (3175 counts s-1 ppm-~)/(16 ng 
s-  ~ p p m -  1) = 198 counts ng 1. The nebulization 
ICP-OES gives 198 counts ng i of Mg consumed. 

With a 2 mg sample of Mg in graphite powder 
in the DC arc, 2 ng p p m -  ~ of analyte are vapor- 

Table 1 
Comparison of analytical figures of  merit for nebulization 
ICP-OES and DC Arc-ICP-OES 

Nebulization DC arc vaporiza- 
tion 

Sensitivity (slope) 3175 counts s - I  
ppm t 

Precision (RSD) 4% 
Limit of  detec- 5 × 10 2 ppb 

tion 

23 272 counts 
p p m -  i 

23% 
4 x 102 ppb 

ized. Dividing the slope of the DC arc vaporiza- 
tion calibration curve by this factor gives (23272 
counts ppm 1)/(2ng ppm-1)  = 11635 counts n g -  
1. The DC arc gives 11635 counts ng ~ of Mg 
consumed. 

The DC arc system therefore produces 60 times 
as much emission ng i of Mg as the nebulizer 
system. If the transport efficiency of the nebulizer 
is assumed to be 1-2%, then the transport effi- 
ciency of  the arc introduction is approaching 
unity. This high efficiency provides increased sen- 
sitivity. 

A common technique for analysis of solids by 
ICP-OES is dissolution of the solid into an 
aqueous solution followed by nebulization of  the 
solution. This technique inherently dilutes the an- 
alyte concentration usually by several orders of 
magnitude. Because the DC arc has a limit of 
detection roughly equal to that of the nebulizer 
but requires far less sample dilution (samples may 
be mixed with graphite powder to aid vaporiza- 
tion), it is a much more efficient sample introduc- 
tion method for analyzing trace concentrations in 
solids, especially when only a small amount of 
sample is available. 

For  instance, a 10 mg solid sample containing 1 
ppm of analyte could be analyzed five times by 
DC arc sample introduction of 2 mg samples 
containing 1 ppm of analyte. If the same 10 mg 
sample were to be analyzed by nebulization, it 
would first have to be dissolved in a minimum of 
10 ml of solution which would then contain the 
analyte at a concentration of 1 ppb. Clearly, if 
both methods have equal limits of detection, the 
DC arc sample introduction is more desirable. 
The disadvantage is poor precision. 

To improve the precision, an internal standard 
was used. Initial investigations were carried out 
with phosphate rock and coal fly ash as samples. 
The Si line at 288.1 nm was used as the internal 
standard because it corresponded to a fairly 
strong transition of a major element which could 
be viewed in the 30 nm window containing the 
Mg transition at 279.6 nm. It was found that 
when the intensity of the Mg 279.6 nm line was 
ratioed to the intensity of the Si 288.1 nm line, 
RSD's of less than 10% could be obtained for 
successive measurements on both types of  sam- 
ples. 
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Fig. 3. Temporal profile of emission from NIST Coal 1632b. 
The signal is transient over about 10 s. The Mg 279.6 am line 
intensity is ratioed to the Si 288.1 nm line intensity. 

Because the amount of silicon varied from sam- 
ple to sample, internal standardization did not aid 
calibration. However, because it reduced run to 
run deviation, it could improve precision if stan- 
dard additions were used in the determination. 
This possibility was examined with two new NIST 
samples, coal and estuarine sediment, both mixed 
with graphite. These samples, like the coal fly ash 
and phosphate rock contained Si which could be 
used to standardize analyte emission. By spiking 
the prepared samples with a known amount of 
analyte, the original analyte concentration was 
found by plotting the Mg 279.6 nm/Si 288.1 nm 
intensity versus concentration in a standard addi- 
tion plot. 

The coal standard, NIST Coal 1632b, was 
mixed with an equal amount of graphite powder 
(1.00 g/1.00 g) and mixed in a ball mill to give a 
sample which was 50% by weight coal. The same 
standard was mixed with an equal amount of a 
218 ppm Mg in graphite powder standard pre- 
pared from MgC12 (1.00 g/1.00 g). In this way, the 
second sample had a Mg concentration 109 ppm 
greater than the first. 

The arc gap was set to 5 mm and the power 
supply was set to provide 12 A of current for a 10 
s duration. At these settings, the signal produced 
from the vaporized coal was transient over about 
a 10 s period. The temporal profile was similar to 
that observed for the Mg standards. Fig. 3 shows 
spectra taken at 2 s intervals when a 2 mg sample 
of 50% coal was introduced by the arc. A 2 mg 

portion of the first sample was placed in the 
sample electrode by means of the solids pipette 
and the arc was ignited. The analyte vapors 
reached the plasma just as the arc was extin- 
guished (as evident by the appearance of the Mg 
279.6 nm line) and the signal integration was 
initiated. After 10 s, the emission had decayed 
almost to background and signal collection was 
terminated. The average emission intensity of the 
Mg 279.6 nm and Si 288.1 nm lines over the 10 s 
integration were recorded. 

This procedure was repeated a total of five 
times for the first sample and then the spiked 
sample was run five times in an identical manner. 
The Mg/Si intensity ratio was determined for each 
of the runs. The certified value for the Mg concen- 
tration in the coal sample was 385 ppm. The value 
determined for the 50% coal sample by extrapola- 
tion of the standard addition plot was 175 ppm. 
When this value is doubled (to account for sample 
dilution with graphite powder), the Mg concentra- 
tion determined is 350 ppm, an error of 9%. When 
a second point was added to the standard addi- 
tion curve, by preparing a sample to be plotted at 
55 ppm added, the intercept was at - 200, giving 
a concentration in the coal of 400 ppm, with error 
of 4%. 

NIST Estuarine Sediment 1646 was mixed with 
graphite powder to give a sample which was 10% 
sediment (0.20 g sediment/1.80 g graphite) and 
mixed with 280 ppm Mg (0.20 g sediment/1.80 g 
280 ppm Mg) to give a spiked sample to be 
plotted at 252 ppm added. The analysis was car- 
ried out the same way as the coal analysis and the 
standard addition plot gave an intercept of  - 
1005 ppm. Correction for the dilution factor of 10 
gave a Mg concentration of 1.01% in the original 
sample. The certified value for Mg in the estuarine 
sediment was 1.08%, a 6% error. 

4. Conclusions 

The DC arc-ICP-OES method involving stan- 
dard additions to an internally standardized sam- 
ple allows quantitation of  Mg with good accuracy 
and precision, as evidenced in the determination 
in two NIST standards. The disadvantages of 
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such a technique are that some sample prepara- 
tion is required and some a priori knowledge of 
the analyte concentration is required in order to 
make appropriate additions. Furthermore,  simul- 
taneous determinations of more than one analyte 
would require additions of  more than one element 
to the spiked samples. Nevertheless, the technique 
is capable of  performing accurate determinations 
in solids without dissolution, and if the run to run 
variations in the transport  efficiency can be re- 
duced, simultaneous multi-element determinations 
should be possible in non-conductive solids with 
no sample preparation and no internal standard- 
ization. 

Laser ablation has the potential to do similar 
determinations, but because the mass of  material 
introduced to the plasma is small and vanes 
greatly between matrices, detection limits are sel- 
dom below ppm (for emission experiments) and 
an internal standard must often be used. 

In direct sample insertion techniques, the va- 
porization, atomization, and excitation all take 
place in the plasma, and independent optimiza- 
tion of any one of  these parameters is impossible. 
Determinations at the sub-ppm level by emission 
can be done only in select matrices, and fractiona- 
tion makes multi-element determinations ex- 
tremely challenging. 

Electrothermal vaporization is perhaps the 
technique most similar to DC arc introduction. 
Larger sample loadings can be introduced to the 
plasma, and detection limits for emission experi- 
ments are into the ppb range. Precision on the 
order of  5 15% is obtainable [9]. ETV sample 
introduction is very sensitive to matrix effects, 
however, and temperature programs must be opti- 
mized for each matrix to be analyzed. 

It has been shown in this work that an induc- 
tively coupled plasma can tolerate 2 mg of solid 
vaporized by a DC arc over a period of 10 s. 
Determination of Mg in graphite powder by 
atomic emission gave a detection limit of 400 ppb, 
and determination of Mg in NIST Coal 1632b 
and Estuarine Sediment 1646 by standard addi- 
tions using similar experimental parameters gave 
an average precision of 5%. 

Future work will include the redesign of the arc 
chamber and possibly of  the transfer tubing in an 
attempt to stabilize the transport  efficiency. Use 
of  fluxing agents (NaF, etc.) to act as carriers, and 
of additions of  02 to the argon carrier gas, are 
being investigated at present for determinations in 
ceramics. Ultimately the arc may be connected to 
an ICP-MS for mass spectrometric detection of 
vaporized analytes. 
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Abstract 

In this paper, the optimization of gas chromatographic experimental parameters is investigated using a three layer 
feed-forward neural network with the back-propagating. The design, development, and testing of the neural network 
are described in detail. The chosen structure is 4-6-2 system with a learning rate q of 0.6 and a momentum constant 
~t of 0.4. The results of several simulations are very satisfactory. Network results are compared with the results 
obtained by the orthogonal method. © 1997 Elsevier Science B.V. 

Keywords: Gas chromatographic; Neural network; Optimization 

1. Introduction 

Optimization of chromatographic operating 
conditions is a complicated process which requires 
much time and effort because many parameters 
must be taken into consideration. In general, the 
determination of optimal experimental conditions 
is based on either the orthogonal testing or the 
simplex optimization method. The orthogonal 
testing is a method using an 'Orthogonal Table' 
to arrange the multifactors testing, which can find 
the better analytical conditions with relatively few 
testing times. But, in general, it is only the self 
effects but the mutual cross effects of the factors 

* Corresponding author. 
t Visiting scholar at Keil University, Germany. 

are considered that it is not easy to reach the 
global optimization. The optimizing process of 
Simplex Optimization Method, in a sense, just 
likes 'a blind person climbing a mountain' ,  to 
observe the much conditions, such as the best 
point, worst point, expansive point, reflective 
point and so on, before every experiment. So it is 
time-consuming and costly, especially if a large 
number of  parameters is involved. Thus, there is a 
need for a new optimizing method to select the 
optimum experimental conditions. 

Recently, much attention has been paid to the 
application of  the novel method of artificial neu- 
ral networks (ANN's) in chemistry and some sat- 
isfactory results have been achieved [1-4]. In 
analytical chemistry, ANN's  have been used for 
calibration [5-8], parameter estimation [9-11], 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02 171 -6 



1996 

Table 1 
The experimental parameters 
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Testing No. Column tempera- Carrier gas flow (ml Thermal desorption tempera- Thermal desorption temperature 
ture (°C) min -t) ture (°C) (°C) 

1 123 15 80 1 
2 138 30 80 2 
3 153 40 80 3 
4 123 30 93 3 
5 138 40 93 1 
6 153 15 93 2 
7 123 40 105 2 
8 138 15 105 3 
9 153 30 105 1 

Table 2 
The RMSE values of different number of hidden nodes system (trained 10000 times) 

Hidden nodes 3 4 5 6 8 10 

r/= 0.5 /~ = 0.5 0.04709 0.04346 0.03812 0.02405 0.04070 0.03504 
r/= 0.6/1 = 0.4 0.02845 0.02092 0.02305 0.02531 0.02507 0.02968 
r/= 0.4 # = 0.5 0.08245 0.04348 0.05035 0.04320 0.02673 0.04359 
r/= 0.4 # = 0.3 0.09020 0.09132 0.09315 0.08482 0.09142 0.09094 

prediction [12-15], spectrophotometric research 
[16-19], and optimization of  analytical conditions 
[20,21]. 

A N N ' s  utilize the weight matrices to perform 
the mathematical t ransformation of  the input vec- 
tor to the output vector. The feed-forward neural 
networks trained by back-propagation of errors 
have one obvious advantage: there is no need to 
know the exact form of the analytical function on 
which the model should be built. That  is, neither 
the functional type (linear, polynomial, exponen- 
tial, logarithmic etc.) nor the number  and position 
of the parameters are required. Therefore, A N N ' s  
are suitable for experimental condition optimiza- 
tion since the relationship between evaluating in- 
dices and the experimental input parameters is 
complex, nonlinear, and often cannot be ex- 
pressed with a certain mathematical formula. 

In this paper, optimizing conditions of  the ther- 
mal desorption-gas chromatography experiments 
were studied. The task consists of  handling the 
information on three levels or layers: an input 
layer; an output layer; and a hidden layer. The 
input layer consists of  four chromatographic ex- 

perimental parameters,  which are column temper- 
ature (To), carrier gas flow (Fc), and the 
temperature and time of thermal desorption (Td 
and t~). The output layer consists of  the two 
output signals of  peak height (H)  and resolution 
(R). A third level with a certain number  of  nodes, 
the hidden layers, is inserted between the input 
and output layers. The number  of  nodes in the 
hidden layers is not fixed but is itself to be ad- 
justed for optimal results, six in the case. As 
shown in Fig. 1, every node on a lower level sends 
a signal to every node on the next level above, 
constituting a feed-forward network. A so-called 
backward propagating algorithm was applied to 
arrive at specific result. For  the purpose of  mathe- 
matical treatment, the four input parameters and 
the two output signals are regarded as nodes. The 
optimizing results from the network having hid- 
den layer nodes from 2 to 10 are compared. A 
4-6-2 system was selected as the most suitable 
structure. The simulation of  the experimental re- 
sults was very satisfactory. The optimal ranges of  
values for the experiment obtained from the neu- 
ral network were compared with that obtained by 
the orthogonal method. 
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Table 3 
The RMSE with different q and/~ (iterated 10 000 times) 

1997 

r/ 1.2 1,2 1.0 1.0 0.7 0.7 0.7 0.6 

l~ 0.5 0.8 0.5 0.8 0.3 0.6 0.7 0.6 

4-4-2 0.07187 0.04403 0.08311 0.03451 0.07436 0.04086 0,03359 0.03925 
4-6-2 0.03820 0.03709 0.05486 0.04187 0.07250 0.03528 0.06502 I).07868 

Table 4 
The RMSE with different ~/' and it' (iterated 10 000 times, q = 0.6 and 1~ = 0.4) 

q' 1.2 1.0 0.8 0.5 1.0 1.0 
/F 0 0 0 0 -0 .1  0,1 

4-6-2 0.06775 0.02531 0.04527 0.07951 0.08643 0.06586 

2. Theory 

The topological architecture of the three-layer 
feed-forward neural networks is shown in Fig. 1. 
The numbers of input layer and output layer, in 
the study, are four and two, which are referred to 
as the chromatographic experimental parameters 
and as the evaluating indices or output signals. 
The number of hidden layer nodes is discussed in 
Section 4.1. 

For an input layer node, the output is equal to 
its input: 

X, = O, (1) 

In Eq. (1), the subscript i indicates the ith input 
layer node. The output from the input layer are 
weighted and fed to the hidden nodes. The net 
input o f j th  hidden node is: 

netj = ~ Oi x Wi/ (2) 
i=0  

where Wij indicates the weight of the connection 
between the /th input node and the j th  hidden 
node. The outputs of the hidden layer nodes (Oh) 
are given after transformation by the sigmoidal 
function: 

1 
Ohj =f(netj) f ( x ) -  1 + e ' (3) 

The subscript hj in Eq. (3) represents the j th 
hidden layer node. The output of the bias node in 
both input and hidden layer is a constant, 1. 

The output of the last layer (output layer) 
nodes are given by the sum after weighted input 
from the hidden layer nodes and the transforma- 
tion: 

O/= f (j~=o Oj x W~j ) (4) 

where Wit is the weight connecting the j th hidden 
node to the /th output layer node. The relative 
error between the output value and the target 
value for the evaluation indices H and R is 

YI - Ol 
E ,  - - -  ( 5 )  

YI 

where Yt is the target value o f / th  index, i.e., the 
experimental value of H and R. The calculation 
repeated after moving to another experimental 
point. 

After carrying out the procedure about for all 
combination of input signals, the root-mean- 
square error (RMSE) was given by Eq. (6). 

s=  I l I g/i/~/ 

where n is the number of trained samples, and ni 
is the number of output layer nodes. 

The every weight, which initial value is given by 
the computer randomly and remained equal in all 
systems with different hidden nodes in order to 
compare them conveniently, is changed automati- 
cally via Eq. (7) and then the training's are re- 
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Table 5 
Comparison between the experimental and the computational values 

No. Experimental Calculation a Absolute (relative) 

H R H R H 

Error 

1 632 2.10 636 b 2.098 4 (0.63) 
634" 2.08 ¢ 2 (0.32) 

2 742 2.32 750 b 2.348 8 (1.10) 
740 ~ 2.4Y - 2  (-0.27) 

3 799 2.95 793 b 2.94 b - 6  (-0.79) 
807" 2.83 ~ 8 (1.00) 

4 668 1.78 663 b 1.748 - 5 ( -  0.74) 
666 c 1.81 c - 2  (-0.30) 

5 876 2.52 879 b 2.51 b 3 (0.34) 
873 c 2.56 ~ - 3  (-0.34) 

6 858 2.56 8558 2.57 b - 3  (-0.36) 
853 ~ 2.59 ~ - 5  (-0.58) 

7 664 1.73 6698 1.768 5 (0.75) 
676 c 1.76" 6 (0.90) 

8 548 1.54 549 b 1.558 1 (0.16) 
55Y 1.42 ~ 5 (0.91) 

9 570 1.84 5698 1.85 b -- 1 (--0.18) 
569 ~ 1.87 ~ --1 (--0.18) 

4 (0.63) 
2 (0.32) 
8 (1.10) 

- 2  (-0.27) 
- 6  (-0.79) 

8 0.00) 
- 5  (-0.74) 
- 2  (-0.3O) 

3 (0.34) 
- 3  (-0.34) 
- 3  (-0.36) 
- 5  (-0.58) 

5 (0.75) 
6 (0.90) 
1 (0.16) 
5 (0.91) 

--1 (--0.18) 
--1 (--0.18) 

~' After trained RMSE = 0.00194. 
b The initial weights were different from c group. 

pea ted  until  R M S E  falls into a acceptable  region,  
the t ra ined  ne twork  is obta ined .  

A Wi/(t) = Jl6jO, +pAW, j(t - 1) (7) 

In Eq. (7), t is the number  o f  i te ra t ions  o f  the 
neural  computa t ion .  The p ropo r t i ona l i t y  cons tan t  
~/is the learning rate  and  de te rmines  how fast  the 
changes AW0.(t ) should  be implemented  in the 
i te ra t ion  cycles. The  m o m e n t u m  cons tan t  p pre- 
vents sudden changes in the d i rec t ion  in which 
correc t ions  are made.  The er ror  /~ can be ex- 
pressed as: 

(~1 : E J ' ( n e h )  (8) 

for ou tpu t  l a y e r / t h  node  and:  

~/= ( ~ 6,l~)f'(nethj) (9) 
k1=0 

for h idden layer j t h  node.  Here  f ' (ne th j )  is the 
par t ia l  der ivat ive with respect  to W~j o f  the t rans-  
fo rma t ion  funct ion.  

We let t ra ined  ne twork  scan au tomat i ca l ly  and  
intensively near  the range o f  exper imenta l  points ,  

and  give a series o f  vectors  o f  ca lcu la t ion  results,  
which must  include op t ima l  point(s) .  

3. Experiment 

The thermal  desorp t ion-gas  c h r o m a t o g r a p h y  
exper iments  were done  on a 8701 mode l  thermal  
desorber  m a n u f a c t u r e d  by  Shangha i  F o u r t h  A n a -  
lyt ical  In s t rumen t  Fac to ry ,  Ch ina  and  a GC-9002 
mode l  gas c h r o m a t o g r a p h  with a 100 cm length o f  
stainless steel co lumn m a n u f a c t u r e d  by Shanghai  
Xinhu  Precis ion Ana ly t i ca l  In s t rumen t  Fac to ry ,  
China.  The  c h r o m a t o g r a p h i c  indices were 
recorded  and  ca lcula ted  by C h r o m a t o p a c  C-R3A,  
a d a t a  p rocessor  for  c h roma tog ra phs ,  Shimadzu,  
Japan.  The neural  c o m p u t a t i o n  was run on a 
486-PC mic ro -compute r .  

Nine  g roup  pa rame te r s  were selected as gas 
c h r o m a t o g r a p h i c  exper imenta l  condi t ions  by 
means  o f  the o r thogona l  m e t h o d  (see Table  1), 
t ak ing  CHC13 and  ano the r  impur i ty  in drugs  as 
test sample.  The  exper imenta l  results were t rans-  
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Table 6 
The corrected reliability coefficient of  the two methods 

1999 

The first group The second group 

H R H R 

Reliability coefficient 0.9994 0.9982 0.9997 0.9934 

Table 7 
The optimal regions obtained by neural network computat ion 

No. Optimal region Range of peak height Range of resolution 

a b c d 

1 145 - 1 5 3  15 804  86 2 ~3  800~900 2 .5~ 2.8 
2 123 ~ 153 35 ~45 80~ 86 1 ~ 2 780~ 920 2.4 ~ 2.8 
3 135 ~ 153 40 ~45 100 ~ 105 1 830 ~ 880 2.2 ~ 2.5 
4 135 ~145 4 0 4 4 5  93 l ~ 2  780~880  2.3 ~2.8 

a Column temperature (°C). 
b Carrier gas flow (ml min -~). 
c Thermal  desorption temperature (°C). 
d Thermal desorption time (rain). 

formed to the evaluating indices: peak height (H) 
and resolution (R). The experimental parameters 
and devaluating indices were used in the neural 
computational program as straining data. The 
optimized experimental parameters were selected 
from the output of the computational results. 

4. Results and discussion 

4. I. Selection of the number of hidden layer 
nodes  

In order to obtain the best neural network 
structure, several ANN systems with different 
number of hidden nodes were tested in the study. 
The RMSE values after iterating ten thousand 
times are listed in Table 2. From the RMSE 
values the 4-4-2 and 4-6-2 systems are better than 
the others. In the two systems, the RMSE's of 
4-6-2 system are all smaller than that of 4-4-2 
systems except for the case r/= 0.6 and p = 0.4. 
After iterating the two structure neural network 
(r/= 0.6/~ = 0.4) 30 000 times, the RMSE's of the 
two networks were further decreased from 

0.02531 to 0.00861 (for 4-6-2 system) and from 
0.02092 to 0.01038 (for 4-4-2 system), respectively. 

For these reasons, we chose 4-6-2 structure as 
the optimized system. 

4.2. Selection of the tl and ,u 

The initial architecture of the neural network 
(the number of layers, neurons, and especially for 
weights) is only an initial guess, it must be 
modified after performing calculations. Since the 
feed-forward neural networks is a non-linear opti- 
mization system, there is the problem of local 
minimal, in other words, there is the possibility 
that the procedure may end in a local minimum, if 
the learning rate r /and the momentum constant/L 
are not selected very carefully. The steepest way 
downhill dose not necessarily lead to the global 
minimum, and it is not possible in the back-prop- 
agation approach to justify the weights infinitesi- 
mally [22]. In training process, if the value of the 
learning rate and the momentum constant were 
too small ( < 0.4), RMSE would show large fluc- 
tuation, and could not reach a global minimum 
quickly. The same would occur when the chosen 
values were too large (see Fig. 2). 
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The another phenomenon to be noted found 
from Fig. 2(b) and Table 2 and Table 3 is that 
RMSE was smaller when the values of q and /~ 
are close to each other but not equal. If r/ was 
greater than/t,  the RMSE's were oscillatory for a 
certain range in training. Good values for the 
learning rate ~/lie between 0.5 ~ 0.7 in the study, 
the optimal momentum constant /~ was slightly 
smaller. 

Another problem for modifying weights was 
how to determine the v/' and p' when the RM- 
SE(t) > RMSE(t -1) .  It cannot be assured that 
the RMSE decreases smoothly in the training 
process for all neural networks. If RMSE(t)> 
RMSE(t -1) ,  the direction of the modifying 
weights value (A W~j) must be changed, i.e., the ~/ 
and/L (denoted as ~/' and/~') have to be changed. 
The test results are listed in Table 4, and the best 
value are ~/'= 1.0 and p ' =  0. 

4.3. Evaluation of the stability of the network 

After settling the optimal values of r/= 0.6 and 
/t = 0.4, the network was trained 200000 times, 
Table 5 showed the results obtained from chro- 
matographic experiment and neural computation. 
It should be noted that the predicted results are 
satisfactory, and that the difference between ex- 
perimented and calculated values is small: 8 

Table 8 
Comparison between the experimental and the computational 
values 

No. Optimal region Calculation Experimental 

a b c d H R H R 

1 145 15 80 2 875 2.79 882 2.76 
2 145 15 86 2 863 2.62 866 2.65 
3 123 40 80 1 896 2.62 890 2.60 
4 138 40 86 1 890 2.70 891 2.73 
5 145 40 105 1 853 2.27 860 2.30 
6 153 40 100 1 870 2.48 865 2.52 
7 135 40 93 1 876 2.38 866 2.44 
8 145 40 93 2 787 2.47 770 2.38 

a Column temperature (°C). 
b Carrier gas flow (ml min ~). 
c Thermal desorption temperature (°C). 
d Thermal desorption time (rain). 

(1.10%) for peak height and - 0.12 ( - 6.49%) for 
resolution. If initial weights are chosen differently, 
the agreement between the experimental results 
and the computational values is very much the 
same. 

The corrected reliability coefficient [23] was cal- 
culated in order to test the reliability between the 
neural computation and the chromatographic ex- 
periment. The results are listed in Table 6, they 
show that the results of the neural network calcu- 
lation have a high degree of reliability. 

4.4. The determination of optimal experimental 
regions 

Fig. 4 shows the relationship of peak height (H) 
and resolution (R) to the four chromatographic 
parameters in the orthogonal method. Though the 
resolution was influenced slightly by changes in 
thermal desorption time and column temperature, 
changes in thermal desorption temperature and 
carrier gas flow had larger effects on R. The peak 
height was influenced significantly by all four 
parameters, Additionally, the experiment showed 
that the column efficiency decreased if the carrier 
gas flow was greater than 45 ml min-  

From these observations, the optimal operating 
region selected was: column temperature: 148°C; 
carrier gas flow: 40 ml min - ~; thermal desorption 
temperature: 93°C; thermal desorption time: 2 
min. Because the effects of the four parameters 
were considered independently and their mutual 
cross effects were overlooked, it cannot be guar- 
anteed that the selected region is globally optimal. 

As opposed to the orthogonal method, the neu- 
ral network method scanned the whole range of 
experimental parameters intensively, i.e., it took 
the mutual influence of the four parameters into 
account. Therefore much more faith may be 
placed in the optimal region obtained by the 
neural network method. 

Based on the neural computational data, there 
are four favorable regions with higher values of 
peak height and resolution (Table 7). Only one 
region was found by the orthogonal method, and 
it is second worst of the four found by the ANN. 
Additionally, the ANN revealed some general 
trends: (1) long thermal desorption times are 
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needed in combinative relatively low thermal 
desorption temperatures; (2) short thermal des- 
orption times are needed in combinative rela- 
tively high thermal desorption temperatures; and 
(3) the peak height and the resolution will be 
much smaller ( H <  50 and R < 0.6) if the ther- 
mal desorption temperature is higher than 
130°C and the carrier gas flow is less than 30 
ml m i n  

After further experiments and researching, we 
found that the experimental results of H and 
R were nearly the same to the computational 
values (Table 8). It is proved that the ANN 
can be used to optimize the chromatographic 
conditions. 

5. Conclusion 

Based on the discussion above, it can be con- 
cluded that the neural network method is very 
suitable for optimizing chromatographic experi- 
mental conditions, especially for multi-parameter 
experiments. It provides a new, efficient, and 
optimal approach in analytical chemistry. 
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Abstract 

An electrochemical hybridization biosensor was developed for the detection of short DNA fragments specific to the 
deadly waterborne pathogen Cryptosporidium. The sensor relies on the immobilization of a 38-mer oligonucleotide 
unique to the Cryptosporidium DNA onto the carbon-paste transducer, and employs a highly sensitive chronopoten- 
tiometric transduction mode for monitoring the hybridization event. Variables of the probe-immobilization, hy- 
bridization and indicator-detection steps are optimized to offer convenient quantitation of ng ml -  ~ levels of the 
Cryptosporidium DNA target, in connection with short (3-15 min) hybridization times. The suitability for direct 
detection of the spiked Cryptosporidium DNA target in untreated drinking and river water samples is demonstrated. 
Similar performance characteristics are observed at DNA-coated microfabricated thick-film carbon strips. This and 
similar developments hold great promise for field screening of Cryptosporidium and other microorganisms in 
environmental samples. © 1997 Elsevier Science B.V. 

Keywords': Carbon paste electrode; Cryptosporidium; DNA biosensor; Environmental monitoring; Hybridization; 
Screen printed electrode; Sequence-specific detection; Water quality 

I. Introduction 

Pro tozoans  o f  the genus Cryptosporidium are 
obligate intracellular parasites which invade the 
gastrointestinal systems of  their mammal ian  hosts 

* Corresponding author. Fax: + l 505 6466033; e-mail: 
joewang@nmsu.edu 

t Permanent address: Department Fisico Qulmica, Universi- 
dad Nacional de Cordoba, 5016 C6rdoba, Argentina. 
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tad de Ciencias Quimicas, Universidad Complutense, E-28040, 
Madrid, Spain. 

[1]. Infection by Cryptosporidium can cause debili- 
tating, and sometimes life-threatening gastroen- 
teric and diarrheal illness. In humans,  
Cryptosporidium can spread f rom person to per- 
son through direct contact ,  as has been observed 
in hospitals [2] or, as has been subsequently recog- 
nized, th rough  waterborne outbreaks  [3]. A re- 
cent, highly-publicized example o f  the latter 
occurred in Milwaukee in 1993, in which Cryp- 
tosporidium caused illness in some 400 000 people, 
and out o f  which there were 104 deaths [4]. Five 
other waterborne outbreaks  o f  Cryptosporidium 
were reported in N. America since 1985 [5]. 

0039-9t40/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02191- 1 
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In particular, the species Cryptosporidium 
parvum has been recognized as a significant global 
health threat, one of several critical etiologic 
agents causing severe diarrheal illness, particularly 
in developing countries [6]. According to the 
World Health Organization, this debilitating syn- 
drome, resulting in dehydration and malnutrition, 
is responsible for the deaths of 11 000 children 
each day and 5 million people a year worldwide, 
making it the second leading cause of death be- 
hind cardiovascular disease [7]. The EPA esti- 
mates that 155 million people in the United States 
are at risk of exposure to Cryptosporidium [4]. 
There currently exists no effective drug treatment 
for this infection [5], and routine chlorination 
treatment does not eradicate dormant Cryp- 
tosporidium organisms in drinking water [4]. 

Due to the environmental health threat posed 
by waterborne Cryptosporidium parvum, there is 
an urgent need for a routine test that reliably 
detects the presence of the pathogen in water 
supplies. Yet, despite these major concerns and 
increasing efforts by the EPA, no analytical 
method satisfactorily detects the Cryptosporidium 
microorganism. The current indirect fluorescence 
antibody (IFA) assay, prescribed by the EPA, 
often fails to detect oocysts in spiked samples 
[4,8]. A variety of other methods, ranging from 
flow cytometry to immuno-(ELISA or electrorota- 
tion) ones, have been proposed, but to date are 
still in early developmental stage [4,8]. Accord- 
ingly, nonspecific turbidity assays commonly serve 
as the best indicator for the presence of Cryp- 
tosporidium. A direct, fast and specific sensing 
scheme, with minimal sample manipulations, is 
desired for minimizing losses of the oocysts, and 
providing a rapid warning capability essential for 
a quick corrective/preventive action by water util- 
ities. 

The present article describes the characteriza- 
tion and optimization of a new DNA electro- 
chemical biosensor for detecting Cryptosporidium 
DNA sequences. Genetic methods, relying on the 
high specificity of DNA hybridization/recognition 
reactions, hold great promise for environmental 
monitoring of microorganisms. A highly sensitive 
protocol for Cryptosporidium, based on the cou- 
pling of DNA PCR amplification, electrophoretic 

separation and chemiluminescent measurement, 
has been developed recently for detecting this 
protozoan in water samples [5]. Faster and sim- 
pler DNA sensing schemes are highly desired for 
effective wide-scale monitoring at drinking water 
facilities. Miniaturized hybridization electrochem- 
ical sensors, coupling the inherent specificity of 
DNA recognition reactions with the remarkable 
sensitivity and portability of electrochemical 
transducers [9], are particularly attractive for on- 
site detection of drinking-water pathogens. The 
new electrochemical biosensor relies on the immo- 
bilization, onto the carbon electrode transducer, 
of a 38-mer oligonucleotide probe, unique to 
Cryptosporidium parvum DNA [5,10] (taken from 
the gene which codes for the small (18S) subunit 
of rRNA). Highly sensitive constant-current 
chronopotentiometry [11,12], is used for transduc- 
ing the hybridization event, along with the 
Co(phen)33+ redox indicator. The use of the 
Co(phen) 3 + indicator and carbon paste transduc- 
ers for sequence-selective electrochemical detec- 
tion was illustrated by Mikkelsen's group [13]. 

2. Experimental 

2.1. Materials 

The 38-mer probe (5'-GGG GAT CGA AGA 
CGA TCA GAT ACC GTC GTA GTC TTA 
AC-3', P-sequence) and 38-mer target (5'-GTT 
AAG ACT ACG ACG GTA TCT GAT CGT 
CTT CGA TCC CC-3', T-sequence) were pur- 
chased from Life Technologies (Grand Island, 
New York, USA) as their ammonium salts. 

Other oligonucleotides were also received from 
Life Technologies, and their sequences are given 
in the Table 1. Single-stranded calf thymus DNA 
(ssDNA, lyophilized powder, Catalog No. D8899) 
and double-stranded calf thymus DNA (dsDNA, 
activated and lyophilized, Catalog No. 4522) were 
purchased from Sigma (St. Louis, MO). 
Guanidine hydrochloride (Catalog No. G3272), 
sodium chloride (Catalog No. $3014), 
monosodium phosphate (Catalog No. $3139), 
sodium acetate buffer (3 M, pH 5.2 _+ 0.1 at 25°C, 
Catalog No. $7899), Tris-HC1 buffer (1.00 _+ 0.05 
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M, pH 7.00 + 0.05 at 25°C, Catalog No. T2413) 
and Tris-EDTA (TE) buffer (100 x concentrate, 
1.0 M Tris-HC1, 0.1 M EDTA, pH 8.0, Catalog 
No. T9285) were also received from Sigma. The 
above reagents were free of DNase and RNase. 
Tris(1,10-phenanthroline) cobalt(liD perchlorate 
was synthesized at NMSU using the method of 
described by Dollimore and Gillard [14]. 

DNA stock solutions (nominally 1000 gg ml ~) 
were prepared with the TE buffer (1 x concen- 
trate, 10 mM Tris-HC1, 1 mM EDTA, pH 8). 
Sterile distilled water was used for preparing all 
the solutions. A diode array spectrophotometer 
(Model 8452A, Hewlett Packard) was employed 

Table 1 
Effect of  various nucleic acids on the hybridization response 

Nucleic acid a Concentration Signal change (%) 
(lag ml ~) 

s sDNA 1 +7.7  
d sDNA 1 +4 .6  
to ta lRNA 1 - 4.0 
42-mer DNA 1 -0 .1  

2 - 3 . 3  
36-met DNA 1 +0.2  

2 +4.1 
27-met DNA l +6.2 

2 + 10.0 
25-mer DNA b 1 + 1.7 

2 +7.6  
15-mer DNA 1 +6.2  

2 - 1 3 . 2  

The CPE with the immobilized 38-mer DNA (P-sequence) was 
immersed into the hybridization solution containing the com- 
plementary strand (1 lag ml ~ 38-mer DNA (T-sequence)) 
alone or its mixture with the interferent given in the table. 
After 5 min incubation, the electrode was rinsed and trans- 
ferred into 0.1 m M  Co(phen) indicator for 2 rain, followed by 
the chronopotentiometric measurement.  The enhancement of  
the chronopotentiometric signal due to the hybridization of 
the probe (P-sequence) with the complementary target (T-se- 
quence) served as 100%. Other conditions as in Fig. 1. 
~The sequence of  the DNA oligomers are as below: 
42-mer DNA Y-ACT G C T  A G A  G A T  TTT CCA CAC T GA 
CTA A A A  G G G  TCT G A G  GGA-3' ,  36-mer DNA 5'-CCA 
CAT G G C  CTG TAC TTT AAA AGC  TTC C G G  AT G 
ACC-3',  27-met DNA 5'-GTC GTC AGA CTC AAA ACC 
A C G  A G A  GGG-3' ,  25-met DNA 5'-CAG G A T  A T G  T G G  
C G G  A T G  A G C  G G C  A-3', 15-mer DNA 5'-TGT ACG 
TCA CAA CTA-3'.  
b The sequence corresponds to a portion of E. coil DNA. 

to correct the concentration of nucleic acids by 
measuring optical density (2 = 260 nm). 

All glassware, containers, pipette tips and the 
cell (with exception of the electrodes) were steril- 
ized by autoclaving for 30 min. Sterilized water 
were used to rinse the electrodes prior to use. 

A river water sample was taken from the Rio 
Grande River (Picacho Bridge, Las Cruces, NM); 
a tap water sample was collected in this labora- 
tory; waste water samples were collected from the 
influent and effluent water of the waste water 
plant of Las Cruces, NM. 

2.2. Electrode preparation 

Carbon paste was prepared in the usual way by 
hand-mixing graphite powder (Catalog No. G67- 
500, Fisher Scientific, Pittsburgh, PA) and mineral 
oil (Catalog No. M5904, free of DNase, RNase 
and protease, Sigma) in a 70:30 ratio. The surface 
was polished to a smoothed finish before use. The 
body of the working electrode was a Teflon sleeve 
(3.5 ram, i.d.) tightly packed with the carbon 
paste. The electrical contact was made with a 
stainless steel screw. 

Some experiments employed screen-printed car- 
bon strip electrodes (SPEs), prepared using a 
semiautomatic screen printer (Model TF-100, 
MPM, Franklin, MA). Commercial carbon ink 
(Product No. C10903D14, Gwent Electric Materi- 
als, UK) was printed onto the alumina ceramic 
plate (33.5 x 101.5 mm, Coors Ceramic Com- 
pany, Golden, CO) through a patterned stencil to 
give a group of ten printed carbon electrodes with 
each carbon strip consisting of a 1.5 x 30 mm 
area. The electrodes were subsequently cured for l 
h (at 180°C), and were allowed to cool. A layer of 
an insulator was then placed onto part of the 
printed carbon strip, leaving a nominal 1.5 × 5 
mm working area. 

2.3. Chronopotentiometry 

Constant-current chronopotentiometric mea- 
surements were performed in a three-electrode 
electrochemical cell (2 ml, Kimble Glass, 
Vineland, N J), using a TraceLab potentiometric 
stripping unit (PSU 20, Radiometer, Denmark) in 
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connection with an IBM PS/2 55SX computer. 
According to the TraceLab protocol, the poten- 
tials were sampled at a frequency of 30 kHz and 
the derivative signal (dt/dE) versus potential (E) 
was recorded following baseline fitting. The ana- 
lytical signal was evaluated using the peak areas; 
the reported result is the peak area for the duplex 
DNA minus the peak area for the probe DNA 
alone (A PSA). The three-electrode system con- 
sisted of a carbon-paste working electrode, Ag/ 
AgC1 reference electrode (Model RE-l ,  BAS, W. 
Lafayette, IN), and a platinum wire auxiliary 
electrode. The three electrodes entered the cell 
through a Teflon cover. 

2.4. Procedure 

2.4.1. Probe immobilization 
The 38-mer DNA probe was immobilized on a 

freshly smoothed CPE by applying a potential of 
+1 .7  V (or +1.8 V in the case of the printed 
strip) for 1 rain followed by 2 min at + 0.5 V in 
a stirred acetate buffer solution (0.2 M, pH 5.2) 
containing 5 gg ml-  ~ of the DNA probe (P-se- 
quence). The electrode was then rinsed with a 
solution containing 0.5 M NaC1 and 0.02 M 
phosphate buffer (pH 7.0) for ca. 10 s. 

2.4.2. Hybridization 
For hybridization reactions, the probe-coated 

electrode was immersed into the stirred hybridiza- 
tion solution (1 M guanidine HC1, 0.5 M NaC1, 
0.02 M phosphate buffer, pH 7.0; 1 or 2 ml) 
containing the DNA target for the desired time 
(depending on the target concentration), while 
holding the potential at + 0.5 V. Then the elec- 
trode was rinsed with 0.02 M Tris HCI buffer 
(pH 7.0) for 10 s. 

2.4.3. Indicator binding 
The Co(phen) 3 + was accumulated onto the sur- 

face hybrid by immersing the electrode into the 
stirred Tris HC1 buffer solution containing 0.1 
mM Co(phen)~ + for 2 min while holding the 
potential at +0.5  V. Then the electrode was 
rinsed with the Tris-HC1 buffer for 10 s. 

2.4.4. Chronopo tentiometric transduction 
The surface-accumulated Co(phen) 3 + was mea- 

sured, after transfer to a blank Tris HC1 buffer 
solution, using constant-current chronopoten- 
tiometry with an initial potential of + 0.5 V and 
a constant current of - 6  laA ( - 3  laA for the 
screen-printed electrode). 

Repetitive measurements were carried out by 
renewing the surface of the CPE, or by using a 
new carbon strip, and repeating the above proce- 
dure. All operations were carried out at room 
temperature (22.0 _+ 0.5°C). 

3. Results and discussion 

The 38-mer Cryptosporidium-DNA specific 
probe displayed a strong adsorptive accumulation 
at the carbon (paste or strip) electrodes. Such 
interfacial accumulation was exploited for immo- 
bilizing the probe onto the surface. Conditions for 
attaining a full surface coverage and a stable 
probe layer were explored. Using a 5 Jag ml J 
solution of the 38-mer probe (P-sequence), surface 
saturation was achieved following a 2 rain accu- 
mulation while holding the electrode at + 0.5 V. 
The surface-confined oligonucleotide layer was 
stable for at least 30 rain upon immersing the 
electrode into the stirred hybridization solution, 
and maintains the conformation essential for effi- 
cient binding of its complementary target strand. 

Fig. 1 displays chronopotentiograms for the 
Co(phen)~ + at the 38-mer probe coated electrode 
after immersion in the 1 ~tg ml -~ Cryptosporidium 
target sequence solution for different periods (1-7 
min, a-f) .  The longer the hybridization time, the 
more duplex is formed, and the more indicator is 
'collected' at the surface, leading to larger 
chronopotentiometric signals. In contrast, no 
peak enhancement is observed upon repeating this 
time-dependent experiment in the absence of the 
Cryptosporidium target (dotted lines). Such target- 
independent blank response reflects the associa- 
tion of the indicator with the ss-probe. The 
increased peak area in the presence of the target 
thus serves as the hybridization signal. The result- 
ing plot of the signal versus hybridization time is 
also shown in Fig. 1 (inset). The response in- 
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Fig. 1. Chronopotentiograms for Co(phen) 3 * at the probe 
38-mer DNA (P-sequence)-modified CPEs towards the target 
38-mer DNA (T-sequence) following increasing hybridization 
times: 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) and 7 (f) min. Dotted traces 
denote the corresponding blank responses. Also shown (inset) 
is the resulting plot of chronopotentiometric (PSA) signal 
versus hybridization time. Probe immobilization: 1 min at 
+ 1.7 V followed by 2 rain at + 0.5 V in 0.2 M acetate buffer 
(pH 5.2) containing 5 lag ml ~ 38-mer (P-sequence): hy- 
bridization: 0 7 min at +0.5 V in 0.5 M NaCI, 1 M 
guanidine HC1, 0.02 M phosphate buffer solution (pH 7) 
containing 1 lag ml ~ 38-mer DNA (T-sequence); indicator 
binding: 1 min at + 0.5 V in 0.02 M Tris-HCl buffer (pH 7) 
containing 0.1 mM Co(phen)3+; PSA transduction: in the 
blank Tris- HCI buffer solution with a constant current of - 6 
laA and an initial potential of + 0.5 V. 

creases linearly with hybridizat ion time at first (up 
to 4 min), and then more  slowly. Overall, these 
data  indicate that  lag m l - ~  levels o f  the Cr~T- 
tosporidium D N A  target can be readily quantified 
following short  hybridizat ion times. 

Hybridizat ion condit ions (other than the time) 
have a p ro found  effect upon  the performance of  
the Cryptosporidium D N A  biosensor. Fig. 2 dis- 
plays the influence o f  hybridizat ion solution con- 
ditions, such as the ionic strength (A) and 
accelerator level (B). The response rises slowly 
upon  changing the sodium chloride concentra t ion 
between 0 and 0.2 M and then more  rapidly up to 
0.5 M; a sharper decline is observed at higher salt 
levels. The hybridizat ion signal also increases 
slowly upon  raising the concentra t ion of  the 
guanidine accelerator between 0 and 1.0 M, and 
decreases gradually at higher levels. All subse- 
quent work thus employed a 0.5 M sodium chlo- 
ride solution containing 1.0 M guanidine. Other  
potential hybridizat ion accelerators, including 

several polyethylene glycols (MW 1000-22000)  
and dextran sulfate (MW 500000), were also 
tested, but  did not  produce the expected signal 
enhancement  effect. The operat ing potential also 
affects the hybridizat ion response. The signal in- 
creases slowly f rom 28 to 47 ms upon  changing 
the potential f rom 0.0 to + 0.5 V, and decreased 
to 38 ms at + 0.6 V (not shown; conditions,  as in 
Fig. le). Electrostatic at tract ion o f  the negatively- 
charged target sequence, as well as improved re- 
tention o f  the probe, may account  for this 
potential dependence. The decreased response at 
very positive hybridizat ion potentials can be as- 
cribed to the direct oxidat ion o f  the probe (gua- 
nine moiety). 

The influence o f  the Co(phen)  3 +-indicator  con- 
centrat ion and its association time is shown in 
Fig. 3. The response increases gradually upon 
increasing the marker  concentra t ion up to 1 × 
10 4 M, and decreases rapidly above 2.0 × 10 -4  
M (A). Very short  indicator association times are 
sufficient for obtaining high sensitivity (B). The 
response increases rapidly with the association 
time up to 1 min, and decreases gradually above 2 
min. The decreased hybridizat ion signal at high 
indicator levels or for long indicator-association 
times is due to a larger indicator response at the 
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Fig. 2. Effect of sodium chloride (A) and guanidine HCI (B) in 
the hybridization solution on the response of the target 1 ~tg 
ml-~ 38-mer DNA (T-sequence) at the probe 38-mer DNA 
(P-sequence)-modified CPEs using Co(phen)~ + as indicator. 
Hybridization time: 5 min; concentration of guanidine HCI: 0 
(A) and 0-2 M (B); other conditions as in Fig. 1. 
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Fig. 3. Effect of Co(phen) 3 + concentration (A) and indicator- 
binding time (B) on the response of the target 1 gg m l - t  
38-mer DNA (T-sequence) at the probe 38-mer DNA (P-se- 
quence)-modified CPEs. Hybridization time: 5 rain; other con- 
ditions as in Fig. 1. 

ss-probe modified electrode (and does not reflect a 
decrease of  the absolute signal). 

Fig. 4 displays calibration data for ng m l -  ~ and 
lag ml-~ concentrations of the target Cryp- 
tosporidium sequence following different hy- 
bridization times (l(a), 3(b) and 5(c) rain). As 
expected for saturation of the probe binding sites, 
shorter hybridization times allow extension of  the 
linear range. For  example, while with a 5 rain 
hybridization period linearity prevails up to 500 
ng m l -  1, the linear range extends to 2.0 lag ml - 

80 

c b 
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9 40- 

< 20 
13.. 

o 
o 1 2 3 4 5 

CONCENTRATION (pg/mL) 

Fig. 4. Calibration plot for the target 38-mer DNA (T-se- 
quence) at the probe 38-mer DNA (P-sequence) modified 
CPEs using Co(phen) 3 + as indicator. Hybridization time: 1 
(a), 3 (b) and 5 (c) min; indicator-binding time, 2 min; other 
conditions as in Fig. 1. 
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Fig. 5. Chronopotentiograms for the tap water (A) and river 
water (B) samples spiked with different concentrations of the 
target 38-mer DNA (T-sequence): 0.5 (a), 1.0 (b) and 1.5 (c) gg 
ml-~ at the probe 38-met DNA (P-sequence) modified CPEs 
using Co(phen)~ + as indicator. Dotted traces denote the cor- 
responding responses of the unspiked solutions. Volume per- 
centage of the water samples in the hybridization solution: 
95%, hybridization time: 5 min; indicator binding time: 2 rain; 
other conditions as in Fig. 1. 

using a 1 rain hybridization. The sensitivity (slope 
of  the linear portions) corresponds to 13.9, 36.4 
and 59.2 ms.ml ~g--~ for the 1, 3, and 5 min 
hybridization. The data of  Fig. 4c indicates conve- 
nient measurements of  the Cryptosporidium DNA 
target over the 250-1500 ng ml - ~ range using a 5 
rain hybridization. Significantly lower levels of 
100 and 50 ng m l -  ~ were readily detected using 
15 and 30 rain hybridization periods, respectively 
(not shown). Despite these extremely low detec- 
tion limits, coupling of  the sensor with a PCR 
amplification unit would be required for the de- 
tection of a few Cryptosporidium parasites in envi- 
ronmental samples. 

Fig. 5 demonstrates the suitability of the DNA 
sensor for direct measurement of the Cryp- 
tosporidium sequence in untreated drinking-water 
(A) and river-water (B) samples. Small (500 ng 
ml - l) increments in the target concentration yield 
a well-defined hybridization response in connec- 
tion with a short (5 min) hybridization period. 
Such defined peaks are similar to those observed 
in 'synthetic' samples (e.g., Fig. lc), indicating a 
lack of major interferences in these environmental 
samples. In contrast, large interferences were ob- 
served in the presence of waste-water matrices. 
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For example, adding a 12.5% (v/v) and 50% (v/v) 
sample of the waste water influent and effluent, 
respectively, to the hybridization solution resulted 
in 80- and 45% diminution of the hybridization 
response to the 1 lag ml-~ target (not shown; 5 
min hybridization). Such severe interference is 
attributed to competitive adsorption by numerous 
surfactants present in large excess in waste water 
samples. 

The sensor offers a very good discrimination 
against non-complementary nucleic acids (Table 
1). These selectivity data were obtained by chal- 
lenging the sensor with various noncomplemen- 
tary oligomers of different lengths (ranging from 
15 to 42 mer), including one corresponding to a 
portion of the E. coli DNA, as well as with 
chromosomal DNA. The response to the Cryp- 
tosporidium DNA target increases only slightly 
(7.7- and 4.6%) in the presence of ss- and dsDNA, 
respectively. The various oligomers also display a 
small effect upon the target sequence peak, with 
signal changes ranging from - 3.3 to - 13.2% in 
the presence of excess of the 42- and 15-mer 
oligomers, respectively. The small changes re- 
ported in Table 1 are also attributed to nonspe- 
cific adsorption (and its effect upon the attached 
probe), and not to base-pair recognition. 

As desired for on-site environmental applica- 
tions, we also examined the suitability of micro- 
fabricated carbon strips for transducing the 
recognition of the Cryptosporidium DNA target. 
Several performance characteristics of the screen- 
printed DNA biosensor are shown in Fig. 6. The 
response increases nearly linearly with the hy- 
bridization time up to 3 rain, and decreases gradu- 
ally above 4 rain hybridization (A). The response 
also increases linearly with the target concentra- 
tion up to 750 ng ml ~, and then more slowly (B). 
While the sensitivity of the strip is lower com- 
pared with that of the carbon-paste based device 
(e.g., versus Fig. 4b), the microfabricated sensor 
offer extremely low (ng) detection limits. This is 
indicated from Fig. 6C that displays chronopoten- 
tiograms in the absence (a) and presence (b) of 50 
ng ml ~ Cryptosporidium DNA target. Such de- 
tectability is similar to that reported above for the 
carbon paste electrode. The operation of these 
disposable Cryptosporidium sensors may be cou- 

pled with the hand-held chronopotentiometric an- 
alyzer [15] or microfabricated PCR units [16], for 
further facilitating their field operation. 

In conclusion, we have described a new hy- 
bridization biosensor for electrochemical detec- 
tion of sequences specific to Cryptosporidium 
DNA. Such effort addresses the urgent needs and 
analytical challenges of detecting Cryptosporidium 
in drinking-water and natural water samples. It 
should be pointed out, however, that the new 
device is still in the developmental stage, and 
additional work is required prior to adaptation 
for routine environmental testing. In addition to 
coupling with compact PCR units, attention 
should be given to the sample collection/treatment 
step, and to the minimization of nonspecific ad- 
sorption effects. Simple freeze-thaw lysis methods 
should be sufficient for releasing the target nucleic 
acid from the oocysts. New probes, based on the 
peptide nucleic acids (PNA) DNA mimics [17] 
should offer improved biosensor performance, in- 
cluding greater specificity. Work is in progress 
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Fig. 6. Response of the microfabricated D N A  biosensor: (A) 
Effect of  hybridization time on the the response of  the target 
1 gg ml ~ 38-mer D N A  (T-sequence) at the probe 38-mer 
D N A  (P-sequence)-modified SPE using Co(phen) 3 + as indica- 
tor. (B) Calibration plot for 0~1.5 gg ml L 38-met DNA 
(T-sequence) at the SPEs following a 3 rain hybridization. (C) 
Chronopotent iograms for 0 (a) and 0.05 (b) rag ml i target 
38-met DNA (T-sequence) at the SPE following a 30 min 
hybridization; indicator binding time, 2 min; other conditions 
as in Fig. 1. 
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towards the development of similar devices for 
detecting E. coli DNA sequences. Ultimately, we 
wish to design high-density arrays of microelec- 
trodes coated with probes specific for different 
bacterial and viral pathogens. This and similar 
developments should have a profound impact upon 
environmental monitoring of microorganisms. The 
miniaturized and nonradioactive nature of electro- 
chemical devices, coupled with their low-power 
requirements, should further facilitate their adapta- 
tion for field-screening of waterborne pathogens. 
The procedure should also prove useful for clinical 
diagnostic testing for Cryptosporidium. 
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Abstract 

Electrodes modified by the electrodepozition of conducting organic polymers such as poly(3-methylthio- 
phene)(PMT), polypyrrole (PPY) and polyaniline (PAN) were used as chemical sensors for voltammetric analysis and 
flow injection detection of some organic and biological molecules. The electrochemical behaviors of catechol, ascorbic 
acid, hydroquinone, dopamine, epinephrine, acetaminophen and p-aminophenol were examined by differential pulse 
voltammetry. The electrochemical behavior of these molecules at different electrodes was compared and the effects on 
behavior of electrolyte type and its pH and the film thickness were systematically examined. The results showed that 
the proposed modified surface catalyzes the oxidation of these compounds. Electrocatalytic 'efficiency' decreases in 
order of poly-3-methylthiophene, polypyrrole and polyaniline. Voltammetric peak positions were affected by the 
nature of the electrolyte and its pH. Also, the effect of increasing film thickness was to observe increased peak heights. 
Polymer coated electrodes were also used in an amperometric detector for flow injection analysis of most of the these 
compounds. The responses of the polymer electrode were 5-15 times larger as compared with those of bare platinum. 
PMT showed improved performance as an amperometric detector for flow injection analysis systems over other types 
of polymer electrodes. Detection limits as low as 10-8-10 9 M were achieved using the PMT, compared with 
10 - 6  10 8 M using platinum electrodes. In the flow injection analysis, with increasing molecular weight of analyte 
molecules was to observe decreased peak heights. © 1997 Elsevier Science B.V. 

Keywords: Biological; Electrochemical; Organic; Polymer 

1. Introduction 

The electrode materials most commonly used in 
amperometric systems are glassy carbon [1], plat- 
inum and gold electrodes [2]. Mercury electrodes, 

* Corresponding author. Fax: + 90 422 3410034. 

namely; dropping, thin-film mercury and amal- 
gam electrodes have a relatively wide potential 
range because of  the high hydrogen overvoltage at 
their surfaces [3]. However, several limitations 
were reported in the application of mercury  elec- 
trodes in flowing solutions such as their poor 
mechanical stability and the dissolution of mer- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PIIS0039-9140(96)02196-0 
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cury at low potentials, which resulted in their 
inadequacy in the detection of organic and biolog- 
ical compounds. On the other hand, the perfor- 
mance of gold, platinum, glassy carbon and 
pyrolytic graphite electrodes depends mainly on 
the method and quality of surface polishing and 
pretreatment [4]. 

Recently, the concept of chemically modifying 
the electrode surface has gained extensive atten- 
tion among analytical chemists and others. The 
properties of the modifying 'layer' coated onto the 
substrate are deliberately designed to alter the 
sensitivity and the selectivity of the measurement 
[5 10]. 

In the last two decades, the need for high 
sensitivity and selectivity for the analysis of 
biomolecules has been increasing [11]. Poly(3- 
methylthiophene) (PMT), Polypyrrole (PPY) and 
Polyaniline (PAN) are electronically conducting 
organic polymers which are easily deposited onto 
electrodes by the electrooxidation of their 
monomers. Their applications have been dis- 
cussed and emphasized in terms of electrochromic 
effects and energy storage and conversion [12- 
14]. 

The use conducting polymers as electrode mod- 
ification agents for voltammetric determination of 
some biologically important compounds has been 
demonstrated in a very limited number of works. 
PMT-coated electrodes were used by Wang and 
Li [15] to eliminate the passivation problems, in 
voltammetric measurements of phenolic com- 
pounds. They also observed significantly larger 
oxidation peaks for acetaminophen. In a different 
study Wang et al. [16] showed that conducting 
polymers could be used for controlling size exclu- 
sion selectivity. 

However, these studies concerning the use of 
conducting polymers for non-mediated electron 
transfer were limited to a small number of com- 
pounds. Also, no observations were made regard- 
ing the effects of film thickness and electrolyte 
properties on the electrocatalytic ability of the 
conducting polymer electrodes. 

Previous work by Atta and coworkers [17] ex- 
amined the electrochemical behavior of a large 
number of biologically important compounds at a 
PMT electrode. The electrocatalytic property of 

the PMT was demonstrated as well as the effect of 
the nature and pH of the base electrolyte. Galal 
and coworkers [18] examined and compared the 
electrochemical behavior of some neurotransmit- 
ters and other organic compounds at different 
conducting polymer electrodes. 

In this paper we examine the electrochemical 
behavior of a large number of biologically impor- 
tant compounds at PMT, PPY and PAN modified 
electrodes. Although limited, the effects of the 
nature and pH of the supporting electrolyte and 
film thickness were also studied. Electrocatalysis 
effects of polymer coated electrodes are clearly 
demonstrated and selective voltammetric determi- 
nation of binary mixtures were shown to be possi- 
ble. Additionally, the polymer coated electrodes 
were also used for sensitive determinations in a 
flow injection analysis amperometric detection 
regime. It is observed that the larger the molecu- 
lar weight of the substance, the smaller the peak 
heights obtained. 

2. Experimental 

2.1. Chemicals 

3-methylthiophene, pyrrole (Sigma), dopamine, 
ascorbic acid, epinephrine, p-aminophenol, cate- 
chol, acetaminophen, aniline, tetrabutylammo- 
nium tetrafluoroborate, acetonitrile, sodium 
sulphate, sodium chloride, sodium nitrate, sodium 
perchlorate, lithium chloride, calcium chloride, 
magnesium chloride, sodium phosphate and 
sodium fluoride (Merck) were used as received. 
Acetonitrile and H2SO4 were used as solvent for 
electrochemical polymerization. 3-methylthio- 
phene and pyrrole freshly distilled before use. 
Flow injection analysis of mentioned compounds 
were performed using S6rensen buffer (pH = 6.9) 
as mobile phase. 

2.2. Apparatus 

Electropolymerization with bulk electrolysis 
(BE) mode was conducted with a BAS (Bioanalyt- 
ical Systems) 100BW electrochemical analyzer, in 
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Fig. 1. Di f fe ren t ia l  pulse  v o l t a m m e t r y  o f  20 m M  h y d r o q u i n o n e  in 200 m M  N a 2 S O  4 ( p H  = 2) a t  P M T  (A), P P Y  (B), P A N  (C), a n d  

A u  (D) electrodes.  All films were  p r e p a r e d  u n d e r  s imi la r  cond i t ions .  

a three electrode cell with gold (BAS, MF-2013) 
and platinum disk (BAS, MF-1012) as working 
electrodes, Ag/AgC1 (BAS, MF-2063) reference 

electrode and a Pt wire coil auxiliary electrode. 
The pH of the solution was measured with a 
Hanna HI 8314 pH-meter. 
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Table 1 
Differential pulse voltammetric peak potentials for p-aminophenol at conducting polymer electrodes ~ 

Electrolyte pH PMT/Au (mV) PPY,.'Au (mV) PAN/Au (mV) Au (mV) 

CaCI 2 2 408 548 520 676 
NaC104 2 281 424 432 460 
Na2SO 4 5 424 392 372 448 
NaC1 5 279 436 330 432 
LiCI 5 400 470 456 472 
NaF 8 184 342 324 348 
NaNO3 8 236 399 314 420 

p-aminophenol and electrolyte concentrations were 20 and 200 mM, respectively. 

2.3. Preparation of polymer electrodes 

The gold and platinum disk electrodes were 
cleaned according to standard procedure; namely, 
polished with successively finer grades of  diamond 
polishing compounds and aqueous alumina slurry 
(Johnson Mathey Catolog, USA) down to 0.5 tam. 

Electrochemical polymerization was carried out 
in a one compar tment  cell containing deaerated 
acetonitrile, 100 mM tetrabutylammonium te- 
trafluoroborate and 150 mM monomer  (in case of  
3-methylthiophene, pyrrole) and 0.1 M H z S O  4 

and 485 m M  of aniline. The polymer films were 
grown on gold electrode by bulk electrolysis at a 

constant potential of 1650 mV versus Ag/AgC1 
for poly-3-methylthiophene, 950 mV versus Ag/ 
AgC1 for polypyrrole and 1700 mV versus Ag/ 
AgC1 for polyaniline. The polymer films were 
grown on platinum disk electrode by bulk elec- 
trolysis at a constant potential of  1700 mV versus 
Ag/AgC1 for poly-3-methylthiophene and polyani- 
line, 1000 mV versus Ag/AgC1 for polypyrrole. 
Electrolysis period was normally 10 s in each case. 

3. Results and discussion 

3.1. The electrochemical behavior at different 
polymer electrodes 
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Fig. 2. Effect of film thickness on anodic peak potential for 20 
mM catechol on PMT film. The period for film growth with 
bulk electrolysis is given on each voltammogram. Electrolyte, 
200 mm Na2SO 4 (pH = 2). 

Fig. 1 shows the differential pulse voltam- 
mograms of hydroquinone in Na2SO4 at PMT, 
PPY, PAN and gold electrodes. As can be seen in 
Fig. 1, the anodic peak potential of  hydroquinone 
at all the polymer electrodes was always much 
lower than those obtained at the bare gold elec- 
trode in the electrolyte chosen for this study (200 
mM Na2SO4). The comparison of the oxidation 
peak potential Eox depicted in Table 1, at these 
electrodes for 20 mM p-aminophenol  showed two 
important  facts: (i) all the polymer electrodes have 
relatively lower Eox values as compared with that 
obtained at Au; and (ii) for the series of  polymer 
electrodes studied, the Eox values increase in the 
order of  PMT < PAN < PPY < Au. 

3.2. Effect of  film thickness 

The effect of  film thickness on the anodic peak 
potential for catechot at conducting electrodes is 
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given in Fig. 2. Film thickness had an effect, not 
only on the peak potentials, but also on the peak 
current magnitudes. This is expected as with the 
increasing film thickness surface area of the elec- 
trode increases almost regularly. 

3.3. EJ//i, ct (~1" eleetrolyt type and it's p H  

Earlier works involving the use of conducting 
polymer c0ated electrodes [19] employed only one 
type of base electrolyte with a defined pH value to 
examine the behavior of a certain class of com- 
pounds. Although extensive studies have been 
conducted on the effect of supporting electrolyte 
for the test substances examined in this work, 
electrolyte effect will be demonstrated for all these 
molecules. 

Fig. 3 shows effects of pH and electrolyte type 
on the ~nodic peak potential of 20 mM 
epinephrine at different electrodes. As can be seen 
Fig. 1, the anodic peak potential of catechol at all 
the polymers electrodes was always much lower 
than those obtained at bare gold electrodes in all 
the electrolyte types. 

The comparison of the oxidation peak potential 
Eox at these electrodes for analytes in various 
electrolyte types showed two important facts: (i) 
at all the electrodes Eox values shifted to more 
negative potentials with increasing pH; (ii) in gen- 
eral, with electrolytes containing perchlorate, ni- 

trate and sulphate as anions peak positions for 
both analytes seem to have shifted to more posi- 
tive potentials with respect to those electrolytes 
having fluoride or chloride. 

3.4. Stabilio' q f  the electrode response 

The electrodes were prepared under similar 
conditions, the results showed that the three poly- 
mers studied exhibited improved electrocatalytic 
activity when compared with Au electrode. When 
the same polymer electrode was used for repetitive 
runs, stability of the PMT electrode was exceed- 
ingly superior over other polymers as depicted in 
previous work [20]. 

3.5. Amperometric detection,(ftow il~/ection 
analysis o f  test substances 

Amperometric measurements under flow injec- 
tions or liquid chromatographic conditions are 
particularly beneficial since the fouling problems 
are not as severe as in batch experiments, because 
of small amount of product that is generated. 
This is especially true for works at low concentra- 
tions. 

Flow injection analyses of catechol, ascorbic 
acid, dopamine, epinephrine, p-aminophenol, hy- 
droquinone and acetaminophen were performed 
using S6rensen buffer as mobile phase, 20 gl of 
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each test substance having concentration levels of 
1-100 ppm with 10 ppm increments were injected 
and current signals were measured from the 
recorded peak heights. Working electrode poten- 

tial for each substance was set at a value that was 
slightly above the anodic peak potentials of each 
compounds shown for the polymer electrodes in 
flow injection analysis responses. 
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Fig. 5. Flow injection-amperometric detection at PMT electrode, i :  p-aminophenol ,  A: catechol, o: hydroquinone,  + :  ac- 
etaminophene,  • ascorbic acid, O: dopamine and V: epinephrine. Sample size, 20 ml; mobile phase, S6rensen buffer (pH = 6.9); 
flow rate, 0.229 ml r a in -  ~. Working electrode potential, 0.400 V. 

Fig. 4 shows the calibration curves for hy- 
droquinone and ascorbic acid obtained on poly- 
mer electrodes and platinum electrodes. Current 
responses at polymer electrodes were 5-15 times 
higher (depending on analyte type) than those 
obtained on platinum, and excellent linearity was 
observed for all of the substances for the concen- 
tration range studied. For the estimation of de- 
tection limits 1, 10 and 100 ppb solutions of 
respective test substances were injected and the 
concentration, which produced a current signal 
with a magnitude at least 2-5 times as high as 
the signal that is caused by the injection of 
buffer itself is accepted as a practical limit for 
detectability. Fig. 5 shows the calibration curves 
for these compounds on PMT. Detection limits 
estimated from the procedure described above 
were 10 ppb for catechol, hydroquinone, do- 
pamine, epinephrine, p-aminophenol, ascorbic 
acid, 5 ppb for acetaminophen and 20 ppb for 
p-aminophenol. 

4. Conclusions 

In this work, we compared the electrochemical 
behavior of some organic and biological molecules 
at different conducting polymer electrodes. The 
electrodes were prepared under similar conditions, 
the results showed that the three polymers studied 
exhibited improved electrocatalytic activity when 
compared Au or Pt disk electrode. 

In the flow injection analysis, with increasing 
molecular weight of analyte molecules was to 
observe decreased peak heights. 

However, the PMT electrode showed better re- 
versibilty and stability over the other polymers 
studied. The use of polymer electrodes in flow 
injection analysis proved to be superior the use of 
Pt. PMT electrode showed to be stable and more 
sensitive than Pt. The detection limits obtained 
using the PMT electrode were as low as 0.1-0.2 ng 
ml--~. This polymer electrode showed promising 
results for the resistance surface active agents. 
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Abstract 

For the fundamental study on the development of novel extractants, extraction behavior of divalent first row 
transition metals such as manganese, nickel, copper and zinc was studied with using N,N'-bis(2-hydroxyphenyl- 
methyl)-N,N'-bis(2-pyridylmethyl)-l,2-ethanediamine (H2bbpen) and its derivatives as extractants. From the numeri- 
cal analysis of the intricate extraction behavior of the metals, it was found that they were extracted into chloroform 
not only as uncharged chelate complexes but also as ion-pairs of charged complexes with a counter anion in aqueous 
solution. In other words, these ligands seemed to act not only as divalent hexadentate extractants but also as 
monovalent tri- or tetra dentate ligands, forming positively charged complexes. Furthermore, the order of the 
extractabilities between the metals did not coincide with the Irving-Williams series of stability because of the 'cavity 
size' in the ligands and the structural rigidity of them. :D 1997 Elsevier Science B.V. 

Keywords: Chelate extraction; Ion-pair extraction; N,N'-bis(2-hydroxyphenylmethyl)-N,N'-bis(2-pyridylmethyl)-l,2- 
ethanediamine; The first row transition metals 

1. Introduction 

Solvent  ex t rac t ion  [1 4] is a very effective 
m e t h o d  for  the separa t ion  of  meta l  species in 

* Corresponding author. Fax: + 81 762 645742. 
Present address: Department of Polar Science, The Gradu- 

ate University for Advanced Studies, Kaga. ltabashi, Tokyo 
173, Japan. 

solut ions  and a lot  of  ex t rac t ion  systems have 
been deve loped  for the separa t ion ,  the concent ra -  
t ion and  the selective de te rmina t ion  o f  many  
kinds  o f  meta l  ions. As  the m e t h o d  has opera-  
t ional  convenience and needs no specific instru-  
ment,  it is also very effective for ana lyz ing  some 
complexa t ion  reac t ions  in aqueous  solut ions.  

The  c o m p o u n d  N ,N ' -b i s (2 -hydroxypheny l -  
methyl ) -  N , N ' - b i s ( 2 - p y r i d y l m e t h y l ) -  1 ,2 -e thaned i -  

0039-9140/97'$17.00 ~C~ 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(96)02200-X 
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amine (H2bbpen) [5,6] is a divalent hexadentate 
ligand having amine nitrogen, pyridine nitrogen 
and phenolate oxygen donor atoms. This ligand 
has been reported as models for manganese- [6], 
vanadium- [5,7,8] and ruthenium-containing [9] 
metalloenzymes. Furthermore, the coordination 
structures of gallium(lII) and indium(III) [10,11] 
complexes with the derivatives of the ligand have 
been studied. These researches, however, were 
performed without focusing the complexation reac- 
tions in solution. 

In the previous study, we investigated extraction 
behavior of lanthanoids(III) with H2bbpen and 
fl-diketones and it was found that the structural 
rigidity of H2bbpen leads to strict size recognition 
of lanthanoids [12]. However, the complexation 
reactions between divalent metals and these ligands 
have not been investigated in spite that the forma- 
tion of neutral complexes is expected. 

In this study, we investigated extraction be- 
havior of divalent first row transition metals 
into chloroform with Hzbbpen and its deriva- 
tives, N,N'-bis(5-bromo-2-hydroxyphenylmethyl)- 
N,N'-bis(2-pyridylmethyl)- l ,2-ethanediamine (H 2- 
Brbbpen), N,N'-bis(5-chloro-2-hydroxyphenyl- 
methyl)- N,N'-bis(2-pyridylmethyl)- 1,2-ethanedia- 
mine (H2Clbbpen) and N,N'-bis(3,5-dichloro-2-hy- 
droxyphenylmethyl) - N,N '  - bis(2 - pyridylmethyl) - 
1,2-ethanediamine (H2dClbbpen), as fundamental 
approach for the development of novel extractants. 
The structures of these ligands are shown in Fig. 
1. As a result, it was found that, in the extraction 

R I ~ ; H  R 2 7 ~  R1 

Fig. 1. Structure of the ligands used in this study. R~ = R 2 = 
H, Hzbbpen; R~ = Br and R2 = H, H2Brbbpen; R~ = CI and 
R 2 = H, H2Clbbpen; R I = R 2 = CI, H2dClbbpen. 

system, these ligands act not only as divalent 
hexadentate extractants but also possibly as mono- 
valent tri- or tetra-dentate ligands, forming posi- 
tively charged complex. Furthermore, the rigid 
structure of them influenced the extraction behavior. 

2. Experimental 

2.1. Reagents 

The syntheses of H2bbpen, H2Brbbpen, 
H2Clbbpen and H2dClbbpen were performed ac- 
cording to the methods of Neves et al. [6] and 
Wong et al. [10]. All other chemicals were reagent- 
grade materials and distilled deionized water was 
used throughout. 

2.2. Distribution o f  the metals 

The distribution of metal ions were studied as 
follows: in a 30 cm 3 centrifuge tube, an aliquot of 
chloroform (10 cm 3) containing 1 x 10 -2 M of a 
ligand (H2L) and equal volume of an aqueous 
phase containing 1 x 10-4 M of M 2 + (M = Mn, 
Fe, Co, Ni, Cu and Zn), 1 x 10-~ M of sodium 
nitrate or perchlorate and 1 x 10 - 2 M of the buffer 
(chloroacetic acid (2 .0<pH <4.0), acetic acid 
(3.5 < pH < 6.0), 2-(N-morpholino)ethane-sul- 
fonic acid (MES, 5.5 <pH<7 .0 ) ,  N-(2-ac- 
etamido)-2-aminoethanesulfonic acid (ACES, 6.0 < 
pH < 7.5), 3-(N-morpholino)propanesulfonic acid 
(MOPS, 6.5 < pH < 7.9), 3-[4-(2-hydroxyethyl)-l- 
piperazinyl]propanesulfonic acid (EPPS, 7.5< 
pH < 8.5), N-tris(hydroxymethyl)methyl-3-amino- 
propanesulfonic acid (TAPS, 7.7 < pH < 9.1), 2- 
(cyclohexylamino)ethanesulfonic acid (CHES, 
8.6 < pH < 10.0), or 3-(cyclohexylamino)propane- 
sulfonic acid (CAPS, 9 .5<pH<10.0))  were 
shaken at 25 +1 °C for 12-72 h. After the two 
phases were separated by centrifugation, pH and 
the metal concentration in the aqueous phase were 
determined with a Hitachi-Horiba F-12 pH meter 
and a Shimadzu ICPS-1000 III inductively coupled 
argon plasma spectrometer. In addition, it was 
established that all of used buffers has no influence 
on the extraction judged from the obtained smooth 
extraction curves. 
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Fig. 2. Plots of the extracted percentages (%E) of some 
divalent transition metals as a function of the aqueous phase 
pH equilibrated with organic phase (chloroform) in H2bbpen- 
NaNO 3 (A) and H2bbpen-NaClO 4 (B) systems. Initial con- 
centrations were 1 x 10 3 M for H2bbpen in chloroform and 
1 x 10 i M for NaNO 3 or NaC104 in aqueous phase. ~ ,  
Mn-~+; C), NiZ+; El, Cu2+; V, Zn 2+. 

Linear and non-linear least-squares fits to ob- 
tain the equilibrium constants were performed 
using an Apple model Power Macintosh 8100/80 
personal computer system and a Delta Point 
model Delta Graph Pro Ver.3.5 data analysis 
software package. 

3. Results and discussion 

3.1. Extraction behavior of  divalent first row 
transition metal ions 

The extracted percentages (%E) of Mn 2+, 
Ni 2+, C u  2+ and Zn 2+ in H2bbpen-NaNO 3 and 
Hzbbpen-NaC104 systems were plotted as a func- 
tion of the aqueous phase pH in Fig. 2. The %E 
became constant with shaking for more than 6 h 
for Mn 2+ and Zn 2+ and 60 h for Ni 2+ and 
Cu 2+ in all of H2L-NaX ( X - = N O  3- or 
C104 ) systems investigated. The relationship be- 
tween %E and pH was not simple and the result 
suggested that plural kinds of the complexes were 
extracted. (The extraction behavior of Fe 2 + and 
Co 2 + was more complicated possibly because the 
extraction reaction was accompanied with the ir- 
reversible oxidation process of these metals to 

1 OO < 

o v o 
, 70  v 

- 1  I I 

-5 -4 -3 -2 
log Co(HzClbbpen) 

Fig. 3. Plots of the logarithmic distribution ratios (log D) of 
some divalent transition metals as a function of the concentra- 
tion of HzClbbpen in H2Clbbpen N a C I Q  system at a fixed 
equilibrium pH. The value of [C104] was 1 x 10 - I  M. O, 
Mn 2+ (pH 6.9); 7), Ni 2+ (pH 2.1); V, Zn 2+ (pH 3.7). 

trivalent species. Therefore, further study con- 
cerning Fe 2 + and Co 2 + was not performed). 

The extractability of these metals, except for 
Mn 2+, in HzL-NaC104 system was higher than 
that in H2L-NaNO3 system at lower pH region. 
This phenomenon means the extracted species at 
the pH region is an ion-pair of a positively 
charged metal complex with X . 

To analyze the composition of these extracted 
species, the values of the logarithmic distribution 
ratios (log D) of these metals were plotted as a 
function of the logarithmic equilibrated concen- 
trations ([H2L]o) of H2L in the organic phase, 
where subscript '0' means organic phase, or the 
aqueous phase pH. (From very high hydrophobic- 
ity of H2L [12], [H2L]o can be regarded as equal to 
initial concentration of HzL in organic phase.) 
Fig. 3 and Fig. 4 show the plots in HzClbbpen- 
NaC104 or HzClbbpen-NaNO 3 system as exam- 
ples. As shown in Fig. 3, all of the plots of log D 
versus log[H2L]o gave straight line with slope close 
to 1 (the obtained slopes ranged from 0.8 to 1.0), 
which means that the extracted species is obtained 
by the reaction between one M 2 + cation and one 
H2L molecule. To the contrary, as shown in Fig. 
4, the plots of log D versus pH gave several kinds 
of curves. To put it concretely, the plots were 
grouped into the following four classes: 

(i) straight line with slope -~ 1, 
(ii) straight line with slope ~-2, 

(iii) curve with increasing slope from 1 to 2, 
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Fig. 4. Plots of  the log D of  some divalent transit ion metals as 
a function of  the equilibrium pH in H 2 C l b b p e n - N a N O  3 sys- 
tem. The values of  [H2Clbbpen] o and [NO 3 ] were 1 x l0 - 3  
M and 1 x 10 i M, respectively. ~ ,  Mn2+;  C), Ni2+;  UA, 
Cu 2 +;  V,  Zn 2 +. Solid curves were obtained by a non-l inear 

least-squares fit. 

(iv) zigzag curve having two slope - 1 regions. 
For example, Mn 2 +, Ni 2 +, Cu 2 + and Zn 2 + in 

Fig. 4 were classified as (ii), (iv), (iv) and (iii), 
respectively. The overview of each plot is summa- 
rized in Table 1. From the results, it was consid- 
ered that one or two protons are released by the 
extraction reactions. The extraction mechanism is 
detailed in the following section. 

Table 1 
Overview of  the logD versus pH plot in M2+-H2L-NaX ex- 
traction system 

H~L H:bbpen H2Brbbpen H2Clbbpen H2dCIbbpen 

M-~ _ Mn2+ 

X - N O  3 (ii) (ii) (ii) (ii) 
X = C104 (ii) 0i) (ii) (ii) 

M 2 ~ _ Ni 2 , 

X = NO 3 (iv) (iv) (iv) (iv) 
X = CIO4 (iv) (iv) (iv) (iv) 

M e ~ _ Cu 2 

X - NO~ (iv) (iv) (iv) (iv) 
X = CIO4 (i) (iv) (i) (iv) 

M 2 + = Zn 2 

X = NO3 (iii) (iv) (iii) (iv) 
X - C I Q  (i) (iv) (i) (iv) 

(i), straight line with slope -~ 1. 
(ii), straight line with slope _~ 2. 
(iii), curve with increasing slope f rom 1 to 2. 
(iv), zigzag curve having two slope ~- 1 regions. 

i Aqueous Phase] 

+H + +M 2+ 
L 2- ~ HL- ~ MHL + 

-M 2+ +M 2+ +X -H + +H ÷ -X 

+H* 
(ML) H2L ~ H3L +. •. (MHL+X -) 

w 1L 
ML H2L MHL+X 

[Organic (Chloroform) Phase] 

Fig. 5. Equilibria existing in the M 2 + H2L NaX extraction 
systems. The existence of  ML and M H L + X  in aqueous  
phase was negligible in this study. 

3.2. Determination of  extraction constants 

To interpret the intricate extraction behaviors 
mentioned above, we considered the chemical 
equilibria shown in Fig. 5. Since distribution be- 
havior of Hzbbpen into NaC104 solution was the 
same as that into NaNO3 solution, the extraction 
of an ion-pair of  the protonated ligand with a 
counter anion, such as H3L +X was negligible in 
the system. 

In practice, the ligand H2L acts as divalent 
hexadentate ligand (L 2 ). However, as reported 
previously [12], the acid dissociation constants of 
H2bbpen in aqueous solution, defined as 

K ~=[H +] [H 6  tbbpen (4 i)+]/[H 7 jbbpen 15-il+] 

(1 <i_<6)  (1) 

were determined as pK~t <<2, pKa2<<2, pK~3 = 
3.35, pKa4 = 6.08 and pKa5 + p K a 6  = 24.4 and the 
logarithmic distribution constant (log KD) be- 
tween chloroform and aqueous phases were 5.12. 
(The other ligands seem to have similar pKai and 
log KD values). Furthermore, Schwingel et al. [13] 
reported the pK~ values of  H2bbpen in 70% (v/v) 
ethanol as pK~t3 = 3.11, pKa4 = 5.99, pK,5 = 12.00 
and pKa6 = 13.26. These values show the high 
hydrophobicity of H2L and the hard dissociability 
of phenolic proton in H2L by the formation of 
six-membered ring including hydrogen bond. It 
was considered that, in relatively acidic condition, 
H2L can act as monovalent tridentate (or tetra- 
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dentate) ligand ( H L - )  and form the charged 
complex (MHL +) with M 2 + ,  having hydropho- 
bicity enough to be extracted into chloroform as 
the ion-pair ( M H L + X  - ). In this case, it is pre- 
sumed that one phenolate-O, one amine-N and 
one (or two) pyridine-N atoms coordinate to 
m 2+  . 

On considering the equilibria shown in Fig. 5, 
D is expressed as follows: 

D = ([MHL ~X ]o + [ME]o)~([ m2+] + [MHL+]) 

= (K~x" MHLx[H2L]o[X ] / [H-]  

+ K~x. MdH2L]o/[H + ]2) 

/(1 + fl'MHL[H2L]o/[H + ]) (2) 

where K~, ML means the chelate extraction con- 
stant of the following reaction: 

M 2+ + HzL, ,~  MLo + 2H + (3) 

K~.ML = [ML]o[H + ]2/[M2 + ][H2L]o (4) 

K~.MHL x means the ion-pair extraction constant 
of the following reaction: 

M e+ + H 2 L , , + X  a M H L + X o  + H  + (5) 

K~x. MHLX = [MHL +X ],,[H+]/[M2+][H2L]o[ X `  ] 
(6) 

and fl~HC means the equilibrium constant of the 
following charged complex formation reaction: 

M 2+ + H 2 L  o ~ M H L  + + H  + (7) 

fl MilL = [MHL + ][H + ]/[M 2 + ][H2L]o (8) 

Eq. (2) reproduces the (iv)-type log D versus pH 
plot with experimentally determined values of 

Kex,ML, K~x,MHL x and /]~¢IHL" 

In the case that [MHL +] is negligible, Eq. (2) 
can be transformed as 

D = ([MHL +X lo + [ML]o)/[ M2+] 

= K e x . M H L x [ H 2 L ] o [ X  " ]/[H +] 

+ K~.MI.[H2L]o/[H + ]2 (9) 

and the (iii)-type log D versus pH plot can be 
analyzed numerically by using Eq. (9). Further- 
more, the (i) and (ii)-type log D versus pH plots 
can be interpreted by considering simple ion-pair 
extraction system shown in Eq. (5) and simple 

chelate extraction system in Eq. (3), respectively. 
In these cases, Eq. (2) can be transformed as 

D = [MHL + X-  ]o/[M 2+ ] 

= Kcx.MHLx[H2L]o[X ~ ]/[H + ] (10) 

and 

D = [ML]o/[M 2+ ] = K~×.M,.[H2L]o/[H +] e (11) 

respectively. 
The equilibrium constants of KcK.ML, Kex,MHLX 

and flMm values were obtained from log D versus 
pH plots by a non-linear least-squares fit using 
Eq. (2), Eq. (9), Eq. (10) or Eq. (11). These 
obtained values are listed in Table 2. Since the 
values of stability constants of M(OH) + a r e  10 3"4, 

104~, 1063 and 10 s° for M = Mn, Ni, Cu and Zn, 
respectively [14], the hydrolysis of the M 2+ w a s  

negligible at pH < 6 for Cu 2 + and pH < 8 for the 
others. 

The solid curves in Fig. 4 were obtained from 
the fits. All of the experimental data was repro- 
duced accurately by the curves. (In all cases stud- 
ied, correlation coefficients were more than 0.98). 
The results shows the extraction model mentioned 
above is suitable for the extraction system in this 
paper. 

In the chelate extraction, the order of K~x.ML on 
a fixed HzL was about M n < C u < Z n < N i ,  
which differs from the Irving-Williams series of 
stability, Mn < Ni < Cu > Zn. Previously, it was 
suggested that the 'cavity' formed by the two 
pyridylmethyl and the two hydroxyphenylmethyl 
groups in H2L is suitable for metal ions having 
ionic radii of ~ 60 80 pm [10]. The six-coordi- 
nate ionic radii of Mn 2 +, Ni 2 ~, Cu 2- and an  2 + 
are 83.0, 69.0, 73.0 and 74.0 pm, respectively [15] 
and the above-mentioned order seems to show the 
size recognition effect of these ligands. The result 
shows one possibility that a polydentate ligand 
having structural rigidity acts as high-selective 
extractant originated from its size recognition 
ability similar to crown ethers or calixarenes. In 
addition, the order Cu < Zn is possibly caused by 
Jahn-Teller distortion of divalent six-coordinate 
Cu complex. 

On the formation of charged complex MH L +, 
the order of flMnL was Ni > Cu. When H2L acts 
as monovalent tridentate (or tetradentate) ligand, 
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Fig. 6. Comparison between %E-pH plots for divalent zinc m 
several H2L-NaNO 3 systems. Initial concentrations were 1 x 
10 -3  M for H2L in chloroform and 1 x 10 -1 M for NaNO3 

in aqueous phase. H2L=Hzbbpen  (D), H2Brbbpen (A), 
H2CIbbpen ((3) and H2dClbbpen (V). Curves were obtained 
by a non-linear least-squares fit. 

Table 2 
Determined equilibrium constants (25°C, I =  0.1) 

H2L H2bbpen H2Brbbpen H2Clbbpen H2dClbbpen 

M 2 + = Mn 2+ 

log Kax,ML -- 11.77 - 11.41 - 10.65 - 10.91 

M 2 ~ = Ni 2+ 

log K~x,ML --6.74 --9.34 --4.07 --7.18 

log Kex,M HL X 
X = NO:~ -0.42 -0.50 1.32 0.14 
X = CIO4 1.42 1.32 2.34 0.47 

Iog/]~IHL --0.58 0.73 0.76 --0.28 

M 2+ = C u  2+ 

log K~x.ML -- 10.01 b --8.37 --6.55 b -- 10.75 

log gex.M H L X 
X = NO 3 - 1.34 - 0.06 0.26 - 1.15 
X = C10 4 0.22 0.90 1.63 -0.64 

log fl~tHL --2.32 b --0.96 --1.44 b --2.71 

M 2~ = Zn 2 

IogK~.ML --8.97 b --7.51 --6.26" --10.21 

log K~.MHL x 
X =NO~ - I .17  -0.64 -0.51 -0.97 
X = C104 0.33 0.69 0.42 -0.90 

log fl~IHL N.D. - 1.53 N.D. - 1.78 

N.D., not determined. 
" The mean of the values in M2+-H2 L NaNO 3 and M 2+ 
H2L-NaCIO 4 systems (the difference between them is less 
than 0.2.). 
b The value in M 2+ H2L-NaNO 3 system. 

the coordination number of acceptor M 2 + seems 
to be four. On forming square-planer complex of 
Cu 2 + with HL , the complex is possibly instabi- 
lized by the steric distortion of the ligand for the 
formation of phenolate-O-amine-N-pyridine-N- 
M plane. 

3.3. Effect of substituent on the extractability 

Fig. 6 shows comparison between %E-pH 
plots for divalent zinc in several H2L-NaNO 3 
systems as an example. Whether X -  was NO3 
or C104-, the order of extractability for a metal 
was about Hzbbpen-NaX<HzBrbbpen-NaX< 
H2Clbbpen-NaX > H2dClbbpen-NaX. Also the 
orders of Kex,ML, Kex,MHL x and flMHL shown in 
Table 2 were almost the same manner. The order 
H2bbpen-NaX < H2Brbbpen-NaX < H2Clbbpen- 
NaX corresponded to that of the ability of the 
release of phenolic proton in H2L, which is nec- 
essary step for the formation of ML. The relative 
low extractability in H2dClbbpen-NaX system 
was possibly originated from the steric hindrance 
by o-C1 substituent on the phenolic group. 
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Abstract 

Total phosphorus in five soils with different compositions which were obtained from different places were extracted 
by using NazCO 3 fusion, HC10 4 digestion, HCIO 4 + HNO 3 digestion, HF + HC104 digestion or NaOBr oxidation 
methods. In order to test the suitability of the HF + HC104 digestion the results obtained by this method were 
compared with the others above, especially the NazCO 3 fusion which is accepted as a standard method. The 
phosphorus amount found with the HF + HC104 digestion method were almost the same as the phosphorus amount 
by the Na2CO3 fusion method, while the superiority in extracting phosphorus when compared to other methods were 
obvious. The methods used in the study were evaluated according to the recovery of total phosphorus, ease of 
application and rapidity with which they were performed. Orthophosphate in the soil extracts was determined by the 
molybdenum blue colour method. The relationships between methods are examined statistically. © 1997 Elsevier 
Science B.V. 

Keywords: Phosphorus extraction; Soil analysis; Spectrophotometry; Total phosphorus 

I. Introduction 

The determination of total phosphorus in soils 
is very important  for agricultural studies. It is 
important  to know the phosphorus status of  soil 
for predicting the need to apply phosphatic fertil- 
izers. The determination of total phosphorus in 
soils involves extraction of solubilized inorganic 
phosphorus and mineralized organic phosphorus 
and subsequent determination of orthophosphate 

* Corresponding author. 

in the extracts of  soils. The Na2CO 3 fusion proce- 
dure is relatively lengthy and also requires consid- 
erable technical skill [1]. Perchloric acid digestion 
procedures are more amenable to routine estima- 
tion of  total phosphorus in a large number of  soil 
samples. However, these digestions are conducted 
commonly in either semimicro-Kjeldahl  flasks [2] 
or tubes using the aluminum digestion block [1]. 
Of  these, the Na2CO3 fusion and HCIO 4 diges- 
tion methods as described in 'Methods of Soil 
Analysis' Part 2 are the recognized standards [3]. 
Dick and Tabatabai  used an alkaline hypobromite  

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PI1 S0039-9140(97)00014-3 
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(NaOBr) oxidation, thereby eliminating the po- 
tential for explosions with hot HC10 4 oxidations 
[4]. 

Orphanos studied the extraction of phosphorus 
from the five major types of Cyprus soils ranging 
in CaCO 3 content from 0 to 71% using the water 
and bicarbonate methods. Bicarbonate extracted 
more phosphorus from the highly calcareous soil 
and less phosphorus from the igneous soil relative 
to the water method [5]. A potassium persulfate- 
sulfuric acid autoclave digestion was used to de- 
termine phosphorus in 10-50 mg soil and 
sediment samples by Nelson [6]. This safe, conve- 
nient digestion method released a larger fraction 
of the phosphorus than that released by the haz- 
ardous HCIO 4 digestion method. A rapid and 
precise extraction procedure was developed in 
which sequential additions of concentrated 
H2SO 4, H202, and HF were made to soil samples 
[7]. Although this method is more quantitative 
than the HC104 method, it is not easily used with 
a large number of samples because of the need to 
use teflon beakers instead of the calibrated glass 
tubes used with block digestion. Digestion with 
HC10 4 has been shown to give low results unless 
the digestion mixture contains HF to ensure de- 
struction of silicates containing phosphatic min- 
eral inclusions [1,8]. 

Schoenau and Huang evaluated and compared 
the following available P indices as to their ability 
to predict P availability and suitability for routine 
testing: a novel anion-exchange membrane (AEM) 
technique, water extraction and 0.5 M NaHCO3 
(pH 8.5) extractable total and inorganic P. They 
found that these methods showed identical abili- 
ties of the tests to predict soil P availability in the 
range of soils examined and that in testing for P 
alone, AEM was considered superior to the other 
methods due to low cost, simplicity, independence 
of soil type and high correlation with plant up- 
take [9]. Cihacek and Lizotte studied the use of an 
A1 digestion block for the alkaline oxidation 
method for routine analysis of large numbers of 
soils. They claimed that using an A1 digestion 
block for NaOBr NaOH oxidation of soils for 
total P determination allows for a simple, precise 
alternative to sand bath digestion and to poten- 
tially hazardous HCIO4 procedures [10]. 

In this work the results from the different meth- 
ods used in the determination of total phosphorus 
in soils were examined. The HF + HC104 diges- 
tion method was not more rapid than other meth- 
ods but extracted phosphorus amounts were 
found to be larger than others and there was not 
any significant difference in terms of precision 
accuracy. 

2. Experimental 

2. I. Reagents 

All the following chemicals were made of 
Merck. 

(1) Dissolved 15 g of ammonium molybdate in 
300 ml of distilled water. Added to 290 ml con- 
centrated H2SO 4 and diluted to l 1 in a calibrated 
flask. 

(2) Dissolved 17.5 g of stannous chloride in 125 
ml glycerine and diluted to 250 ml in a calibrated 
flask. 

(3) A 0.4393 g amount of potassium dihydro- 
gen orthophosphate (KH2PO4) was dissolved in 
water and diluted to 1 1 in a calibrated flask. 
Standard working solutions were prepared by di- 
luting the above stock solutions. 

(4) Dissolved 60 g of ascorbic acid, 100 mg 
ethylene diaminetetra acetate (Na2EDTA) and 4 g 
of formic acid in distilled water and completed to 
1 1 with distilled water. 

(5) Reducing agent: the reducing agent was 
prepared by mixing 5 ml of (4) 5 ml of (2) and 10 
ml concentrated H2SO4. 

(6) NaOBr solution: prepare this reagent imme- 
diately before use by adding 3 ml of bromine 
slowly (approximately 0.5 ml min ~), and with 
constant stirring, to 100 ml of 2 M NaOH. The 
NaOBr solution must be prepared in a fume 
hood, because bromine is very toxic. 

2.2. Procedure 

Calibration: blank solutions were prepared for 
all the methods and 1 ml of which were added 
into 50 ml calibrated flasks. For the standard 
working solutions, dilute 25 ml of the standard P 



D. Kara et al./  Talanta 44 (1997) 2027 2032 2029 

stock solution to 1000 ml with distilled water and 
mix the solution thoroughly. Then pipette 0.0, 1.0, 
2.0, 3.0, 4.0, 5.0, 6.0 ml aliquots of this standard 
working solution into 50 ml calibrated flasks. 
Then add 2 ml of reagent (1) and 35 40 ml of 
distilled water. Add 2 -3  drops of (5) and diluted 
to 50 ml. The pH of these solutions are approxi- 
mately 3. After 7 min the absorbance of each 
solution was measured by using a Hitachi Model 
100-20 UV-VIS spectrophotometer with 1 cm cell 
at 660 nm against a reagent blank and a calibra- 
tion curve (absorbance versus concentration) was 
plotted. 

2.3. Preparation o f  sample solution 

The Na2CO 3 fusion method [11]: place 1 g of 
NazCO3 in a platinum crucible and add 0.8-1.0 g 
of soil sample and then 4 g of Na2CO 3 and cover 
the upper of the crucible content with 1 g of 
Na2CO 3. The fusion was continued in an electrical 
furnace for 60 min. The remainder was dissolved 
with H2SO4 and evaporated to dryness. Then the 
remainder was dissolved with distilled water, 
filtrated and diluted to 250 ml. 

The HC104 digestion method [11]: place 0.2 g 
of soil sample in a Kjeldahl flask and add 3 ml of 
60"/0, d: 1.54 g ml 1 HC104. Place it in sand bath 
and digest the sample at 203°C for 75 min. The 
digest was cooled, filtrated and diluted to 100 ml 
in a calibrated flask. However this method is 
worked with the tubes in the aluminum block 
which contained holes in which test tubes and a 
termometer are placed. 

The HNO 3 + HCIO 4 digestion method: place 
0.2 g of soil sample in a Kjeldahl flask and add 1 
ml of 65%, d: 1.4 g ml -  ~ HNO3. Place it ill sand 
bath and heat the flask until its content was 
evaporated to dryness. Then add 3 ml of 60% d: 
1.54 g ml 1 HCIO 4 and digest the sample at 
203°C for 60 min. The digest was cooled, filtrated 
and diluted to 100 ml in a calibrated flask. How- 
ever this method was worked with the tubes in the 
aluminum block which contained holes in which 
test tubes and a termometer are placed. 

The HF + HC104 digestion method: place 0.2 g 
of soil sample in a platinum crucible and add 1-2 
ml of 45%, d: 1.14 g ml 1 HF and evaporate to 

dryness. Weight the crucible, again digest with 
HF until constant weight. Then add 3 ml of 60%, 
d: 1.54 g ml t HC104 and digest for 60 rain. The 
digest was cooled, filtrated and diluted to 100 ml 
in a calibrated flask. 

The NaOBr oxidation digestion method [4]: 
place 0.2 g of soil sample in a Kjeldahl flask and 
add 3 ml of the NaOBr solution. Place it in a sand 
bath and heat the flask until its content was 
evaporated to dryness and continue heating for an 
additional 30 min. Remove the flask from the 
sand bath, allow it to cool for about 5 min, add 4 
ml of distilled water and 1 ml of formic acid, mix 
the contents and then add 25 ml of 1 N H2SO 4. 
Filtrate the content and dilute to 100 ml. How- 
ever, this method was worked with the tubes in 
the aluminum digestion block which contained 
holes in which test tubes and a termometer are 
placed. 

Determination of orthophosphate in soil ex- 
tracts: for the determination of phosphorus in 
samples solutions, add 1 ml of the sample into a 
calibrated flask. Add 2 ml of (1) and 10-15 ml of 
distilled water and bring the solution to pH 3 by 
checking with 2,4 dinitrophenol indicator. Add 
2 -3  drops of the reducing agent and dilute to 50 
ml. The absorbance of the solution was measured. 

3. Results and discussion 

The results obtained from the methods used for 
five different soil samples are shown in Table 1. 
As seen total phosphorus values obtained by 
HF + HC104 digestion method were essentially a 
bit greater than those obtained by Na2CO 3 fusion. 
The more phosphorus was recovered from soils 
digested by the NazCO 3 fusion method than by 
the conventional HC104 method [1,8,12]. This 
also was found to be the case in this study (Table 
1). For the HF + HC104 method, efficiency in 
recovery was greatest for the sample II, which has 
the highest organic phosphorus content. 

The comparison of  the phosphorus contents of 
five soils samples obtained by different extracting 
methods were made by using t-test [13]. 

The test results shown in Table 2 indicate that 
there is a significant difference between the HF + 
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Table 3 
Selected chemical properties of tested soils 

2031 

Soil No. Sand % Clay % Silt % Organic C % pH CaCO~ % 

t 80.5 6.2 3.9 5.77 6.48 0.2 
II 18.1 72.6 9.7 12.13 7.50 8.0 
III 44.8 36.0 19.2 7.87 .... 
IV 29.8 37.2 33.0 -- 7.80 26.4 
V 26.9 33.2 39.9 1.74 7.30 

HC10 4 digestion and the NazCO 3 fusion meth- 
ods for only sample II, while there are signifi- 
cant differences for sample II and III  by 
comparing H F + H C 1 0 4  digestion with other 
methods. There was no significant difference be- 
tween the methods for other three samples. I f  
we consider the high clay and organic content 
of  the sample II, the fact that higher phospho- 
rus values were extracted by the HF  + HCIO4 
methods shows that this extraction method may 
be more suitable for this kind of  soils. 

The equations of  the straight lines obtained 
by plotting the total phosphorus amounts by the 
H F  + HCIO 4 digestion against that of  by other 
methods and relevant correlation coefficients can 
be given as following. 

PHF + HCIO 4 = 1.014PN~ CO~ -- 0.2914 r = 0.9991 
2 . 

PHV + HClO4 = l'0096PHclO 4 -- 3.5400 (in tube) 

r = 0.9995 

PHV + HCIO~ = 1.0202PHclO 4 + 3.1866 (in flask) 

r = 0.9987 

PHV + HCIO~ = 1.0109PHNo3 + HCtO4 + 3.4310 (in tube) 

r = 0.9978 

PHV + HC'IO 4 = 1.0134PHNo~ + HCIO 4 + 3.3946 (in flask) 

r = 0.9981 

PHF + HCIO 4 = 0"9976PN,oBr + 4.7880 (in tube) 

r = 0.9991 

PHV + HCIO 4 = 1.0018PNaoB r + 4.9575 (in flask) 

r = 0.9978 

These equations give what amount  of  total 
phosphorus found by the HF  + H C I Q  digestion 
method can be determined by other extraction 
methods. I f  two results by two methods had 
been equal, the slope of the line would have 
been equal to 1, the intersection 0 and r =  1. 
According to these equations the HF  + HC1Oa 
digestion method is the best fitted method with 
the Na2CO3 fusion method, Table 3. 

The interferences from silica was hindered by 
evaporating the silica in these two methods each 
of these methods gives higher total phosphorus 
amount  than those obtained by the other meth- 
ods. When worked in tubes and Kjeldahl flasks 
with HC104 digestion, H N O  3 + HCIO 4 digestion 
and NaOBr oxidation methods, it was observed 
according to t-test that there was no significant 
difference between the methods, however the 
time required when worked in tubes were 
shorter than in Kjeldahl flasks. 

The good precision of the method described is 
illustrated by Table 4, which gives the average 
results of  three independent determinations, 
which were selected by Q-test [13] among a 
number of replicated analysis. The total phos- 
phorus values of  these samples ranged from 
226.3 to 68.7 mg P 100 g - i  soil and the coeffi- 
cient of  variation ranged 0.84-3.1%. 

The fact that higher phosphorus amounts can 
be extracted and that interference effects of  sil- 
ica can completely be prevented may be men- 
tioned as advantages of the H F + H C I O  a 
digestion method and therefore this extrac- 
tion procedure may be selected in quantitative 
studies. 
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Table 4 
Precision of HF+HCIO4 digestion for total phosphorus in soils (results are the averages of three independent determinations) 

Soil No. Average (x) Range (w) Standard deviation Coefficient of variation 
mg P 100g ~ soil mg P 100g ~ soil P 100g-~ soil 

I 226.30 223.8 -229.8 3.12 1.38 
II 176.60 174.8-180.3 3.24 1.84 
III 120.80 119.7 121.7 1.02 0.84 
IV 86.16 85.02 87.03 0.98 1.14 
V 68.70 69.0-71.4 2.13 3.10 
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Abstract 

A promising way of increasing the selectivity and sensitivity of gas sensors is to treat the signals from a number 
of different gas sensors with pattern recognition (PR) method. A gas sensor array with seven piezoelectric crystals 
each coated with a different partially selective coating material was constructed to identify four kinds of combustible 
materials which generate smoke containing different components. The signals from the sensors were analyzed with 
both conventional multivariate analysis, stepwise discriminant analysis (SDA), and artificial neural networks (ANN) 
models. The results show that the predictions were even better with ANN models. In our experiment, we have 
reported a new method for training data selection, 'training set stepwise expending method' to solve the problem that 
the network can not converge at the beginning of the training. We also discussed how the parameters of neural 
networks, learning rate q, momentum term ~ and few bad training data affect the performance of neural networks. 
© 1997 Elsevier Science B.V. 

Keywords: Artificial neural networks (ANN): Piezoelectric crystal sensor array; Stepwise discriminant analysis (SDA) 

1. Introduction 

Potentially, piezoelectric detectors are very at- 
tractive sensors of  gaseous species due to the wide 
availability of  the principle quartz crystal compo- 
nent and the relatively simple electric instrumen- 
tation. The possibility of  their application has 
been demonstrated for the detection of several 
inorganic species, such as sulfur dioxide [1], nitro- 
gen dioxide [2], ammonia  [3], hydrogen cyanide 
[4], hydrogen chloride [5], hydrogen sulfide [6]. 
But, the piezoelectric crystal sensor, as with most 

* Corresponding author. 

chemical sensors, is susceptible to interfering ana- 
lytes, since the adsorptive coating employed is 
rarely totally selective for a single component.  In 
real environment, it is impossible for only one 
kind of pure gas to exist. The combustible materi- 
als detected in our experiment are just the case. 
Being burned, the combustible materials decom- 
pose and produce various gases, e.g., plastic, 
which contain chlorine, may produce hydrogen 
chloride; grain, which contain nitrogen, may pro- 
duce nitrogen dioxide, ammonia  and hydrogen 
cyanide; wood, which contain sulfur, may pro- 
duce sulfur dioxide, etc. Different material will 
produce gas mixture which has different gas corn- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(97)00020-9 
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ponents. So, an array of sensors was constructed 
by coating with a different partially selective ma- 
terial. The advantage of an array device of this 
kind is that the array's response for each analyte 
corresponds to a fingerprint response pattern with 
component identification analogous to spectrome- 
try. In this experiment, we investigated the appli- 
cation of artificial neural networks (ANN) and 
conventional multivariate techniques to the clas- 
sification of signals from sensor array to identify 
four kinds of combustible materials. 

Artificial neural networks are a form of artifi- 
cial intelligence that mathematically simulate bio- 
logical nervous systems. They have been 
employed in a diverse range of applications in 
recent years [7] including signal processing of 
sensor array [8]. The ANN approach was selected 
because it possess several advantages over conven- 
tional methods in terms of adaptability (learning, 
self-organization, generation and training), noise 
tolerance, fault tolerance, distributed associated 
memory, inherent parallelism generating a high 
speed of operation subsequent to training [9]. The 
application of ANNs to signal classification prob- 
lems requires far less restrictive assumptions 
about the input signal than traditional multivari- 
ate techniques. The results of our experiment 
show that the prediction ability of ANN is supe- 
rior to stepwise discriminant analysis (SDA) for 
the four kinds of combustible materials. This 
method is hoped to be an effective measure for 
fire alarm. 

2. Experimental 

2.1. Instrument 

The apparatus consisted of seven AT-cut 
piezoelectric quartz crystal with a fundamental 
frequency of 9 MHz, 12.0 mm in diameter, with 
gold or silver plated electrodes of 6.0 mm in 
diameter on both sides. The oscillator circuit was 
designed by our laboratory, and its power was 
supplied by a PL2002A d.c. voltage regulator. 
The frequency change of each sensor was moni- 
tored in sequence by a N3165-type frequency 
counter and collected by a data acquisition system 

made in our laboratory. The programs for data 
acquisition were written in Turbo C. The BP 
network of ANN in data analysis was also written 
in Turbo C. SDA program was obtained commer- 
cially from SPSS program package. All data were 
treated by a PC-DX486 computer. 

2.2. Reagents 

The coating material used for sensors are: 
polyvinylpyrrolidone (PVP); triethylamine; Vita- 
min B6 hydrochloride; L-glutamic acid hydrochlo- 
ride; ascorbic acid; triacetin glycerol triacetate 
and polychlorobiphenyl. All the reagents are of 
analytical-reagent grade. The coating of the crys- 
tals was performed by preparing a 5% w/w solu- 
tion of the coating material in a highly volatile 
solvent such as chloroform or ethanol. Each solu- 
tion was brushed onto both sides of a crystal with 
a cotton swab until a frequency shift of approxi- 
mately 2000-5000 Hz was obtained after evapo- 
ration of the solvent. 

2.3. Measurement method 

The scheme of the measuring system can be 
seen in Fig. 1. Smoke was generated from a 
certain amount (1.5 g) of different materials (pa- 
per, wood, plastic, grain, et al.) by electric heating 
in the first box (smoke generator). The sensor 
array was mounted in the second (measuring) box 
connected to the first one by pipes and prefilter. 
The prefilter consisted of calcium chloride and 
silica gel was set after the smoke generator to 

3 

[5  99 
5 4 ~g 

Fig. 1. Instrument diagram of piezoelectric crystal sensor 
array. (1) Smoke generator, 5600 cm2; (2) solica gel; (3) 
calcium chloride; (4) Piezoelectric crystal sensor array; (5) 
flowmeter; (6) vacuum pump; (7) oscillators; (8) frequency 
counter; (9) computer. 
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Fig. 2. Two- layer  back -p ropaga t i on  model .  

move water vapour produced during burning. 
Soot, liquid and other solid particle burning prod- 
ucts were moved using defatting cotton and filter 
paper put inside the pipes. A small electromag- 
netic pump forced a continuous gas flow through 
the system (80 ml min -  ~). Approximately 5 rain 
after burning of the combustible material, the 
frequency of the sensors began to fall. The fre- 
quency response of each sensor was measured in 
sequence by a data acquisition system made in 
our laboratory. The sampling time for each sensor 
is 0.1 s. The frequency response difference be- 
tween sample and blank (air) was calculated and 
displayed in real time on the computer screen and 
stored on disk for later analysis. After the fre- 
quency shift maximum was observed and became 
stable, the chamber was purged with clean air for 
30-60 min. The largest frequency shift of each 
sensor was used as input for ANN and SDA. 
Every sample was measured in triplicate to esti- 
mate the precision of the sensor array. 

2.4. Network design 

Fig. 2 shows a generalized two-layer back-prop- 
agation network used in our experiment that has 
seven inputs (sensors) in the input layer, an arbi- 
trary number of artificial neurons in the hidden 
layer (six, in this experiment) and four artificial 
neurons in the output layer (combustible materi- 
als). Each of the inputs (O u_ ~);) is multiplied by 
an associated weight (w/j~), where l is the actual 
layer of the network, i is the neuron of the layer 
before, j is the neuron of the actual layer. Each 
weight has a value that reflects the strength if the 
synaptic link and thus the importance of a partic- 

ular input (e.g., sensor). The output signal (Y0) is 
further processed by a non-linear activation func- 
tion that 'squashes' the data. In our study, we 
have used a sigmoid activation function so the 
neural output Or/is given by 

O//= 1/[1 + e x p ( -  Yo)] 1= 1, 2 (1) 

and 

y/j= ~ w/~jO(/ ~)i (2) 

The back-propagation training algorithm uses a 
gradient search technique to minimize a cost func- 
tion E equal to the mean square difference be- 
tween the desired output t~ and the actual output 
vector O2/(two layers). 

E = 0,5(O2j - t/) 2 (3) 

The backward pass starts with the calculation of 
~E/~O~j (an example calculation for the two-layer 
network is given in parentheses): 

c5~ = ~?E/~O/j (62j = O~j -  t/) (4) 

The next step is the estimation of OE/?y<j: 

d o = ~E/?y// (d2j =f ' (O0)~2* j = O2/ (1  - 0 2 / ) ~ j  
(5) 

The previous terms d~_~ can be computed from dr: 

k 

i 

where k is the number of neurons in layer I. 
Finally, ?E/~wu~ can be calculated: 

OE/~wlji = ~5/jOu 1)~ (7) 

So the weights can be adapted: 

Awoi(m + 1) = rli51iO(l _ 1)i + ~ Awlj~(m) (8) 

woi(m + 1) = wlii(m ) + Awoi(m + 1) (9) 

Where m means the number of training iterations. 
So the weights are adjusted by one term that is 
propagational to the error with a constant of the 
proportionality, called the learning rate 0/). The 
second term is used to improve the stability of the 
learning process and is called the momentum term 
(~). 
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3. Results and discussion 

3. I. Data selection method to avoid 
unconvergence at the beginning o f  networks 
training, 'training set stepwise expanding method' 

For the performance of  networks, the property 
of initial data is quite important. In the area of 
data selection and effects of bad data upon per- 
formance of networks, no system investigation 
has been studied. In our experiment, we discov- 
ered that, in the case where the identification 
problem was complicated or there was large simi- 
larity between the categories we wanted to iden- 
tify and some difference or bad data existed 
among data in certain category, the effects of 
particular bad data on performance of networks 
were considerable, sometimes, the error of  the 
network increased suddenly and it was quite 
difficult for the network to converge. These data 
are not sure to be bad ones to be deleted. It is 
possible that the difference of  these data with 
other data in certain category is somewhat large. 
For  this case, if we use all the samples of training 
set to train at the same time, the network can not 
converge. At this time, we can adopt 'training set 
stepwise expanding' method. The details are as 
following steps: firstly, we compared the response 
patterns of training samples, in each category, we 
selected one or two samples as initial training set 
whose difference with data of samples of other 
categories was relatively large. If the network 
could converge indeed, then after several hundred 
to thousand iterations, training set could be ex- 
panded by selecting again one or two samples 
which were relatively similar to the data in the 
forward training set of certain category, and the 
weights of last training should be used to train the 
network continuously. These steps were done un- 
til training set had included all the samples which 
were prepared to be as training set. Adopting this 
method, if the network still can not converge 
when using initial training set, conclusion may be 
drawn that the similarity among categories is too 
large to be discriminated by the networks. Mea- 
sures should be taken to select more selective 
input variables. If the error increased suddenly 
and the network became difficult to converge due 

to a certain expanding, then there may be at least 
one bad data in this expanding data set. Check 
those data one by one, the bad data can be found 
and might be deleted. If we did not select the 
expanding sample according to the principle of 
similarity mentioned above, the data whose differ- 
ence with the other data in certain category is 
relatively large may be deleted mistakenly. In fact, 
these data can make the network converge if we 
select them according to the above principle. 

The data in our experiment is just the case as 
above. To guarantee the generalization of  sam- 
pling, we made the data in certain category have 
somewhat difference. Additionally, the input layer 
only have seven neurons which makes the net- 
work difficult to converge. There are 52 samples 
in the training set, 13 samples in every category. 
The means of response of every category from 
sensor array are shown in Fig. 3. If we use them 
as training set altogether at the beginning to train 
the network, it did not converge at all, the error 
of  the network was very large, though various 
data normalization methods had been tried. In 
contrast, it converged well when using the method 
mentioned above. The logarithm of the frequency 
shift was used as input, in order to accommodate 
the actual values, which spanned more than two 
orders of  magnitude (from 20 to 5000 Hz). The 
prediction results are quite well as shown in Table 
2. This method is suitable not only to the case 
where network can not converge at all at the 
beginning of training, but also to the case where 
the error of the network is relatively large or the 
network converge very slowly. 

353 
2.5 

0.5 

0 

1 2 3 4 S 8 7 

Sensor 

Fig. 3. Response patterns for means of every category of 
combustible material. 
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Table 1 
Discriminant result of stepwise discriminant analysis (SDA) 

Sample No. Actual class Predicted Sample No. Actual class Predicted Sample No. Actual class Predicted 
class class class 

1 A A 23 B B 45 D D 
2 A A 24 B B 46 D D 

3 A A 25 B B 47 D D 

4 A A 26 B B 48 D D 

5 A A 27 C C 49 D D 

6 A A 28 C C 50 D D 
7 A A 29 C C 51 D C h 

8 A A 30 C C 52 D D 

9 A A 31 C C 

10 A A 32 C C 53 ~' A A 

1l A A 33 C C 54 ~ A A 

12 A A 34 C C 55 ~' A A 

13 A A 35 C C 5& B B 

14 B B 36 C C 57 ~ B B 

15 B B 37 C C 58 ~ B B 

16 B B 38 C C 59 ~ C C 

17 B B 39 C C 60 ~ C C 
18 B B 40 D D 61 a C B b 

19 B B 41 D D 62 ~' D D 

20 B B 42 D D 63 ~ D D 
21 B B 43 D D 64 a D D 

22 B B 44 D D 

Note: A, grain: B, plastic; C, paper; and D, 

~' Test sample. 
b Discriminant mistake. 

wood. 

3.2. Prediction results for ANN and SDA 

In order to avoid the dependence between inde- 
pendent variables leading to low precision of data 
computation and unstable discriminant functions, 
SDA was adopted. As can be seen in Table 1, the 
64 samples were divided into calibration set, con- 
sisting of 52 samples, 13 samples in each category, 
and test set, consisting of 12 samples, three sam- 
ples in each category. After processing with SDA, 
from the calibration set six discriminant variables 
which supplied more information were selected. 
The prediction correct rates were 98% for calibra- 
tion set and 83% for test set. Fig. 4 shows the plot 
of discriminant Function 1 against 2. 

It is customary to adopt an output element 
value of 0.9 to show reasonable convergence, 
however, a slightly lower level, 0.8, is also ac- 
cepted for reasonable convergence from Gard- 
ner's experience [10]. Table 2 lists the prediction 

results for ANN,  which used the same training set 
and test set as that used for SDA. It can be seen 
that outputs generated during testing were typi- 
cally of  the order of  0.8 or above compared with 
an ideal value of  1.0, and of the order of 0.2 or 
below compared with an ideal value of  0. These 
results show that the network discriminates well 

6 

4 

~ 2 
i -  
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Fig. 4. Discriminant functions plot using SDA. 
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Table 2 
Prediction result of  artificial 
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neural networks 

Sample No. Output  1 Output  2 Output  3 Output  4 

actual target actual target actual target actual target 

l 0.8877 1 0.1625 0 
2 0.9771 1 0.0006 0 
3 0.9799 l 0.0000 0 
4 0.0000 0 0.9995 1 
5 0.0000 0 0.9998 1 
6 0.0000 0 0.9968 1 
7 0.0000 0 0.0000 0 
8 0.0000 0 0.0000 0 
9 0.0000 0 0.0000 0 

10 0.0001 0 0.0000 0 
11 0.0000 0 0.0000 0 
12 0.0000 0 0.0000 0 

0.0000 0 0.0003 0 
0.0000 0 0.0007 0 
0.0004 0 0.0002 0 
0.0000 0 0.0012 0 
0.0000 0 0.0003 0 
0.0000 0 0.0004 0 
0.9999 1 0.0002 0 
0.7984 1 0.0059 0 
0.9999 1 0.0001 0 
0.0000 0 1.0000 1 
0.0000 0 1.0000 1 
0.0000 0 1.0000 1 

between these chemical species and compare fa- 
vorably with the result of  SDA. In addition, 
because of adopting 'training set stepwise expand- 
ing' method mentioned above, training time 
which took only several minutes was far less than 
usual approaches. 

3.3. Effects of  learning rate and momentum term 

Values of the learning rate 1I/ and momentum 
coefficient c~ affect the performance of a network. 
It is generally recommended that the ratio of these 
parameters is 1.5. Fig. 5 and Fig. 6 show the 
variation of the network performance with mo- 
mentum coefficient (v/= 0.9) and learning rate 
(c~ = 0.6), after the training set has been expanded 
to contain all the initial data and training has 
process 400 iterations, where the performance of  
the network is presented by network error, E, the 
sum of difference between ideal output and actual 
output of  every neuron in the output layer of 
training set, and 10000, 20000, 30000, 40000 are 
training iterations. From Fig. 5 we can see that 
when momentum coefficient arrives 1.0, error of 
network arrives minimum and keep constant 
when momentum coefficient continue to increase. 
Fig. 6 shows that the minimum does not appear 
when learning rate arrives 1.4. We also have 
tested even larger learning rate up to 16 which are 
not shown in the figure, but minimum was still 
not found, though the decreasing rate of the error 

of network became slow gradually. The above 
phenomena are different with that in Gardner 's 
work [10], (he found error minimums with learn- 
ing rate q = 0.9 and momentum coefficient c~ = 
0.7, respectively), which may be attributed to the 
difference of data structure. 

4. Conclusion 

We have shown that ANN was able to identify 
the four combustible materials correctly from an 
array of seven piezoelectric sensors and superior 
to multivariate techniques, such as SDA. If we 
want to identify more combustible materials, we 
can select more sensors with more coating materi- 
als which have appropriate selectivity. The data 
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Fig. 5. Variation in network performance with momen tum 
coefficient (v/= 0.6). 
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Fig. 6. Variation in network performance with learning rate 
(a = 0.6). 

selection method 'training set stepwise expanding' 
has been put forward to improve convergence of 
the networks and increase training speed, which is 
believed to be an encouraging method for the 
applications of ANN. 
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Abstract 

Measurement of iron and manganese is very important in evaluating the quality of natural waters. We have 
constructed an automated Fe(II), total dissolved iron(TDI), Mn(II), and total dissolved manganese(TDM) analysis 
system for the quality control of underground drinking water by reverse flow injection analysis and chemilumines- 
cence detection(rFIA-CL). The method is based on the measurement of the metal-catalyzed light emission from 
luminol oxidation by potassium periodate. The typical signal is a narrow peak, in which the height is proportional 
to light emitted and hence to the concentration of metal ions. The detection limits were 3 × 10-6 lag ml -  t for Fe(II) 
and the linear range extents up to 1.0 × l 0  - 4  and 5 x 10 -6  lag ml -  ~ for Mn(II) cover a linear range to 1.0 x 10 -4 
lag ml-1. This method was used for automated in-situ monitoring of total dissolved iron and total dissolved 
manganese in underground water during water treatment. © 1997 Elsevier Science B.V. 

Keywords: Dissolved iron; Manganese; Water 

I. Introduction 

Measurement  o f  iron and manganese is very 
impor tant  in evaluating the quality o f  natural  
waters. It is well known that  excessive intake o f  
iron and manganese  influences h u m a n  health [1]. 
So a simple and rapid method  is required for  iron 
and manganese  detection. Chemiluminescence 
(CL) methods  are a means o f  enabling the rapid, 

* Corresponding author. Fax: + 86 431 5685653. 

simple and economical  detection o f  various sub- 
stances. 

Several CL  systems have been proposed  for the 
sensitive determinat ion o f  iron and manganese  on 
the basis o f  CL  reaction. The most  famous CL  
system is the luminol reaction. The intrinsic sensi- 
tivity o f  the luminol system to small metal con- 
centrations makes it very attractive for trace 
analysis. Fe(II)  [2-4],  Fe(II I )  [5-7],  Mn  [8-12] 
can be determined by its reported catalytic effect 
on the oxidat ion o f  luminol by oxidants, such as 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00029-5 
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dissolved oxygen [11-16], hydrogen peroxide 
[8,9,17 25] and potassium periodate [26,27]. One 
of the most extensively studied of this system is 
to determinate Fe(II), which has been developed 
as an analytical method for Fe(II) in many ma- 
terials [28,14], but seldom application [28] to 
natural sample was reported. Kalinichenko 
[22,23] determined 0.05 5 ng of manganese us- 
ing luminol, but many other transition metal in- 
terfered. Dubovenko and Tovmasyan [24] 
reported a similar system for determining 0.1-1 
~g m1-1 manganese with photographic rather 
than photoelectric detection. Geng et al. [26] ob- 
tained a detection limit 8 x 10- ~' ~tg ml r man- 
ganese using a luminol-KIO4 system, but Co(II) 
and Cr(III) interfered. Ibusuki [29] discussed the 
interference of trace manganese(II) and Fe(II1) 
in the luminol system. So selectivity is the most 
important thing in CL reaction for a technique 
to be used for analytical purpose. 

Lucigenin can be used in place of luminol 
[30-32]. Photographic detection enables man- 
ganese at the 1 3 lag ml ~ level to be deter- 
mined, but again, many metal ions interfere 
[30,31]. Fe(III), Cu(II), TI(III) and Mn(II) can 
be simultaneously measured by its catalytic ef- 
fect on the oxidation of lucigenin by hydrogen 
peroxide, but Cu(II) and TI(III) are interferences 
in analytical methods for Fe(II) and Mn(II) [31]. 
So even this system can not be utilized to simu- 
ltaneously determine Fe(III) and Mn(II) in prac- 
tice. 

The brilliant sulfoflavine(BSF) was used to 
determined Fe(II)/Fe(III), Cr(III) based on the 
Fenton or Fenton-like reaction, the reaction 
with hydrogen-peroxide [33]. Yamada [33] de- 
scribed the CL reaction resulting from the addi- 
tion of Fe(II) to solution of H202 and alkaline 
BSF. Johnson [34] modified this system and 
used it to determine subnanomolar levels of 
iron(II) and total dissolved iron in seawater. 

Yamada [35] demonstrated that 0.01-10 ng 
Mn(II) can be determined with high sensitivity 
by exploiting the Mn(II) catalyzed oxidation of 
7,7,8,8-tetracyanoquinodimethane(TCNQ) by 02. 
Johnson [36] adapted the method and applied it 

to the shipboard determination of manganese in 
seawater, but Fe(llI) and Mg(II) interfered. 

Babko et al. [37,38] determined 0.1-10 lag of 
manganese by oxidation to permanganate with 
peroxodisulphate and reaction of the perman- 
ganate with siloxene to produce chemilumines- 
cence. Lin [39] determined Co(II) and 
manganese(II) simultaneously by CL oxidation 
of gallic acid and formaldehyde in the presence 
of thiourea by alkaline H 2 0  2. 

A CL method has not been proposed to 
simultaneously determinate Fe and Mn. Until 
now, separation or elimination of interfering 
species has been required prior to the determi- 
nation of an analyte. Several pretreatment pro- 
cedures have been reported: ion exchange [40], 
for example 8-hydroxy-quinoline resin was used 
to preconcentrate Fe [36] and then detected in 
TCBQ CL system and Mn [34] in BSF CL sys- 
tem. Nakayama [10] have developed a method 
based on the combination of selective elec- 
trolytic preconcentration and luminol CL system 
to determine Mn(II) in seawater. Addition of 
masking agents such as sodium citrate, quinolin- 
8-ol [27] for metal interferences to form inactive 
complexes and then detected in a luminol-KIO4 
system or using activator in luminol CL system, 
for example TETA(Fe(III) [4], Mn [10]), 
DETA(Fe(II I)) [19,20], EDTA(Fe(II)) [16], 
TEA(Mn(II)) [26] ,  phenanthrolin (Mn(II)) 
[22,23], TETA or TEPA(Fe(II), Fe(III) Cr(III)) 
[33] and sodium dodecylsulfonate [41]. 

This paper reports a simple and automatic 
method for specifically measuring trace concen- 
tration of TDI and TDM in the presence of 
other metal ions with the luminol-KIO4 CL re- 
action by rFIA. Specificity for TDI is achieved 
by adding o-phenanthrolin(o-p) and taking ad- 
vantage the Fe(o-p) complex formed as activa- 
tor. In the same way, specificity for TDM is 
achieved by adding TEA and H3PO4 with most 
metal ions including iron ion being masked. The 
proposed method was applied to monitor TDI 
and TDM in underground water during the wa- 
ter treatment process for the quality control of 
drinking water. 
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2. Experimental 

2.1. Apparatus 

The rFIA system was illustrated in Fig. 1 and 
was constructed to realize automated Mn and Fe 
detection in underground drinking water in col- 
laboration with the Daqing Water Supply. It em- 
ployed a eight-channel peristaltic pump and a 
microprocessor-controlled Teflon rotary injection 
valve. All manifold tubing was Teflon (0.8 mm 
i.d.) except for the standard peristaltic pump tub- 
ing (poly(vinyl chloride)(PVC)). A transparent 
spiral tube with 12 cm length and 1.08 mm i.d. 
was employed as the CL flow cell in this system. 
Light intensities were measured with a R212UH 
photomultiplier operated at - 7 2 9  volts. All the 
experiments were performed at room temperature 
at a flow rate of  2.1 ml min -1 for each pathway. 
The flow rate was determined from later studies. 
In this research, the experiments for optimization 
of the measuring conditions were performed dur- 
ing construction and adjustment of  this system. 

2.2. Procedure for CL measurements 

The system was operated as follows. For Fe(II) 
the CL reagent I passes through a 30 lal sample 
loop and the excess is fed to a waste vessel. The 
sample and NaHSO3 are mixed at mixing just 
prior to the injection valve and then mixed with 
the luminol CL reagent I. The reaction mixture 
reacts for 20 s in the mixing coil before being 
injected by the three way valve to the detection. 
The CL is measured in a transparent spiral tube 
by a neighboring photomultiplier. For determina- 
tion of T D M  the procedures with almost the same 

2.1 ml..Jmi n 
r ~  130uL sample loop 

Sample ; i >  
NaHSO- I I _ 

C, roa0en , l I - '  - I  
CL reagent II I I [ , ~ ( C 7  I I 

Samp,e i i ~ ~ 
H3PO4 ~ I I - - - ~ - - I  " " 

I 50uL sample loop 

Pump 
Computer 

Waste 

Fig. 1. Schematic diagram of the reaction manifold used for 
the rFIA-CL determination of iron and manganese.  

as above except the three-open valve was turned 
to position 2. 

Underground water samples were collected au- 
tomatically and directly pumped into flow cell 
after water treatment. The samples were at natu- 
ral pH and did not need to be acidified. No loss of  
TDI  and T D M  due to wall adsorption was ob- 
served. 

2.3. Reagents 

Luminol was purchased from Merck- 
Schuchardt. Potassium periodate from Beijing 
Center-union Chemical. Triethanolamine from 
Shanghai Chemical. o-phenanthrolin hydrochloric 
acid was from Merck Darmstadt  and potassium 
hydroxide from Beijing Chemical. The other 
reagents were all A.R. grade. Reagent solutions 
were made with doubly distilled water from a 
quartz apparatus. 

Stock solutions of  luminol were prepared in 0.1 
mol I ' K O H  solution, adjusted to 0.01 mol 1 l 
and stored at 4°C. A 0.1 mol 1 ] H3BO3-KOH 
buffer was used to control the pH. CL reagent I 
(for determination of TDI)  contained: 6 x 10 4 
tool 1 1 luminol, 2.5 × 10 4 mol 1 1 o-phenan- 
throlin hydrochloric acid(o-p) and 10- 4 mol 1 ' 
KIO4 in 0.1 tool 1 - I  H3BO3-KOH buffer(pH 
10.0), and was left for at least one hour to stabi- 
lize. CL reagent II (for determination of TDM)  
contained: 2 x 10 " 3 mol 1 ' luminol, 1.125% tri- 
ethanolamine(TEA) and 2 × 10 -3 mol 1- ' KIO 4 
in 0.125 tool 1 ~ N a O H  and was also left for at 
least one hour to stabilize. 

3. Results and discussion 

3.1. Investigation oJ the measuring system 

Initial investigation was performed with stan- 
dard solution in distilled water using a reverse 
flow injection manifold. 

3.1. I. Effect of length of mixing coil 
To ensure the efficient reaction between CL 

reagent I or CL reagent II with the sample, a 
mixing coil with length from 16 to 90 cm was used 
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Fig. 2. Effect of  flow rate on the CL intensity of 0.010 lag 
ml - I  Fe(II) in the presence of  6 x  10 - 4  mol 1 -~ luminol, 
2 , 5 ×  10 - 4  mol I - l  o-p and l × 10 - 4  mol 1 -~ KIO4 in 0.1 
mol l - i  H3BO3.KO H buffer solution, pH 10.0. 
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Fig. 3. Effect of  pH on the CL intensity from 0.005 lag m l -  
Fe(lI) in the presence of  6 x 10 - 4  mol 1 - t  luminol, 2.5 x 10-  
4 mol 1 - I  o-p and 1 x 10 - 4  mol 1 - I  KIO 4 in 0.1 mol 1-1 
H3BO3-KOH buffer solution, pH 10.0. 

4.2. Optimization of reagents 

for comparison. It was found that a suitable 
length with a high CL intensity was 60 cm for 
both systems, shorter or longer than this length 
would cause the decrease of  CL intensity because 
of the deficient reaction or a considerable dilu- 
tion. 

3.1.2. Effect of flow rate 
We investigated the effect of flow rate for the 

Fe(II) system. The signal did not vary signifi- 
cantly from 1.75-2.8 ml min-1 as shown in Fig. 
2. In addition, the pump can be adjust to only one 
flow rate for eight channels, so the 2.1 ml m i n -  
was chosen as the optimum flow rate for both 
systems. 

4. TDI measurement 

4.1. Effect of pH 

Light emission did not vary significantly from 
9.75-11.0 (Fig. 3). The optimal pH for CL reac- 
tion was pH 10.0 and the 0.1 mol 1 -~ H 3 B O  3- 

KOH buffer was used to control the pH of  CL 
reagent I solution. Since pH control is not critical, 
the buffered Fe(II)-KIO4-1uminol system may be 
characterized by using a calibration curve rather 
than the standard additions. 

The concentrations of  luminol, KIO4, o-p and 
potassium hydroxide were all optimized for the 
rFIA-CL system. The concentration of  each 
reagent was varied independently. 

4.2.1. Effect of luminol concentration 
The intensity of light catalyzed by 0.01 lag ml - 

Fe(II) as a function of luminol concentration 
showed that the reaction is most efficient at 6 x 
10 -4"~ 7 x 10 -4 tool 1-~ luminol, as shown in 
Fig. 4. The decrease of  light at the highest luminol 
concentrations may be due to Fe(II) complexing 
with luminol or with the aminophthalate product 
of the luminol oxidation. 
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Fig. 4. Effect of  luminol concentration on the CL intensity 
from 0.01 lag m l - '  Fe(ll) in the presence of  2.5 × 10 - 4  mol 
1 - I  o-p and 1 × 10 - 4  mol 1 - I  KIO 4 in 0.1 mol 1-1 H~BO3- 
KOH buffer solution, pH 10.0. 
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Table 1 
Interference of other metals to chemiluminescence for Fe(II) 

2045 

Metal Concn. pg ml t Recovery(%) Metal Concn. Recovery(%) 

Mn(I1) 0.1 100.6 Co(II) 0.1 147.9 
Ni(ll) 0.1 100.8 Cd(II) 0.1 100 
Hg(II) 0.1 104.1 Fe(IIl) 3.0 104.3 
Cr(IlI) 0.1 102.2 Cu(I1) 0.2 100.4 

Intensities are relative to the intensity of 0.01 lag ml-~ Fe(II). 

4.2.2. Effect of  potassium periodate concentration 
The optimum potassium periodate concentra- 

tion was 1 x 10 -4 mol 1 i. Although hydrogen 
peroxide as an oxidant reagent instead of KIO 4 
was tested, the result showed that it was easily 
bubbled in tubing and also the peak was too wide 
than that of KIO 4. 

4.2.3. Effect of  o-phenanthrolin hydrochloric acid 
concentration 

o-p Itself did not give any CL signal. It must be 
an activator for the CL reaction of luminol with 
potassium periodate by Fe(II), after formation of 
Fe(II)-o-p complexes, o-p may be oxidized by 
KIO4 and weak CL was produced as it is oxidized 
by H202 [17]. When the o-p concentration was 
5 × 1 0 - s - 2 . 5  × 10 -4 mol 1-1, the system had 
better selectivity than that of without o-p and 
good reproducibility for Fe(II). 

4.3. Iron(Ill) reduction 

Total dissolved iron can be determined by re- 
ducing Fe(III) to Fe(II) prior to analysis. The 
aqueous chemistry of  iron is rather complex, since 
this metal enters into several protolysis and oxida- 
t ion-reduct ion reactions [2,6,7]. When the 
groundwater comes to the surface, Fe(II) may be 
oxidize to Fe(III) by oxidants such as 02 in the air 
and is subsequently precipitated as Fe(OH)3. 
Sodium hydrogen sulfite was a suitable reagent 
due to its rapid and efficient reducing power 
[42,28]. The optimal concentration of sodium hy- 
drogen sulfite for the reduction of  Fe(III)-Fe(II)  
was dependent on the iron concentration. A 0.1% 

sodium hydrogen sulfite was chosen for 0.01 pg 
ml ~ Fe(III). 

4.4. Interference studies 

The ions which are thought interfere with lumi- 
nol-KIO4 CL of Fe(II) are Mn(II), Ni(II), Hg(II) 
and Cr(III), Fe(III), Cd(II), Cu(II). Table 1 shows 
the recovery of these elements at indicated con- 
centration. Metal solutions for these studies were 
prepared from A.R. salts. Except for a substantial 
interference was observed when Co(II) was 
present at 0.1 pg ml-~,  none of  the above ele- 
ments significantly affected the iron signal when 
their concentrations equaled to or ten times 
higher than that of Fe(II). 

4.5. CL kinetic property and analytical 
parameters 

With all of the above established conditions, 
the CL intensity reached the maximum value in 
only 1-2 s, and the half peak width is 2.5 s when 
0.005 pg ml-1  Fe(II) was injected. 

Various concentrations of Fe ions were mea- 
sured under these experimental conditions. The 
calibration curve was linear in the range 1 × 
10-4 _ 0.6 lag ml-1  of  Fe(II): signal(relative in- 
tensity) = 455[Fe(II)] + 59.25 (r = 0.998(n -- 5)). 
The relative standard deviation was 0.93% for 
0.005 pg m l - l  ( N =  9). Repeatability was mea- 
sured with standard solutions. Since this system 
employed reverse flow injection analysis, the 
blank was zero, 3 x 10-6 pg ml ~ was the lower 
limit that can be detected. 
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5. T D M  measurement 

Manganese and iron have similar chemistry in 
water [43]. Mn(II) and Fe(II) both exist in an 
anaerobic environment. They can be oxidized by 
oxygen to MnO 2 and Fe(OH)3 respectively, which 
exist as colloids and can be removed by filtration. 
If a sample to be analyzed for Fe(II) is filtered, 
then manganese in the form of Mn(II) will inter- 
fere with the Fe(II)-catalyzed CL. In the absence 
of dissolved oxygen and other oxidants, Mn(II) is 
the stable form in aquatic systems [44], so after 
filtering the concentration of Mn(II) is equivalent 
to TDM. 

5.1. Effect of pH 

The influence of  the pH on CL intensity was 
investigated. The maximum and stable intensity of 
light for determination of Mn(II) was obtained 
when pH was 12.9, as shown in Fig. 5. 

5.2. Optimization of reagents 

5.2. I. Effect of luminol concentration 
The intensity of light as a function of  luminol 

concentration showed that the reaction is most 
efficient for luminol between 2 x 10- 3 and 3 x 
10-  3 mol 1- ~ (Fig. 6). 
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Fig. 6. Effect of luminol concentration on the CL intensity 
from 0.01 lag ml - ,  Mn(ll) in the presence of 1.125% mol 1- ~ 
TEA and 2 x 10 3 mol I ~ K |O 4 at pH 12.9. 

5.2.2. Effect of potassium periodate concentration 
The optimum potassium periodate concentra- 

tion was more than 2 x  10 3 m o l l  1, as shown 
in Fig. 7. 

5.2.3. Effect of TEA concentration 
Various amines increase the CL observed from 

luminol-oxidant-Mn mixtures [33,5,10,19,29,22, 
23], TEA was found the suitable activator for the 
CL system of luminol-KIO4-Mn(II) [26]. TEA can 
also acts as masking reagent for a lot of metal 
ions, so it was chosen as an activator and masking 
reagent for determination of Mn(II). The opti- 
mum TEA concentration was 1.125% (Fig. 8). 
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Fig. 5. Effect of pH on the CL intensity from 0.01 lag ml L 
Mn(II) in the presence of 2 x 10-3 tool 1 ~ luminol, 1.125% 
mol 1 - t  TEA and 2 x  10 -3 mol 1 -~ KIO 4. 
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Fig. 7. Effect of KIO 4 concentration on the CL intensity from 
0.01 lag m l -  ~ Mn(II) in the presence of 1.125°/,, tool 1-t  TEA 
and 2 x 1 0  3 m o l l  ~ luminolat  pH 12.9. 
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Fig. 8. Effect of  TEA concentration on the CL intensity from 
0.01 lag m l -  ] Mn(II) in presence of  2 x 10-3  tool 1-  ~ KIO 4 
and 2 x  10 -3  tool 1 -~ luminol at pH 12.9. 

5.3. Interference studies 

Besides Mn(II), several metal ions, such as 
Co(II), Fe(II), Fe(III), Ti(IV) and Mo(VI) catalyze 
the luminol-periodate CL reaction. Others, such as 
Cu(II), Pb(II), Ni(II), Cd(II), In(Ill) and Ce(IV), 
inhibit the CL [27]. In the presence of  1.125% TEA, 
commonly encountered ions, except Mn(II), can be 
masked (Table 2). In addition, 0.292 mol 1- t  
H3PO 4 was chosen as a masking reagent on iron. 
So two kinds of masking reagent TEA and H3PO4 
were used in this system. 

5.4. CL k&etic property and analytical 
parameters 

Using established conditions, the CL kinetic 
curve showed a CL signal reaching the maximum 

value in only 1-4  s, and the half peak width is 1.5 
s for a 0.01 tag ml 1-] Mn(II) sample. 

The system response for Mn(II) was linear in the 
range 1 × 1 0 - 4 - 0 . 6  lag m l - I  of Mn: I =  
702.714[Mn(II)] + 16.627(r = 0.999(n = 6)). The 
relative standard deviations was 0.37% for 0.01 lag 
ml ~ (n = 11). The blank of this system was also 
zero. The lower limit that can be detected was 
5 x 10 - -6  lag m l  1 

6. Analysis 

We have developed a CL system for the mea- 
surement of TDI and TD M in underground water. 
Table 3 gives the results obtained for different 
samples of underground fresh water. This method 
was used in monitoring the TDI and TDM in 
underground water during water treatment [45]. In 
practical use, as TD M concentration is more than 
0.3 mg 1 1 and TD M 0.1 mg 1- i, the system will 
give alarm in order to control the process of water 
treatment. We had been keeping watch on this 
system for one month. It performed very stable. 

7. Conclusion 

The proposed method is very sensitive and 
shows good reproducibility. The use of  K104, 
unlike hydrogen peroxide, prevents the formation 
of bubble in the tubing system. This method can be 
used to determine TDI and T D M  at ng ml - ] level 
in water and also for water quality control in 
Daqing Water Supply, in China. 

Table 2 
Interference of other metals to chemiluminescence for Mn(II) 

Metal Conc. lag m l -  1 Recovery(%) Metal Conc. lag m l -  1 Recovery('¼,) 

Co(ll)  0.1 103.5 Cu(II) 20 98 
Cr(IlI) 0.1 104.8 Pb(II) 20 95.8 
Fe(II) 10 100.1 Ni(lI) 20 99.7 
Fe(IlI) 20 104.2 Cd(lI) 20 99.2 
TI(III) 1 101 In(Ill) 20 96.9 
Mo(VI) 0.2 100 Ce(IV) 12 95 

Intensities are relative to the intensity of  0.01 lag ml-~  Mn(ll).  
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Table 3 
Results of the determination of TDI and TDM in different samples from underground water 

Sample Fe(II) in sample Mn(ll) in sample Fe(II) added Recovery (%) Mn(lI) added Recovery (%) 
( x l 0 - 3 ~ t g m l - i )  ( x l 0 - 3 p . g m l - i )  ( x l 0 - ~ t g m l  t) ( x l 0  3p.gml-I)  

l 1.7 0.325 5 97.0 l 100 
2 2.0 0.325 5 102 1 103 
3 3.8 0.351 5 98.5 1 99.2 
4 0.36 4.56 3 102 3 104.0 
5 1.02 3.12 5 102 3 99.7 
6 0.44 2.36 3 104 3 97.5 
7 6.34 1.54 5 105 3 97.6 
8 10.67 0.67 10 103 3 103.8 
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Abstract 

Peroxidase entrapment in different Sol-Gel matrices was successful. The enzyme did not show a decrease in activity 
for at least 2 months as well as storage at room temperature and dry condition for periods exceeding 3 weeks. It was 
evident that the enzymatic activity was a function in the type of the alkoxysilane precursor. In addition, the optimum 
temperature which resulted in maximum enzymatic activity was also dependent on the type of Sol-Gel matrix. 
Excellent results were obtained for the determination of glucose in serum samples using soluble glucose oxidase in 
conjunction with the Sol-Gel entrapped peroxidase. The enzymatically produced hydrogen peroxide is oxidized by the 
entrapped peroxidase yielding oxygen which oxidizes the faint blue variamine blue into the intensely violet colored 
species (the molar absorptivity is about 1.8 x 104 1 mol -  ~ cm-  ~). The characteristics of this chromogenic system as 
well as optimized conditions for its use in the spectrophotometric determination of enzymatically generated hydrogen 
peroxide were investigated. Excellent agreement between the results obtained by the proposed method and the widely 
used standard method, utilizing a commercial reagents kit, was always observed. © 1997 Elsevier Science B.V. 

Keywords: Sol-Gel; Enzyme immobilization; Peroxidase; Variamine blue 

I. Introduction 

The high specificity of  enzymes in catalyzing 
some chemical reactions is an important  feature 
that has been utilized for the selective and accu- 
rate determination of many substrates. Analytes 
are usually selectively converted into other species 

* Corresponding author. 

which can be easily monitored. Many enzymatic 
reactions result in the generation of  hydrogen 
peroxide as a by-product of  the conversion of 
appropriate substrates. Therefore, there has been 
a great deal of  emphasis on the development of  
sensitive and highly reliable methods for the 
quantitative determination of  hydrogen peroxide 
concentration which is an indirect indication of 
analyte concentration [1-3]. Several electrochemi- 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00032-5 
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cal, spectrophotometric, and luminescence meth- 
ods were suggested and procedures based on these 
methods were optimized for such systems. How- 
ever, enzymes are usually expensive and their use 
as homogeneous catalysts is, most of the time, 
costly. In addition, the disposal of these active 
catalysts can impose environmental problems in 
many situations. Therefore, it is justified that 
efforts be directed towards designing approaches 
to immobilize these biomolecules so that they can 
be reused as well as be confined to a specific 
matrix [4]. Several methods for the immobiliza- 
tion of enzymes were suggested using different 
approaches. Physical adsorption of enzymes to an 
activated solid support is an important method of 
enzyme immobilization. However, these prepara- 
tions are usually unstable and enzymes tend to 
come off in solution. Covalent binding of enzymes 
to solid surfaces like membranes or other solid 
supports is one of the most widely used ap- 
proaches. However, several steps for the prepara- 
tion of an adequate functional group on the solid 
support are usually involved prior to the final 
crosslinking step. These procedures are usually 
complicated and require good experience in this 
field. In addition, the enzymatic activity decreases 
appreciably and the immobilized enzymes do not 
retain their activity over long periods, beside some 
other disadvantages [4]. Recently, some biomate- 
rials were trapped into a silicate glass matrix 
under mild conditions [5-8]. This was accom- 
plished by the Sol-Gel method where room tem- 
perature polymerization of an alkoxysilane, after 
partial hydrolysis of the alkoxy groups results in a 
silicate polymer gel. The thus obtained gel soli- 
difies with time as the polymerization continues 
and ultimately a glass-like silicate solid matrix is 
obtained. When an enzyme or any biomaterial is 
added to the silane precursor after partial hydrol- 
ysis, these materials can be entrapped into the 
polymeric matrix after complete solidification. 
Fortunately, enzymes show considerable retention 
of their activity in such immobilization matrices. 
Small substrate molecules can diffuse into the 
pores of the polymeric matrix and reach the active 
site of the enzyme and thus be converted to other 
simpler species which can diffuse back into solu- 
tion where it can be detected. The relatively large 

size of the enzyme assures minimum leaching 
from the solid matrix. The Sol-Gel process for 
enzyme immobilization seems very promising es- 
pecially due to the mild conditions that are used 
for the immobilization process as well as the 
simplicity of the procedure involved. In addition, 
the immobilization matrix can be optimized so 
that transparent monoliths, thin films or fine par- 
ticles are formed depending on the ultimate appli- 
cation of the preparation. Detailed description of 
the Sol-Gel process can be found in the many 
books and reviews on this topic [9-16]. 

Braun et al. [6] suggested that the encapsulation 
of glucose oxidase in conjunction with peroxidase 
and a chromogen in a tetramethoxysilane Sol-Gel 
matrix was good for the determination of glucose. 
However, no analytical data was presented. Ya- 
manaka et al. [7] investigated the activity of glu- 
cose oxidase entrapped in a Sol-Gel matrix using 
a conventional photometric scheme for detection 
of the generated peroxide. The turnover number 
and the dissociation constant were reported to be 
similar and two-fold greater than the correspond- 
ing values for the native enzyme, respectively. 
Also, storage conditions were reported to have 
significant influence on the activity of the enzyme. 

In this study, we present results on a new 
chromogenic system for the determination of hy- 
drogen peroxide as well as results of peroxidase 
entrapment in different silicate glass matrices pre- 
pared by the Sol-Gel method. The system is opti- 
mized for the determination of enzymatically 
generated hydrogen peroxide produced from the 
bioconversion of glucose by glucose oxidase. De- 
tails of the system characterization as well as 
results of the determination of glucose in serum 
blood samples will be presented. 

2. Experimental section 

2.1. Instrumentation 

Absorbance measurements were recorded using 
a double beam Perkin-Elmer Lambda 15 UV-Vis 
spectrophotometer. The instrument is micro- 
processor based with excellent performance char- 
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acteristics. Also, a Spectronic 20D spectrophoto- 
meter was occasionally used for absorbance mea- 
surements. The pH of the different solutions was 
adjusted using a Hanna digital pH meter. Tem- 
perature controlled studies were conducted using 
a conventional water bath. 

2.2. Chemicals and reagents 

3-[Trimethoxysilyl]-l-propanthiol (TMSP), tri- 
ethoxypropylsilane (TEPS), 3-aminopropyltri- 
ethoxysilane (APES), 3-chloropropyltriethoxysi- 
lane (CPES), triethoxyvinylsilane (TEVS), 
horseradish peroxidase (180 U mg 1), and glu- 
cose oxidase from Aspergillus niger (100 U mg 1) 
were purchased from Merck Chemical Company, 
Germany. Disodium hydrogen phosphate, citric 
acid, sodium citrate, and succinic acid were ob- 
tained from Reidel de Haen, Germany. Variamine 
blue was obtained from UCB Chemicals, Bel- 
gium. Glucose standards and controls as well as 
commercial kits for glucose determination were 
purchased from Sigma Chemical Company, USA. 
Thymol-indophenol, thionine, methylviotogen, 
phenosafranine, and 7,8-benzoflavone were from 
BDH, England. All chemicals and reagents used 
in this study were of the analytical grade and were 
used as received without further purification. Dis- 
tilled, deionized water was used throughout this 
work. 

3. Procedures 

3.1. Preparation o f  a variamine blue working 
solution 

Variamine blue is slightly soluble in water yield- 
ing a light bluish solution which darkens with 
time. The procedure for the preparation of a 
working solution of variamine blue involved the 
transfer of about 90 mg of the material into a 
beaker followed by the addition of about 40 ml of 
distilled water. The solution was heated with stir- 
ring to about 80°C. The solution was then filtered 
and the final volume was then adjusted to 50 ml 
by addition of distilled water. The thus prepared 
solution contains about 80 mg of variamine blue. 

This solution was kept for 1 week before use since 
it was observed that the absorbance of this solu- 
tion increased with time for the first 5 days before 
stabilization. Therefore, we recommend the stor- 
age of the freshly prepared variamine blue for a 
period exceeding 5 days before actual use so that 
reproducible readings can be achieved. 

3.2. Preparation of  the Sol-Gel matrix 

3.2.1. Sol stock solution 
First, 2.25 ml of the appropriate alkoxysilane 

derivative was transferred into a small glass bottle 
followed by addition of 0.7 ml of distilled water 
and 50 lal of 0.1 M HCI. The bottle was firmly 
capped and the mixture was shaken for about 3 h. 
At this stage, partial hydrolysis of the alkoxysi- 
lane derivative was accomplished. The thus pre- 
pared partially hydrolyzed silane derivatives were 
kept in capped bottles at room temperature. 

3.2.2. Peroxidase entrapment 
The entrapment procedure involved the mixing 

of a 1:1 ratio of the previously prepared Sol stock 
solution and a buffered peroxidase solution (0.1 
M phosphate buffer at pH 6). The solution was 
then shaken so as to obtain a homogeneous mix- 
ture which was allowed to solidify at room tem- 
perature. The formation of the Sol-Gel starts few 
minutes after mixing and complete solidification 
(constant weight) after about 5-10 days. The 
Sol-Gel immobilized peroxidase was kept at room 
temperature for at least 2 weeks before washing 
with successive solutions of 1.0 M NaC1, 0.1 M 
phosphate buffer at pH 6, and plenty of distilled 
water, respectively. This washing procedure is 
necessary to wash out any residual or surface 
adsorbed peroxidase. 

3.3. Analytical procedure for peroxide 
determination 

The general procedure for the quantitation of 
hydrogen peroxide involved the transfer of 2-4 
ml of the buffer solution into a test tube contain- 
ing the Sol-Gel entrapped peroxidase. An appro- 
priate known amount of peroxide (or glucose and 
glucose oxidase) was then added and the enzy- 
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matic reaction was allowed to proceed for 10 
min. Just before the absorbance measurements, 
a 100-HI portion of the variamine blue working 
solution was added. The absorbance of the oxi- 
dized variamine blue (violet color) was measured 
immediately at 550 nm against a blank. 

4. Results and discussion 

Initially, experimental conditions were opti- 
mized in order to obtain a sensitive chro- 
mogenic system for the determination of 
hydrogen peroxide using soluble peroxidase. 
Several redox systems were tried in an attempt 
to find a good system for such determinations. 
Variamine blue resulted in a very sensitive sys- 
tem for the determination of hydrogen peroxide 
while thymol-indophenol, thionine, methylviolo- 
gen, phenosafranine, and 7,8-benzoflavone did 
not result in any appreciable signal. Therefore, 
all the following experiments were done using 
variamine blue. 

4.1. Effect o fpHon absorbance 

Variamine blue is oxidized by hydrogen per- 
oxide in presence of peroxidase. The resulting 
violet color was found to be highly dependent 
on the pH of the buffer solution. Fig. 1 shows 
the relationship between the absorbance signal 
and the pH of the buffer solution. It can be 
concluded from the figure that very little oxida- 
tion takes place at pH values above pH 7 and 
essentially no observable oxidation takes place 
at pH values above pH 8. Lower pH values 
result in more improved absorbance signals than 
measurements performed at higher pH values 
while optimum pH of the buffer solution occurs 
at about pH 5. Therefore, all subsequent studies 
were performed with buffer solutions at pH 5 
even though this pH value does not match the 
optimum pH for maximum peroxidase activity. 
This could possibly be justified since the activity 
of peroxidase used at pH 5 is still very high 
although not highest possible. 

2.0 

1.0 

< 

0.0 

pH 

Fig. 1. Effect of the pH on the absorbance. Conditions: 0.1 M 
buffer solution, 5 × 10 5 M peroxide, 2.5 U peroxidase, and 
3 × 10 -4  M variamine blue. The absorbance signal was moni- 
tored at 550 nm. 

4.2. Effect of buffer concentration 

The concentration of the buffer solution used 
also affects the value of the absorbance signal 
as can be seen in Fig. 2. It can be shown from 
this figure that there was an increase in the ab- 

~_ 1.0 

< 

0.0 

o.oo 0.02 o.~. o.~ o.~s o.~o o.12 

Buffer Concentration, M 

Fig. 2. Effect of buffer concentration on the absorbance signal. 
Conditions: buffer solutions at pH 5 but different concentra- 
tions. Other conditions are the same as in Fig. 1. 
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sorbance signal as the concentration of the buffer 
solution was increased at pH 5. However, the 
increase in the absorbance signal with concentra- 
tion was not linear and absorbance increased only 
slightly at buffer concentrations greater than 
3.3 x 10-2 M, and a plateau is essentially ob- 
tained at buffer concentrations exceeding 3.6 x 
10-z M. It is also clear from the figure that large 
increase in the absorbance signal was obtained as 
the buffer concentration was increased in the 
lower range of buffer concentration. Therefore, it 
seems advantageous to use higher buffer concen- 
trations as low concentrations of buffer result in 
lower absorbance signals. A 0.1 M buffer concen- 
tration was judged suitable and was thus used in 
all further experiments. 

It should also be indicated that buffer type was 
found to affect the absorbance signal where it was 
observed that buffers containing acetate or citrate 
resulted in improved absorbance signals while 
those containing succinate resulted in lower re- 
suits. 

4.3. EfJect of  variamine blue concentration 

As expected, an increase in the variamine blue 
concentration resulted in an increase in the value 
of the absorbance signal. This is due to formation 
of more of the oxidized chromogen so that the 
equilibrium expression could be satisfied. Fig. 3 
shows the dependence of the absorption signal on 
the variamine blue concentration. However, it is 
noteworthy to indicate that the background ab- 
sorbance increased as the concentration of vari- 
amine blue was increased. Therefore, a variamine 
blue concentration of about 3 x 10- 4 M was se- 
lected and was thus used in all subsequent experi- 
ments. 

4.4. Effect ~/" temperature 

It is well established that temperature has pro- 
nounced effects on the activity of enzymes and 
thus the rate of enzymatic reactions. The tempera- 
ture effects on peroxidase activity is depicted in 
Fig. 4. It can be shown from this figure that the 
optimum temperature for the determination of 
hydrogen peroxide, in presence of peroxidase and 

o.oo o.o5 o.',o o.'~5 o.~o o.~5 o.~o o.3~ 
[Variamine Blue], mM 

Fig. 3. Effect of the concentration of variamine blue on the 
absorbance signal. Conditions: 0.1 M buffer solution at pH 5. 
Other conditions are the same as in Fig. 1. 

using variamine blue as the chromogenic material, 
is about 30°C. However, Fig. 4 also suggests a 
relatively small dependence of the absorbance sig- 
nal on temperature at lower temperatures. Abrupt 
changes in the value of the absorbance signal was 
observed at temperatures exceeding about 33°C. 
Unless otherwise indicated, room temperature, 
25°C was used throughout this work. 
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oo 1.3 
c 
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< 1.2 
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0 ,~ ~ 3o ,0 50 60 

Temperature, °C 

Fig. 4. Effect of temperature on the absorbance signal. Condi- 
tions: same as in Fig. 3. 
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Fig. 5. Stability of the oxidized variamine blue with time. 
Conditions: same as in Fig. 4 except for the peroxide concen- 
tration (3.6 x 10 .5 M). 

4.5. Stability of the oxidized variamote blue 

A very interesting behavior of oxidized vari- 
amine blue absorption with time can be seen in 
Fig. 5. It is clear from this figure that sensitive 
results can only be obtained when measurements 
are done immediately after the addition of the last 
reagent. This is because the absorbance signal 
starts to deteriorate with time. Initially, we sus- 
pected that the oxidized variamine blue was light 
sensitive. However, running a parallel experiment 
in a system completely isolated from light resulted 
in the same absorbance as that which was exposed 
to light. Therefore, this roles out the possibility of 
light instability of the oxidized chromogen. Un- 
fortunately, the instability of the oxidized species 
can not be explained at this time. Throughout this 
study, absorbance measurements were done im- 
mediately after the addition of variamine blue, 
peroxidase, or hydrogen peroxide, depending on 
the experiment of interest. 

4.6. Sensitivity of the variamine blue system 

The variamine blue system showed a higher 
sensitivity for the determination of hydrogen per- 
oxide, in presence of peroxidase, than the 4- 
aminophenazone system which is used, in a 

commercial kit, as the chromogen for hydrogen 
peroxide determination in presence of peroxidase. 
The molar absorptivity of the oxidized variamine 
blue (1.8 × 104 1 mol - l  cm-1) was about twice 
that of the 4-aminophenazone. Therefore, the op- 
timized variamine blue system was subsequently 
used for the determination of enzymatically gener- 
ated hydrogen peroxide using entrapped peroxi- 
dase. 

4. 7. Dependence of peroxidase activity on the 
entrapment matrix 

Four different entrapment matrices were used 
to check whether peroxidase activity changes with 
the type of matrix in which it is immobilized. The 
composition of these matrices is detailed below: 

Matrix I: 200 lal of the Sol containing 3- 
[trimethoxysilyl]-l-propanthiol was mixed with 
300 I.tl of the Sol containing 3-chloropropyltri- 
ethoxysilane, 300 txl of peroxidase, and 200 gl of a 
papain solution (0.4 mg). 

Matrix II: 500 gl of the Sol containing 3- 
chloropropyltriethoxysilane was mixed with 400 
tal of peroxidase and 100 lal of papain (0.2 mg). 

Matrix III: 300 IA of the Sol containing tri- 
ethoxyvinylsilane was mixed with 200 gl of the 
Sol containing 3-chloropropyltriethoxysilane, 250 
rtl of peroxidase, and 250 ~tl of papain (0.25 mg). 

Matrix IV: 400 ~tl of the Sol containing tri- 
ethoxyvinylsilane was mixed with I00 ~tl of the 
Sol containing 3-chloropropyltriethoxysilane and 
300 lal of peroxidase, but no papain. 

All four matrices were left in a desiccator, at 
room temperature, for 20-23 days although full 
solidification occurred within 5-10 days. The 
weights of the samples after washing and drying 
were 0.168, 0.183, 0.096, and 0.201 g, respectively. 

It is worth mentioning that the preparation of 
the Sol-Gel matrices was always reproducible un- 
der the specified conditions. Throughout this 
work, many different matrices were successfully 
and reproducibly prepared using the described 
procedures. 

The procedure for the determination of hydro- 
gen peroxide concentration involved soaking the 
appropriate solid matrix in 2.5 ml of buffer solu- 
tion at pH 5 followed by addition of 30 gl of the 
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peroxide solution. The reaction was allowed to 
proceed for a specific period of time then a 100 lal 
portion of the variamine blue solution was added. 
The absorbance signal of oxidized variamine blue 
was immediately measured at 550 nm. Fig. 6 
shows the relationship between the absorbance 
value and reaction time. It is clear from the figure 
that Matrix II shows highest absorbance value 
and lowest reaction time. This may suggest that 
hydrogen peroxide can easily diffuse through that 
matrix and reach the active site of the enzyme and 
thus be converted to oxygen which oxidizes the 
chromogenic material, resulting in the intense vio- 
let color. The three other matrices show approxi- 
mate equilibration times but still the absorbance 
value varies for each one, where the absorbance 
measured using Matrix I was greater than that 
produced when Matrix IIl was used. The ab- 
sorbance value was lowest when Matrix IV was 
used. It may be interesting to indicate that perox- 
ide activity appears to be proportional to the 
amount of the 3-chloropropyltriethoxysilane pre- 
cursor in the entrapment matrix. Therefore, it is 
clear that the entrapment matrix significantly af- 
fects the enzymatic activity and thus the value of 
the absorbance signal and the equilibration time 
as well. 
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Fig. 6. Effect o f  the Sol-Gel matr ix  on the immobil ized 
p e r o x i d a s e  a c t i v i t y .  M a t r i x  I ( T ) ,  M a t r i x  I !  ( G ) ,  M a t r i x  II1 

(e), and Matrix IV (0). 
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Fig. 7. Effect o f  temperature on the Sol-Gel entrapped peroxi- 
dase. Ma t r i x  1 (e) ,  Ma t r i x  | I  ( T ) ,  Ma t r i x  l l |  (C)), and Ma t r i x  
i v  ( ~ ) .  

4.8. Effect of temperature on immobilized 
peroxidase 

Immobilized peroxidase in different matrices 
showed a rather interesting behavior at different 
temperatures as compared to the behavior of the 
enzyme in solution. The matrix composition 
seems to be very influential in the determination 
of the optimum temperature which results in max- 
imum enzymatic activity. The optimum tempera- 
ture for peroxidase was very similar to that of the 
soluble enzyme when the TMSP silane derivative 
was used. However, a significant shift in the opti- 
mum temperature of peroxidase (about 20°C) was 
observed when peroxidase was entrapped in a 
matrix which has TEVS as the predominant silane 
derivative but without papain as an additive (Fig. 
7). Using comparable amounts of papain with the 
CPES or a mixture of TEVS and CPES silane 
derivatives resulted in a comparable shift in the 
optimum temperature of peroxidase that is about 
10°C. Papain was used as an additive to the silane 
matrix hoping to improve the stability and en- 
hance the activity of peroxidase in the Sol-Gel 
matrix. According to our experience and observa- 
tions, proteins like papain or bovine serum albu- 
min (BSA) improve the stability of some enzymes 
especially at solid surface matrices. We attribute 



2058 F.A. E1-Essi et al./Talanta 44 (1997) 2051 2058 

300 

250 

=o .c: 

200. 

a. 150. 

E < 
4 

100 

100 150 200 250 

Proposed Method 

50 
50 300 

Fig. 8. Determination of serum glucose by the proposed 
method and the 4-aminophenazone method (34 experiments). 

this to decreased interactions of the enzyme with 
the solid support due to competition between the 
enzyme and the additive for the very active sur- 
face of the solid support. 

rating the enzyme, the Sol-Gel enzymatic matrix 
was kept in a desiccator, at room temperature, for 
2 weeks. Then the different Sol-Gel preparations 
were used for the analysis of the peroxide/glucose 
samples for 35 days. No change in the perfor- 
mance characteristics of the Sol-Gel immobilized 
enzyme was observed. This may suggest excellent 
stability of the entrapped enzyme inside the Sol- 
Gel matrix. Although a long-term stability study 
was not performed, it is anticipated from initial 
results of about 2 month that these enzymatic 
preparations will be stable for longer periods. 
Even after the analysis of about 50 serum samples 
for glucose, consistent and reproducible results 
were always obtained. The relative standard devi- 
ation for repetitive determinations (n = 10) was 
less than 1% in all cases. It should also be indi- 
cated that the Sol-Gel enzymatic preparations 
were kept refrigerated at the end of each working 
day. 
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Abstract 

Formation constants of the silver(I) complexes with some amino-alcohols have been determined at 25°C in 0.5 M 
KNO3 by means of two independent potentiometric measurements employing glass and silver electrode. The ligands 
considered are: sec-butylamine, 2-amino-l-propanol, 2-amino-l-methoxy-propane, 2-amino-2-methyl-l-propanol, 2- 
amino-l-butanol, 2-amino-l-pentanol, 2-amino-l-hexanol, 2-amino-l,3-propanediol, 2-amino-l,3-hexandiol, 2-amino- 
2-methyl-l,3-propanediol and Tris(hydroxymethyl)-aminomethane. Protonation constants of the selected ligands 
have also been determined. Calculations were made using HYPERQUAD computer program. The influence exerted 
by the introduction of hydroxy groups and by the presence of alkyl residuals in the ligand structure on the formation 
equilibria, is discussed. © 1997 Elsevier Science B.V. 

Keywords: Amino-alcohols; Complex formation equilibria: Silver(I) 

1. Introduction 

The amino-alcohols represent a largely diffused 
class of biologically active substances. They char- 
acterise the moiety of  several drugs and natural 
substances like ephedrine, adrenaline and nora- 
drenaline and of  some naturally occurring sphin- 
goid like sphingosine and sphinganine. Due to the 
coordinating properties of amino and hydroxy 
groups, the study of formation equilibria of com- 
plex species with metal ions can help to clarify the 
biological role of these substances. The knowledge 
of complexing properties of  amino-alcohols is not 
yet exhaustive and only a few data related to their 

* Corresponding author. 

complex equilibria are known [1 14]. In particu- 
lar sphingosine and sphinganine in the last few 
years have received great attention because of 
their activity as inhibitors of tumoral cells growth 
[15-18]. Notwithstanding this, the mechanism of 
their biological activity has not yet been clarified 
and their pharmaceutics application is nowadays 
hampered by the cytotoxic effect shown at high 
concentration [19]. However, it is known that the 
antitumoral effect of these sphingoids depends on 
the structure of their polar head and in particular 
on the presence of an amino-group, positively 
charged, in position 2 [15,20], so that when the 
-NH2 is chemically bonded, as an example by 
acylation, the inhibiting effect does not occur. 

0039-9140/97;$17.00 ¢7 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9 140(97)00044-1 
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Then, is presumable that a coordination bond 
involving the amino group also influences the 
pharmacological activity of these compounds. 
Furthermore, as the interaction with metal ions is 
usually reversible and rapid, the study of complex 
formation equilibria may allow an efficient regula- 
tion of active species concentration. 

In this context, the present paper is concerned 
with the study of complexation equilibria of some 
amino-alcohols with Ag(I). The considered lig- 
ands are: sec-butylamine (L0, 2-amino-1-propanol 
(Ln) , 2-amino-l-methoxy-propane (LI l l )  , 2- 
amino-2-methyl-l-propanol (Lw), 2-amino-l-bu- 
tanol (Lv), 2-amino-l-pentanol (Lw), 2-amino-1- 
hexanol (Lw0, 2-amino-l,3-propanediol (Lvni), 
2-amino-l,3-hexandiol (L~x), 2-amino-2-methyl- 
1,3-propanediol (Lx) and Tris(hydroxymethyl)- 
aminomethane (Lx0. 

The ligands, which have a structure similar to 
the polar head of sphingosine and sphinganine, 
have been chosen in order to evidence the effect of 
the number of substituent hydroxy-groups and of 
the addition of alkyl residual on the coordinating 
properties of 2-amino-alcohol moiety. 

The study has been extended to Tris(hydrox- 
ymethyl)-aminomethane (TRIS, THAM), whose 
complexing properties have been not sufficiently 
documented even if it is often added as a buffer to 
solutions prepared to investigate biochemical re- 
action involving transition metal ions [12-14,21- 
24]. 

Among the elements of the same periodic 
group, silver has been the least studied one, prob- 
ably due to its extremely low presence in biologi- 
cal systems. However, our attention has been 
focused on silver(I) compounds, firstly because of 
the lack of thermodynamic data and secondly 
because, as already observed for other metal ions 
whose presence is not relevant in biological sys- 
tems [25-27], their applicative importance can not 
be excluded. 

2. Experimental 

2.1. Materials 

All the commercial products employed for 

the preparation of L n I  and L i v  , w e r e  by 
Fluka. 

Twice distilled and deionized water was used 
for preparing all solutions. All the reagents were 
obtained in high purity. Ultra pure KNO 3 
(Suprapur grade, Merck) was used as ionic 
strength buffer. 

Silver(I) nitrate (Carlo Erba) stock solutions 
were standardized by titration with standard 
reagent NaCI (Merck) and using K2CrO 4 
(Merck) as indicator following the Mohr's 
method [28]. 

Ligand stock solutions. As all the considered 
ligands are highly hygroscopic and uptake easily 
CO2, the direct weighing was not possible and 
all the solutions had to be handled in strictly 
air-free conditions. Stock solutions were then 
prepared by taking a volumetric sample in a 
glove-box under an argon atmosphere and dilut- 
ing with appropriate volumes of water. The titre 
was successively controlled from series of 
crossed acid-base titrations with a potentiomet- 
ric end point detection. 

2-Amino-l,3-propanediol has been supplied as 
oxalate salt. The quantitative precipitation of 
oxalate ion with calcium(II) was then performed 
before preparing stock solutions. The presence 
of a 0.5% excess of calcium(II) nitrate, needed 
in order to assure the quantitative precipita- 
tion of oxalate, has been checked by EDTA ti- 
tration. 

Potassium hydroxide 0.1 M (COz-free solu- 
tion, Merck) was standardized by potentiometric 
titrations against a solution of potassium hydro- 
gen phthalate (Merck pro analysis, dried at 
120°C) using the Gran method [29] for the eval- 
uation of the end point. 

Nitric acid solution (0.1 M) was prepared 
by diluting the pure concentrated product 
(Merck) and standardized by potentiometric 
titrations against tris(hydroxymethyl)aminome- 
thane (Merck), dried at 100°C for 24 h. 

An independent check of the analytical proce- 
dure was also carried out by a direct titration of 
potassium hydroxide solution against the nitric 
acid. 
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2. I. 1. Synthesis of  2-amino- 1-hexanol and 
2-amino- 1,3-hexandiol 

As 2-amino-l-hexanol and 2-amino-l,3-hexan- 
diol are not commercially available, these prod- 
ucts were prepared following the synthetic path 
summarized in Scheme 1 [30]. 

2.1.2. EMF measurements 
Glass electrode. The alkalimetric titrations were 

carried out adding KOH to the test solution 
placed in a thermostatic vessel, under agitation 
and under a stream of purified argon presatured 
with a 0.5 M KNO3 solution. The temperature 
control (25_+0.1°C) was achieved by means of 
water circulation in the jacketed vessel from a 
water thermocryostat (thermostat HAAKE DC3 
and chryostat HAAKE K15). The initial volumes 
of the titrated solutions were 25 ml. 

The KOH solution was delivered in the titra- 
tion vessel by a Metrohm Dosimat 655 digital 
burette with a total volume of 5 ml. In order to 
have CO2-free potassium hydroxide, the solution 
was preserved in a bottle stopped by a soda lime 
plug and kept under argon atmosphere. In these 
conditions the solution was stable up to 1 month. 

Potentiometric titrations were carried out using 
a Metrohm mod. 665 pH/mVmeter, with a glass 
electrode (INGOLD) and a double junction Ag/ 
AgCI electrode (INGOLD) as a reference. The 
outer solution of the reference electrode was 0.5 
M KNO 3. 

The potentiometric apparatus was made com- 
pletely automatic by applying an IBM mod.30 
personal computer with a parallel interface and 
using an appropriate software program. [31] 

OBn 

Br~  o e ~  o s n  

m o,1 

NH2 A 4O% 

NH2 

2-aminQ-1,3-hexandiol 

OB. 
b,c,d,e • s ~  Br 

/ 
g , h . i  

Scheme 1. 

The electrode standard potentials E ° were de- 
termined every day from the acid region of the 
titration of a 0.005 M HNO 3 solution (0.5 M 
ionic strength buffer) against 0.1 M KOH. Simi- 
larly the response of the glass electrode was 
checked every week evaluating the value of pKw 
from the basic portion of the calibration curve. 
The linearity of E versus pH function was also 
checked; the slope of the straight line obtained 
was, within the experimental errors, coincident 
with the theoretical value. 

For the evaluation of the protonation con- 
stants, solutions 0.5 M in KNO 3 containing differ- 
ent quantities of ligand and acidified with a 
known excess of HNO3 were titrated with potas- 
sium hydroxide solution. 

For the formation constant determination of 
Ag(I) complexes, solutions at various concentra- 
tions of Ag(I) nitrate and ligands were titrated 
with KOH. Before the titrations all the solutions 
were acidified with a known excess of nitric acid. 
The ionic strength was always adjusted to 0.5 M 
by adding solid potassium nitrate. 

Ag electrode. All the measurements regarding 
AgO) complexation equilibria were repeated also 
by employing an Ag electrode (Metrohm) in order 
to have an independent measurement. 

The calibration of the Ag electrode was per- 
formed by measuring the potential of five solu- 
tions at different Ag(I) concentration containing 
KNO 3 0.5 M as ionic strength buffer. E ° and 
slope were determined by linear regression of data 
(r2= 0.99) and the obtained values were in good 
agreement with the theoretical ones (error < 1%). 

The operative conditions employed for the de- 
termination of stability constants were the same 
as those related to glass electrode measurements. 

All the calculations for the calibration of the 
glass electrode and for the determination of ligand 
protonation and complex formation constants 
were carried out by employing HYPERQUAD 
least squares computer program [32]. 

3. Results and discussion 

Particular attention had then to be paid to the 
choice of concentration ranges, considering the 
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Table 1 
Initial analytical concentrations (raM) of ligand (CL) and acid 
(CH) and - log [H  +] ranges for the determination of the proto- 
nation constant of  2-amino-l-hexanol at l = 0.5 M KNO3 and 
T = 25°C 

Ligand Expt. no C L C H - log[H 7] ranges 

1, 2, 3 1.8 3.0 3.08-10.61 
2-Amino-l-hex- 4 3.7 5.0 3.07 10.34 

anol 
5 6.7 10 3.08-10.43 

method sensitivity and the best operative condi- 
tions for the calculation of the constants. Good 
results were obtained in all the examined systems 
when the ligand concentration was maintained 
lower than 7 raM. 

In fact, by a preliminary examination of the 
experimental data, turns out that the ligand con- 
centration influences the results. In particular, 
there is a progressive worsening of the fit on 
increasing the ligand concentration in the titration 
vessel. 

3.1. Protonation equilibria 

The calculation of the protonation constants 
has been performed by elaborating the data ob- 
tained by five titration runs for each system. In 
Table 1 the operative conditions are reported for 
2-amino-l-hexanol as an example. Similar condi- 
tions have been employed for all the other lig- 
ands. As can be noted, one of the titrations has 
been repeated three times in order to check the 
reproducibility of the experimental measurements. 
Repeated runs also allowed a better control of the 
ligand concentrations, whose determination re- 
quires particular care (Section 2). In fact the 
amounts of ligands in the titration vessel (COL) 
have been refined by HYPERQUAD program 
and the resulting values were in a good agreement 
with the calculated ones (2% error). 

In Table 2 the pK,~ values obtained by the 
simultaneous elaboration of all the titration 
curves are reported. The error between brackets is 
the standard deviation provided by HYPER- 
QUAD calculations. The statistical parameters 
are satisfactory also considering that, due to the 

basicity of ligands, E.F.M. measurements had to 
be performed in the basic region. 

The pK, values related to sec-butylamine [33], 
2-amino-l-butanol [34] and THAM [12 14,21- 
24] are in a good agreement with literature data. 

From the examination of the reported data, 
two main effects on the acidity of protonated 
ligands can be evidenced. Firstly, the insertion of 
hydroxy group causes a relevant lowering of pK~ 
values. This effect could be caused either by the 
intramolecular hydrogen bond formation [35], 
which is stronger in the deprotonated form than 
in the protonated one, or by an electron-with- 
drawing polar effect due to the hydroxy group. 
Comparing the pK~, values related to L,  and L m 
it is evident that the second effect is prevalent. 
Furthermore, the methoxy group seems to be 
more effective than hydroxy group, in spite of the 
lower electronic-withdrawing capabilities of this 
group with respect to hydroxy one. This reversal, 
already observed for similar compounds [36] was 
ascribed to the modification of the true inductive 
effect of the hydroxy group by solvation. 

Secondly, the addition of alkyl residuals in the 
ligand structure causes an increase of the pK~ 
values. The effect is mainly ascribable to a field 
effect of the alkyl group, which results in an 
increase in the electron density on the nitrogen 
atom [36]. Furthermore, from the results it can be 

Table 2 
Protonation constant values and related statistical parameters 
for the considered ligands at I = 0.5 M KNO 3 and T =  25°C 

Ligands pK,, Z 2 o" 

Sec-butylamine 10.599(3) 19.23 3.72 
2-Amino-l-propanol 9.450(6) 13.54 2.01 
2-Amino- 1-methoxy-propane 9.424(2) 10.29 1.34 
2-Amino-2-methyl- 1 -propanol 9.612(6) 14.37 2.98 
2-Amino-l-butanol 9.554(5) 15.00 2.80 
2-Amino-l-pentanol 9.766(3) 17.50 3.01 
2-Amino-l-hexanol 9.90(6) 18.41 4.00 
2-Amino- 1,3-propanediol 8.786(I) 10.32 1.09 
2-Amino-1,3-hexandiol 8.901(2) 11.73 3.21 
2-Amino-2-methyl- 1,3- 8.780(6) 15.68 2.90 

propanediol 
Tris(hydroxymethyl) 8.156(1 ) 5.23 0.56 

aminomethan 
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Table 3 
Initial analytical concentrations (mM) of ligand (C0,  metal 
(CM) and acid (C,) ,  CL/CM ratios and p[H] ranges employed 
in calculations of  complexation constant of 2-amino-l-hexanol 
-Ag( l )  at I = 0 . 5  M KNO3 and T =  25°C 

Expt. no C~ C M CL/CM Cii p[H] ranges 

I 4.10 4.10 1 6.10 7.42 8.26 
2 1.49 0.75 2 3.50 7.78- 9.25 
3 2.84 1.42 2 4.85 7.61) 8.93 
4 3.70 1.85 2 5.70 7.50 8.85 
5 4.24 1.41 3 6.10 7.92 9.48 
6 3.20 1.09 3 3.52 7.78 9.56 
7 2.01) 0.69 3 2.21) 7.65 -9.75 
8 4.115 0.81 5 6.10 7.54 10.20 

noted that the insertion of methyl group in posi- 
tion 2 in L~v and Lx causes an increase of pK~ 
lower than the one expected on the basis of the 
field effect. This is in agreement both with the 
steric hindrance on the quaternary carbon, which 
could stabilize the intramolecular hydrogen bond 
with the consequent lowering in basicity and with 
the differential hydration [37] which is less effec- 
tive when a -CH~ group is added in position 2. 

3.2. Complexation equilibria 

In order to evidence both mononuclear and 
polynuclear species, the determination of com- 
plexation constants has been carried out for each 
considered system on a stock of eight solutions 
containing various CL/CM ratios and at different 
ligand and metal initial concentrations. In Table 3 
are reported, as an example, the operative condi- 
tions for 2-amino-l-hexanol-Ag(I) system. 

As can be noted, the - l o g [ H  +] ranges are 
variable depending on experimental conditions 
and have been identified considering all the equi- 
libria involved, in order to avoid precipitation 
equilibria. 

All the experimental runs were firstly elabo- 
rated by HYP ER QUAD one by one, afterwards 
an elaboration of each set obtained with glass or 
Ag electrode was performed. Finally all the titra- 
tion curves were elaborated simultaneously. Dif- 
ferent equilibrium models were examined. The 
species ML, MLe M2L, M2L2, MLOH, ML2OH 

and ML 3, were systematically considered in differ- 
ent combinations. These species were either re- 
jected by H Y P E R Q U A D  or caused a worsening 
of the statistical parameters a and Z 2 [38] or lead 
to not acceptable chemical models. 

The absence of systematic errors was tested 
refining also the dangerous parameters as COM, 
COL, Co. (total mmoles of metal, ligand and pro- 
ton, respectively, in the reaction vessel). The devi- 
ation of calculated values from input ones can be 
considered within the experimental error (about 
2%). 

Hydrolysis constants [39] were considered in the 
calculation. However they do not influence the 
log fl values, apart from a slight ( ~ 1%) effect on 
the results related to the titration curves with 
C L / C  M = 1, 

The calculations related to Ag electrode mea- 
surements give statistical parameters better than 
those obtained with glass electrode, probably due 
to the working pH range in which the alkaline 
error is not negligible. Anyway, the stability con- 
stants obtained with the two independent mea- 
surements are in good agreement as evident in 
Table 4 in which the results related to Ag and 
glass electrode measurements for Ag(I)-2-amino- 
1,3-propanediol system are reported. 

In Table 5 the results of the overall elaboration 
obtained for all the considered systems, are sum- 
marized. Two different models, i.e., ML-ML 2 
(model 1) and ML-ML2-MLOH (model 2), are 
reported as the most significative ones. Is worth 
noting that is not possible from the potentiomet- 
tic measurements, to deduce whether the species 
indicated as MLOH is a hydroxy complex or a 
complex where ligand acts as a chelate, with the 
deprotonation of the hydroxy groups. Due to 
steric reasons and considering logfl values the 
first alternative seems to be more probable [21]. 
On the other hand, the enhancement of the 
affinity for OH-compared with the hydrated silver 
ion has been already observed from other authors 
in the presence of aromatic [40] or aliphatic 
[21,41] N-ligands. 

From a critical view of  the Table 5 it is evident 
that the model 2 is the most representative at least 
for the ligands Lw. ,  Lix, Lx and Lx~, in which 
two or three hydroxy groups are present. The 
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Table 4 

Formation constants of  complexes of 2-amino-l ,3-propanediol with AGO), and related statistical parameters obtained at I = 0.5M 
KNO3 and T =  25°C 

Ag electrode Glass electrode Total 

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 

log fl1.1,o (log K 0 3.39 (1) 3.407 (6) 3.40 (6) 3.39 (5) 3.38 (1) 3.39 (1) 
log f12,1,0 6.72 (1) 6.64 ( 1 ) 6.79 (2) 6.69 (3) 6.76 (1) 6.65 (2) 
log K 2 3.33 3.23 3.39 3.30 3.38 3.26 
log fl~ j _  ~ - -  - 6.24 (4) - -  - 6.40 (7) - -  - 6.34 (5) 
log K~(AgL +) - -  - 9 . 6  - 9 . 8  - -  - 9 . 7  
2' 2 28.00 21.00 62.13 30.20 50.25 22.15 
o" 3.85 1.58 5.18 2.60 4.31 2.19 

presence of the MLOH species is evident in Fig. 1 
in which the comparison between the two models 
for Ag(I)-THAM system is reported as a plot of 
experimental and calculated data. For all the 
other systems, the presence of ternary species 
MLOH is uncertain and its addition to the specia- 
tion model does not improve significantly the 
fitting. This may be due both to the reduction in 
acidity of the bonded water (see log Ka(AgL +) 
values in Table 5) and to the formation constant 
values, so that the presence of ML2 species is 
predominant in the examined experimental condi- 
tions (Fig. 2 and Fig. 3). 

As far as the stability order of the complexes is 
concerned, the same trend as observed for pK~ 

3,60 

3,40 

,.,:::L'.I" 

300 
0,10 0,15 0,20 0,25 0,30 0,35 040 0,45 

tltrant (mL) 

Fig. I. Comparison between experimental and calculated 
curves related to either model l (ML, ML2) or model 2 (ML, 
ML2, MLOH)  for the Ag(I)-THAM system with Ag electrode. 
C L=  3.2 mM,  CM = l . l  mM,  C H = 3.5 mM,  1 =0 .5  M KNO~ 
and T =  25°C. 

values has been found. It is then evident that the 
coordination is due to the aminic nitrogen and 
that no chelate structures are formed. As found 

&O 6,0 7,0 0,0 9,O I0,0 

Fig. 2. Plots of  formation percentages vs p[H] related to ML, 
ML 2 and MLOH species for Ag(I)-THAM. CL = 3.2 mM, 
C M = 1.1 mM,  C H =3 .2  raM. Formation constants  as re- 
ported in Table 5 (model 2). 

i 0. 

20. 

0. - -  
5.5 6.5 7,5 &5 9.5 10,5 

Fig. 3. Plots of  formation percentages vs p[H] related to ML, 
ML:  and MLOH species for Ag(I)-2-amino-l-propanol.  C L = 
3.2 raM, C M = 1.1 mM,  CH = 3.2 mM.  Formation constants 
as reported in Table 5 (model 2). 
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for other systems [6,42], (log KO/pK, ratio is 
constant for all the considered ligands, the aver- 
age value being 0.37 _+ 0.02. 

It is worth noting that in the systems contain- 
ing Liv and L x as ligands, the stability of the 
ML species is lower than the one expected con- 
sidering the pK~ values. These results can be 
ascribed to the steric hindrance which is more 
influent on the tetrahedral structure of ML spe- 
cies with respect to the linear one characteristic 
of ML2 species in silver(I)-aliphatic amines sys- 
tems. 

Furthermore, it can be noted that log K 2 val- 
ues are higher than log K~ ones, with the exclu- 
sion of 2-amino-l,3-hexandiol and 2-amino-l,3- 
propane- diol. This different behaviour can be 
explained assuming that the K values, as sug- 
gested by Orgel [43] and interpreted in detail by 
Martin [44] in terms of cooperative effect, are 
made up of two parts which are in competition 
each other. The first is mainly due to a statisti- 
cal-electronic effect and causes a fall off of sta- 
bility from K~ to K,,. The second part can be 
attributed to an energetic effect associated to the 
change of the complex structure from tetracoor- 
dinate to linear and determinates an increasing 
of stability. Depending on which is the prevalent 
effect, K2 value will be lower or higher than KI. 
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Abstract 

Cobalt(II)-cyanoferrate polymeric film has been electrochemically deposited on a glassy carbon electrode and 
investigated by cyclic voltammetry and in-situ reflection FTIR spectroscopy. A reorientation of the terminal C-N 
groups upon redox reactions was proposed. The stretching vibration mode of the terminal C N groups associated 
with Fe(III) was observed at 2122 cm ~, however, the stretching vibration mode for terminal groups associated with 
Fe(II) did not appear. This process could result in a switch between lattice-closed and lattice-opened surface structure. 
© 1997 Elsevier Science B.V. 

Keywords: Cobalt(II)-cyanoferrate; Glassy carbon electrode; Stretching vibration 

1. Introduction 

Cobalt  hexacyanoferrate (CoHCF) is an impor- 
tant member  of  the family of  mixed-valence tran- 
sition metal hexacyanometallates. The C o H C F  
polymeric film has excellent properties in electro- 
catalysis, zeolitic towards specific cations, 
bichromic and chemical stability. All of  these 
traits and low cost of  such inorganic polymeric 
film coated electrode make it obvious candidate 
for electroanalytical applications such as electron 

* Corresponding author. Current address: Department of 
Chemistry, The University of Science and Technology of 
China, Hefei 230026, People's Republic of China. Fax: + 86 
551 3631760: e-mail: xqlin@mail.ach.ustc.edu.cn 

transfer mediation, electrochromism devices and 
ion selective electrode [1]. Several electrochemical 
and spectroscopic techniques have been employed 
to characterize the C o H C F  polymeric film and its 
analogues.These methods include cyclic voltam- 
metry [1], in-situ UV-vis spectroscopy [2], in-situ 
Mossbauer Spectroscopy [3], AC Impedance [4], 
XPS [4], ex-situ IR Spectroscopy [1,5,6], etc. Ex- 
situ IR investigations can provide useful informa- 
tion, but it also leads to a question as to whether 
or not the observed spectra correspond to the 
actual electrochemical surface species. Unfortu- 
nately, no in-situ IR investigation has been re- 
ported for this problem in the literature. In-situ 
IR technique have attracted considerable atten- 

0039-9140,97/$17.00 ~ 1997 Elsevier Science B.V. All rights reserved. 
PII $0039-9140(97)00052-0 
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tions of many research groups [7] since the pio- 
neer work at the beginning of the 1980s [8]. 
Owing to the fact that it allows the electrochemi- 
cal environment of the reactive centers to be 
preserved, in-situ IR method becomes a powerful 
tool in studies of film-coated electrodes. 

The CoHCF film has 3-dimensional inorganic 
network which may contain coprecipitated or oc- 
cluded ions, possibly hydrolyzed ferrocyanide and 
indefinite amounts of water. Such a complex ma- 
terials may have variable stoichiometry and struc- 
tural disorder. There are still interesting questions 
to be answered concerning the film structure, ion 
permeability and correlation of redox potential 
with supporting electrolyte cations. 

The present work reports the by using in situ 
IR technique study the structure of the in-situ 
reflection FTIR spectroelectrochemical study of 
the CoHCF film on glassy carbon electrode and 
try to correlate the film structure to the property 
of the film-coated electrode. 

instrument was calibrated using a polystyrene 
film. The IR beam was aligned for 66 ° incidence 
angle at the electrode/solution interface. All spec- 
tra were collected by using potential modulation 
method [7]. Two hundred scans were averaged for 
a spectrum. Larger number of scan average times 
can be used for further reduction of noise level. 
However, longer acquisition time may cause sig- 
nificant baseline distortion. 

A home-built cyclic voltammetric analyzer cou- 
pled with a series 60 000 X-Y recorder (Liaoning 
Precision Instruments MFY, China) was used. All 
potentials were reported with respect to the satu- 
rated calomel electrode (SCE). E °' was estimated 
as (Epc + Epa)/2 , and AEp was measured as E p a -  
Ep~. 

3. Results and discussion 

3.1. Voltammetric measurements 

2. Experimental 

Analytical grade K3Fe(CN)6, NaNO 3 and NaC1 
were used without further purification. Solutions 
were prepared with doubly distilled water. 

The CoHCF film was prepared on glass carbon 
(GC) electrode (8 mm diameter) by electrochemi- 
cal deposition similar to that reported in literature 
[1]. Perio to film deposition, the GC electrode was 
polished to a mirror finish on an optical fiat using 
1.0, 0.3 and 0.05 mm alumina, then rinsed and 
ultrasonicated with 1:1 water-methanol mixture, 
and finally thoroughly rinsed with distilled water. 
The film was obtained by cycling the electrode 
potential between 1.0 and 0.0 V (vs SCE) at 100 
mV s - '  for 5 min in 1.0 M NaNO 3 solution 
containing 1 mM Co(NO3) 2 and 1 mM 
K3Fe(CN)6. Then the film-coated electrode was 
thoroughly rinsed with the supporting electrolyte 
solution for further experiments. 

A home-made in-situ external reflection FTIR 
spectroelectrochemical cell was used [9]. A Nicolet 
520 SX FTIR spectrometer with a DTGS detec- 
tor, and a variable angle specular reflectance at- 
tachment (Spectra Tech Inc.) was used. The 

Fig. 1 shows the typical cyclic voltammogram 
(CV) of the prepared CoHCF/GC electrode in 1M 
NaC1 solution. As seen in Fig. 1, a couple of 
symmetric redox peaks appeared at E °' of 0.45 V 
(vs. SCE) with peak-to-peak separation AEp of 
zero at 100 mV s '. The half width for both of 

OC 

t * i I I 

0.8 0.4 0.0 
E I V (vs. SCE) 

Fig. 1. Cyclic voltammograms at CoHCF/GC electrode in 1.0 
M NaCI solution at scan rate of 100 mV s- '. 
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Fig. 2. (a) Cyclic voltammograms of CoHCF/GC electrode in 
1.0 M NaC1 solution at different potential scan rates (25, 50, 
80, 90, 100, 120, 150, 170, 200 mV s ~); (b) Scan rate 
dependence of the reduction peak current for CoHCF/GC 
electrode in 1.0 M NaC1 solution. 

indicates the redox step of the Fe(II/III) in the 
CoHCF film. It is also seen in this figure that 
when the potential increased from 0.50 to 0.70 V, 
the downward band at 2090 c m - i  decreased and 
shifted to 2098 cm-1.  Meanwhile, a well defined 
downward peak appeared at 2122 cm ~. The little 
shift of the 2090 cm 1 band may be resulted from 
the Stark effect, however, it is also consistent with 
the fact that the oxidation of Fe(II) to Fe(III) 
weakens the ~ back donation from metal d orbital 
to the cyanide ~* orbital and thus enhances the 
carbon-ni t rogen bond strength and results in 
shifting toward higher wavenumber for the C-N 
stretching frequency. 

Of particularly interesting, the new band arising 
at 2122 cm -~ can be assigned to the characteristic 
band of terminal cyanide associated with Fe(III). 
Because the stretching frequency in free 
Fe(CN){ anions is at 2114 cm ~ [13], only + 8 
cm i shift may be resulted from the fact that the 

the reduction and oxidation peaks was about 140 
inV. It is known that the cobalt center is not 
electrochemically active in this potential region. 
The redox step at 0.45 V is attributed to the 
electron transfer processes of the Fe center [1]. 

The CVs upon variation of potential sweep rate 
are shown in Fig. 2(a). The peak current was 
linearly proportional to the sweep rate as shown 
in Fig. 2(b). These typical characteristics of sur- 
face wave are well expected for this system. 

3.2. In-situ IR  spectroscopic measurements  

Fig. 3 shows the in-situ reflection-absorption 
difference spectra on the CoHCF/GC electrode. 
As shown in this figure, the IR band extending 
upwards at 2068 cm-~ indicates the disappear- 
ance of  the stretching vibration mode of bridging 
C-N  ligand associated with Fe(II) and the down- 
ward peak at about 2098 cm-1  indicates the 
appearance of stretching vibration mode of bridg- 
ing C-N ligand associated with Fe(IlI) [1,10-12]. 
The transformation of these two vibration modes 
with the potential jumping from 0 to 0.50 V 

2090 

2122 
0 

~ 0 , 7 0  

2068 

~0.011 2098 

2150 2000 
WAVENUMBER / era" 

Fig. 3. FTIR potential difference reflection-absorption spectra 
obtained at CoHCF/GC electrode in 1.0 M NaC1 solution. 
Reference potential: 0.0 V (vs. SCE). Sampling potential: as 
indicated, V (vs, SCE). 200 interferograms were averaged. 
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terminal cyanide is connected to the polymeric 
network of  the CoHCF. When the potential in- 
creases positively, the electrode withdraws elec- 
trons from Fe center through the polymeric 
network. This weakens the ~r back donation from 
Fe to the cyanide re* orbital and enhances the 
strength of C-=N bond. 

The 2122 c m -  ~ band emerged at the potential 
of 0.50 V. It became less visible because of the 
increasing intensity of the wings of the broad 
band at 2098 c m -  ~ with potential increasing from 
0.50 to 0.70 V. It is reasonable to observe an 
upward band for the disappearance of the stretch- 
ing vibration mode for the terminal C-N associ- 
ated with Fe(II). This band can be expected to 
appear at about 2040 cm ~ [13]. However, no 
such an upward peak in this region was found, 
only a small upward spike can be seen at about 
2050 cm - ~ at 0.6 V spectrum. 

This phenomenon probably arises from the ef- 
fect of the surface selection rule [14]. Among the 
normal modes of a molecule, only the vibrational 
modes having a non-zero component of the dipole 
derivative perpendicular to the reflection surface, 
(i~R/c~Q) SO, are able to interact with the IR 
radiation. Although, the Surface Selection Rule 
has been well established at metal surfaces, be- 
cause of the excellent electric conductivity of the 
GC electrode, we may expect the same applicabil- 
ity. According to the face-centered cubic lattice 
structure of  mixed-valance heavy-metal hexa- 
cyanometallates [1,15],the surface of CoHCF film 
adjacent to the solution can be described as 
shown in Fig. 4. 

In the cubic lattice structure of CoHCF, cobalt 
and iron atoms alternate at the cubic corners. The 
bridging cyano groups located in such a way that 
all irons coordinated to carbon and all cobalt to 
nitrogen [1]. We consider that the terminal cyano 
groups should connect to the iron atoms and like 
whiskers growing on the surface of this film. 
However, when the electrode potential was lower 
and the film was in reduced state, the terminal 
cyano groups could be oriented on the surface 
forming a 'closed' lattice. Such an orientation in 
the surface selection rule is IR-inactive and led to 
the 'disappearance' of the stretching mode for the 
C-N associated with Fe(II). 

a b 

0 :Co • : c a t i o n  O "Fe  

@ : - N - C -  ~ : ('N g roup  

Fig. 4. Closed (a) and opened (b) lattice mode for the surface 
structure of CoHCF film adjacent to the solution 

With the potential increasing positively, the ori- 
entation of these terminal cyano groups may be- 
come perpendicular to the cubic surface. This 
reorientation process could be related to the re- 
leasing dopant lattice cations. When the potential 
reached to 0.50 V, the oxidation process of the 
lattice was completed, the lattice became 'opened' 
with the terminal C -N  group vertical to the sur- 
face. This mechanism consists with the appear- 
ance of 2122 cm ~ band in Fig. 3. 

The transition of orientations for the terminal 
C=N groups could also be influenced by electric 
field of  the double layer. Because the Fe(II) center 
prefers C-coordination, however, the Fe(III) cen- 
ter prefers N-coordination, it is possible that the 
oxidation of the CoHCF film results in a reori- 
ented-coordination of the terminal C-N. When 
the film was in the reduced state the partially 
negative charged free N-end of the terminal C=N 
group could be forced down by the electrostatic 
field as shown in Fig. 5(a). However, when the 
electrode potential shifting positively, the oxida- 
tion of the Fe(II) to Fe(III) could release the 
partially positive charged C-end. The electrostatic 
field could force the C-end up forming the vertical 
orientation as shown in Fig. 5(b). 

The redox potential of the surface film is signifi- 
cantly influenced by the property of electrolyte 
cations, however, the electrolyte anions have been 
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I 
(a) (b) 

: C o  - - ' D - : - N  ~ C - -  0 :ea tk)n  O 

Fig. 5. Reorientation of terminal C~N group in CoHCF film 
in (a) reduced and (b) oxidized state. 

found  to p lay  scarcely role on C o H C F  electro- 
chemis t ry  [1]. Besides the size effect, the existing 
o f  the whiskers- l ike te rminal  cyano  groups  on the 
lat t ice surface can be expected to p lay  a subtle  
role on the ion channel ing  kinetics o f  the film. 

4. Conclusion 

In-si tu  IR  spect ra  o f  the coba l t ( I I ) - cyanofe r ra te  
po lymer ic  film coa ted  glassy ca rbon  elect rode re- 
vealed a t r ans fo rma t ion  band  at  2122 cm ~ for 
the te rmina l  C - N  groups.  I t  is expected that  the 
o r ien ta t ion  o f  the te rminal  C--N groups  on the 
lat t ice surface can be reor iented  upon  redox reac- 
t ion o f  the Fe  center  and  switched between on- 
surface state and  whiskers- l ike state. This process  
may  result  in ion-channel  closed or  opened  lattice. 

This  swi tch-ad jus tment  effect to the ion channel-  

ing process  o f  the po lymer ic  film may  be interest-  

ing. 
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Abstract 

Fourier tranform infrared (FT-IR) spectroscopic method has been developed for determination of cypermethrin 
and deltamethrin in emulsifiable concentrate formulations. The known concentration of formulation was subjected to 
preparative thin layer chromatography and the active ingradient zone was scrapped from the plate. Pyrethroids were 
eluted from the adsorbent with chloroform and estimated by measuring the ester carbonyl absorption band at 1749 
cm ~ in cypermethrin and at 1743 cm ~ in deltamethrin using base line technique. Recoveries of cypermethrin and 
deltamethrin from commercial and laboratory prepared formulations were 90 to 97% in both the cases, The validity 
of FT-IR method was confirmed by comparing the results with standard HPLC method. © 1997 Elsevier Science B.V. 

Keywor&': Fourier tranform infrared spectroscopy; Cypermethrin; Deltamethrin 

1. Introduction 

Cypermethrin (RS)-a-cyano-3-phenoxybenzyl 
( 1RS)-cis, trans-3-(2,2-dichlorovinyl)-2,2-di-  

methylcyclopropanecarboxylate and deltamethrin 
(S)-~-cyano-3-phenoxybenzyl ( 1 R)-cis-(2,2-dibro- 
movinyl)-2,2-dimethylcyclopropanecarboxylate 
are non-systemic stomach and contact synthetic 
pyrethroids effective against broad range of pests. 
These pyrethroids are commercially available as 
emulsifiable concentrate (EC), wettable powder 

* Corresponding author. Fax: + 91 11 5766420. 

(WP) and ready-for-use ultra low volume formu- 
lations (ULV). 

The active ingradient in technical material and 
commercial formulations is determined by either 
high performance liquid chromatography (HPLC) 
or gas liquid chromatography (GLC) [1-4]. In the 
present Fourier transform infrared (FT-IR) spec- 
troscopic method, the active ingredient was sepa- 
rated from commercial formulation by 
preparative thin layer chromatography (TLC) and 
the ester carbonyl absorption band was estimated 
by FT-IR.  The method is simple, rapid and has 
been applied satisfactorily for the estimation of 
active ingradient of cypermethrin and 
deltamethrin in EC formulations. 

0039-9140/97/$17.00 :,~2, 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-91 40(97)00056-8 
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Table 1 
Rf values of cypermethrin and deltamethrin in different solvent systems 

System number Solvent system (v/v) Cypermethrin Rf Deltametbrin Rf 

1 Benzene 0.50 0.61 
2 Hexane- benzene (7 + 3) 0.41 0.43 
3 Hexane-benzene ( 1 + 1 ) 0.47 0.44 
4 Hexane toluene (1 + 1) 0.55 0.55 
5 Hexane chloroform (9+1) 0.15 0.12 
6 Hexane chloroform (4+ 1) 0.46 0.44 
7 Hexane-chloroform (I + 1) 0.67 0.74 
8 Hexane diethyl ether (9+ 1) 0.41 0.50 
9 Hexane diethyl ether (4+ 1) 0.59 0.61 

10 Hexane- acetone(9 + 1 ) 0.64 0.60 
l l Hexane acetone (4+1) 0.69 0.66 
12 Hexane-ethyl acetate 09+ 1) 0.43 0.42 
13 Hexane-ethyl acetate (9 + 1) 0.61 0.59 
14 Benzene-ethyl acetate ( 19 + 1 ) 0.66 0.74 
15 Benzene-ethyl acetate(9 + 1) 0.77 0.83 
16 Carbon tetrachloride acetone (9+ 1) 0.77 0.77 
17 Hexane-chloroform benzene (9 + 1 + 4) 0.55 0.54 

2. Experimental 

FT-IR spectrophotometer (Nicolet, Impact 400) 
matched liquid cells with NaC1 window having 
optical path length of  0.05 ram. HPLC, Waters 
HPLC pump (501), Rheodyne injector (7125) 
equipped with 20 gl loop, variable wavelength 
tunable absorbance detector (Waters, 484), Stain- 
less steel reverse phase column, RT 250-4; packed 
with 10 gM Lichrosorb RP-8 (Hiber); mobile 
phase, acetonitrile, flow 0.5 ml min ~, detection 
wavelength 235 nm. 

TLC equipment: variable thickness chroma- 
tofilm spreader, No. 20011 (Warner Chilott Labo- 
ratories, Instruments Division); Cypermethrin and 
deltamethrin, both analytical grade (99%) ob- 
tained from Institute of  Organic Chemistry 
Warsaw, Poland; Cymbush (25 EC), cypermethrin 
formulation obtained from ICI (India) Ltd, 
Madras; Decis (2.8 EC), deltamethrin formulation 
obtained from Hoechst (India) Ltd, Bombay. 

2. I. o-D&itrobenzene solution 

Prepared by dissolving 0.25 g of  o-dinitroben- 
zene in 10 ml methyl cellosolve. 

2.2. p-Nitrobenzaldehyde solution 

Obtained by dissolving 0.30 g p-nitrobenzalde- 
hyde in 10 ml methyl cellosolve. 

2.3. Preparation of  laboratory prepared 
formulations 

Cypermethrin (25 EC) and deltamethrin (2.8 
EC) were prepared by mixing 2.5 g of cyperme- 
thrin and 0.28 g of deltamethrin separately with 
100 mg of Tween-80 and making upto 10 g with 
cyclohexanone. 

Solvents acetone, chloroform, hexane, benzene, 
toluene, ethyl acetate, diethyl ether (all analytical 
grade), carbon tetrachloride (IR grade), acetoni- 
trile (HPLC grade) were used. 

Silica gel (G) for TLC (S.D. Fine Chemicals, 
Bombay). 

Sodium hydroxide: 2N in methyl alcohol. 

2.4. Stock solutions 

Standard solution of cypermethrin and 
deltamethrin were separately prepared by dissolv- 
ing 0.4_+ 0.01 g of sample in CCL and volume 
made upto 10 ml and was further diluted to 
different concentrations. 
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2.5. Solution of cypermethrin Jbrmulation 

Dissolve 0.8 __+ 0.01 g sample of cypermethrin 
formulation (25 EC) in 10 ml of CC14 ( ~ 20 mg 
ml- ') and dilutions were made accordingly. 

Table 2 
Analysis of commercial and laboratory prepared cypermethrin 
and deltamethrin formulations (%) 

Serial no. Commercial formula- Laboratory prepared 
lion (%) (%) 

2.6. Solution of  deltamethrin formulation 

Dissolve 7.14_0.01 g sample of deltamethrin 
formulation (2.8 EC) in l0 ml of CC14 (25 mg 
m l - ' )  and dilutions were made accordingly. 

2. 7. Preparation of  TLC plate 

Preparative TLC plates (200 x 200 mm) were 
prepared by coating with a slurry of silica gel G in 
distilled water (1 + 2) to a thickness of 0.75 mm. 
Plates were air dried for ! h and activated by 
heating it at l lO°C for about 1 h. 
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Fig. 1. FT-IR percentage transmittance of CCI4, deltamethrin 
and cypermethrin in the ester carbonyl region. 

FT-IR HPLC FT-IR HPLC 

Cypermethrin 
1 24.54 24.51 24.71 24.00 
2 24.78 24,60 24.62 24.36 
3 25.00 24.75 24.67 24.92 
4 24.64 24.79 24.82 25.12 
5 24.90 24.38 24.98 25.13 
Average 24.77 24.61 24.76 24.71 
S.D. _+0.19 +_0.17 +_0.14 +0.50 

Deltamethrin 
I 2.70 2.87 2.73 2.89 
2 2.79 2.80 2.8l 2.82 
3 2.89 2.77 2.83 2.74 
4 2.74 2.80 2.76 2.82 
5 2.77 2.74 2.91 2.71 
Average 2.78 2.80 2.81 2.80 
S.D. +_0.07 _+0.05 _+0.07 _+0.07 

2.8. Procedure 

Standard solution of cypermethrin (20 mg 
ml - ' )  in CCl  4 w a s  spotted on the preparative 
TLC plate together with a marker spot (100 lag) of 
pure cypermethrin at the end of plate. Loaded 
plate was developed in a presaturated TLC cham- 
ber using hexane acetone (4 + 1, v/v) as a sol- 
vent. After the solvent front had reached the 
distance of about 170 mm, the plate was removed 
from the chamber and dried in air. Developed 
plate was partially covered with another glass 
plate leaving the marker spot exposed. The 
marker spot was sprayed with NaOH solution 
(2N) followed by chromogenic reagent [5] consist- 
ing of o-dinitrobenzene and p-nitrobenzaldehyde 
which gave pink colour spot for the pyrethroids. 
The corresponding band of cypermethrin was 
scrapped off and eluted with chloroform. The 
solvent was evaporated in Kuderna Danish evap- 
orator and diluted to 1 ml with CC14. The ab- 
sorbance of the sample and the standard was 
measured against CC14 using base line technique. 
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Table 3 
Recovery of cypermethrin and deltamethrin 

Serial number Added ( m g )  Cypermethrin Deltamethrin 

Found ( r a g )  Recovery (%) Found ( r a g )  Recovery ('7,,) 

l 20 18.75 93.75 17.82 89.12 
2 20 18.91 94.55 18.16 90.82 
3 20 19.24 96.20 17.87 89.33 
4 20 19.14 95.70 18.08 90.41 
5 20 19.17 95.85 18.41 92.03 

In the present FT-IR method, the spectral reso- 
lution was 4 and 32 scans were recorded for each 
sample. The percentage of cypermethrin was cal- 
culated by the following formula [6]: 

% cypermethrin (by weight) 

At, x W~ 
- - -  x % purity of standard 

A ~ x  Wr 

where As and A t- are absorbances of  standard and 
formulation respectively; W~ and Wr are weight in 
g per 100 ml of  standard and formulation. 

The same experimental procedure was repeated 
for the determination of % deltamethrin in its 
formulation. In the later case, hexane diethyl 
ether (9 + 1, v/v) was used as a developing solvent 
for preparative TLC. 

3. Resul ts  and discuss ion 

The Rf  value of cypermethrin and deltamethrin 
were recorded in different solvent systems (Table 
1). For cypermethrin, hexane-acetone  (9 + 1, v/v) 
with Rf  0.64 and for deltamethrin hexane diethyl 
ether (9 + 1, v/v) with Rf  0.50 were found to be 
satisfactory solvent systems. 

Scan of 20 mg cypermethrin and deltamethrin 
ml ~ in CC14 from 4000 to 400 cm i showed the 
presence of ester carbonyl band at 1749 and 1743 
cm ~ respectively. 

In the present study, the ester carbonyl band 
was selected for the quantitative determination of  
synthetic pyrethroids as this band is very strong 
and appears at transparent region of CC14 (Fig. 
1). The base line of  the absorption spectrum was 

established between 1770 and 1720 cm ~ in both 
the cases. The method is applicable to 1 40 mg of  
these synthetic pyrethroids in 1 ml of  solution. 
Commercial  cypermethrin (25 EC) and a labora- 
tory prepared formulation (25 EC) were analysed 
with five determination of  each sample (Table 2). 
Carbon tetrachloride from the samples was evap- 
orated, residues were dissolved in acetonitrile and 
diluted to 200 ppm before analysing by reverse 
phase HPLC method. Similarly commercial 
deltamethrin (2.8 EC) and a laboratory prepared 
formulation (2.8 EC) were also analysed (Table 
2). 

The percentage recovery was checked by load- 
ing a known amount  of  analytical grade material 
(20 rag) on the preparative thin layer chromato-  
graphic plate and subjecting the plate to above 
described procedure, Recoveries in both the cases 
were in the range of 90 to 97% (Table 3) and by 
HPLC method, it was found to be 92-96%. The 
results of  analysis of  commercial and laboratory 
prepared formulation by FT-IR were compared 
with standard HPLC method (Table 2) and were 
found to be comparable.  The method described 
for analysis of  cypermethrin and deltamethrin 
emulsifiable concentrate formulations is simple, 
specific, rapid and precise. 
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Abstract 

An automatic photometric method to increase the precision of measurement is proposed, which is based on the 
injection of a very small volume of sample by rotary valve and the subsequent homogeneous mixing in a small 
reaction cell made of glass of the sample with a color-developing reagent gradually delivered by a syringe piston pump 
until the absorbance of the mixture approaches 0.434, where the lowest relative error in the concentration locates. 
This photometric method is characteristic of uniformly high precision, low sample and reagent consumption, and high 
sampling rate of 30 samples per h. The other advantages of this method include easy calibration with only one 
standard solution and no strict requirements on photometric components. While applied for the determination of 
cobalt ranging from 0.21 to 1.43 g 1- l, the relative standard deviations are all below 0.4%. © 1997 Elsevier Science 
B.V. 

Keywords: Precision spectrophotometry; Differential spectrophotometry; Spectrophotometry; Micro-analysis; Flow 
analysis 

I.  Introduction 

Absorption spectroscopy in the visible region is 
one of the most useful tools available to the 
chemist for quantitative analysis. Although it is 
mainly employed for the determination of the 
analytes with low concentrations, concentrated 
components may also be determined with one of 
the several precision spectrophotometric (differen- 
tial spectrophotometric) methods [1]. 

Hiskey [2] proposed a precision spectrophoto- 
metric technique that involves comparing an un- 

* Corresponding author. 

known solution with a reference. The reference 
scale is set at zero using a solution of a highly 
colored (radiation-absorbing) species in place of  a 
reagent blank. Concentrations of  the unknown 
higher than the reference are then measured 
against this zero in the usual way. However, a 
standard solution with a higher concentration 
than the unknown may be used for the adjust- 
ment of  0% T, whereas the 100% T is adjusted as 
usual [1,3]. The latter method is less frequently 
used than the former, since the measured ab- 
sorbance is not linearly related to the unknown's  
concentration, and repeated adjustments of 0 and 
100% T are required. 

0039-9140/97/$17.00 ~) 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9140(97)00061-1 
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Reilley and Crawford [3] described a precision 
spectrophotometric method that involves the use 
of two standard solutions to set the 0 and 100% T 
readings of the photometer. By this means, the 
full scale can be used for a concentration range 
much narrower than usual, and precision is thus, 
increased. This method generally requires two 
standard solutions and several other standard so- 
lutions of intermediate concentration to construct 
a calibration curve, since the measured ab- 
sorbance is often not a linear function of concen- 
tration. For the improvement of this method, Du 
zhikun [4] and Guan zongjie [5] introduced a new 
method, which employs a counter micro-current 
in place of the higher standard solution in Reilley 
and Crawford's method for the extension of 
transmittance scale in 0% T direction, with the 
adjustment of 100% T maintained unchanged, 
Some instruments based on the above principle 
have been developed [6], and many applications 
have been reported [1]. 

Common to all the above methods, linear rela- 
tion between absorbances and concentrations is 
required, and several standard solutions are usu- 
ally necessary for the construction of a calibration 
line. Furthermore, stricter restrictions on both the 
differences among different cuvettes and the in- 
tensity of radiation sources are generally required. 
A method described by Ramaley and Enke [7] 
replaces the two-standard and calibration-curve 
procedure with only one standard and isomation. 
This method involves a titration in which the 
absorbance of the unknown determines the end- 
point. A known amount of the solvent is placed in 
an absorption cell. A standard solution of the 
sample substance is then added to the cell until 
the absorbance, and hence the concentration, is 
identical to that of the unknown solution. To 
obtain the maximum accuracy, the cell lengths are 
calibrated. This method has some good character- 
istics, however it is limited in applications because 
of the elaborate procedure and no corresponding 
instruments available for its automation. In addi- 
tion to this, since the concentration of a sample is 
unknown, its absorbance may be large or small 
dependent upon its concentration, which results in 
ununiform errors in determining the endpoint for 
titration. 

In this paper, a similar but different approach is 
proposed, which employs the instrument compo- 
nents in flow injection analysis [8] for the automa- 
tion of solution handling and the reduction of 
reagent and sample consumption. Moreover, the 
titration with standard is substituted by gradually 
diluting a sample with a color-developing reagent, 
just like the automatic micro-titration method 
proposed by us previously [9], until the ab- 
sorbance of the product formed by the analyte 
with the reagent approaches 0.434, where the 
highest precision for concentration measurement 
is located. The concentration of the analyte is 
calculated from the volume of the reagent added 
and the concentration of a standard solution cor- 
responding to an absorbance of 0.434. Neither the 
calibration procedure with a series of standard 
solutions nor linearity between absorbances and 
concentrations in a wide range is necessary. 

2. Experimental 

2. 1. Reagen ts  and solutions 

Cobalt chloride solution, containing 100 g 1-1 
of cobalt. The other standard solutions with lower 
concentrations are prepared by dilution. 

Nitroso R salt solution, 0.2% 
Sodium acetate-acetic acid buffer at pH 5.7 is 

prepared by dissolving 100 g of NaCH3COO.3 
H20 in distilled water containing 13 ml of acetic 
acid (6 mol 1 1), and diluted to 500 mt. 

Reagent solution for the determination of 
cobalt is prepared by mixing nitroso R salt, the 
buffer, and distilled water at a ratio of 1:1:8. 

All the reagents except otherwise stated are of 
analytical grade. 

3. Apparatus 

The automatic dilution system depicted in Fig. 
1 were constructed from the following compo- 
nents: a 16-port rotary valve (Zhaofa Automatic 
Analysis Research Institute, Shenyang, China), a 
self-designed variable-speed,linear flow piston 
pump, equipped with 3 disposable plastic syringes 
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of 10 ml (diameter 17 mm); a self-constructed 
reaction cell; a photometer; a magnetic stirrer 
(Model GSP-80-04, Taixian Radio Factory, Ji- 
angsu, China), and an intel 8031 based single- 
chip microcomputer system for pump, valve 
and magnetic stirrer control, data acquisition 
and processing. The valve is driven by a step- 
per motor (Model 45BF3/3A, Shanghai Instru- 
ment Motor Factory, China) through two gears 
with a diameter ratio of 1:4.5. Through the 
control of the microcomputer, the valve can be 
turned to either load or inject position. The 
piston pump, also driven by two stepper mo- 
tors, can be controlled to a precision of 2 pl. 
Since syringes need to be refilled, the pump's 
movements should be in accordance with the 
valve's position. The piston's forward wave- 
ment requires the valve in inject position, while 
backward wavement needs the valve in load 
position. Each measurement always begins with 
the piston's backward movement for filling the 
syringes, and ends with the piston's forward 
movement to deliver reagent. The reaction cell, 
made of glass, has a volume about 12 ml and 
a inner diameter of 18 mm. In its outside, 
above the mixing rod are mounted a photo- 

RC 

W 

Fig. 1. The system configuration, Ro, S O and W o are the 
syringes for reagent (R), sample (S), and the drainage of the 
reaction cell (RC), respectively. V is the value, W is the waste. 
M is the magnetic stirrer. SL is the sample loop, L, F and P 
are the tungsten lamp, the filter, and the phototransistor, 
respectively. 

transistor and a small tungsten lamp with a fo- 
cusing head (6 V, 0.5 A). A light beam of 530 
nm is selected from its irradiations by a filter 
for absorbance measurement, which falls onto 
the phototransistor after being absorbed by the 
solution in the reaction cell. The electric signal 
generated is then amplified and digitized by an 
A/D converter, AD574, whose output is sent 
to the microcomputer for further processing. 
The reaction cell together with the photometric 
components are put in a light-tight box to pre- 
vent the influence of ambient lights. 

There are two distinct steps in the proce- 
dure, sample loading and reagent addition. 
During the first step, the valve turns to the 
load position, the syringes move backward, the 
reagent taken into the reagent syringe directly, 
while the sample flowing through the sample 
loop first and then to the sample syringe. The 
reaction cell is also drained by another syringe, 
which is driven by a separate stepper motor 
and should be operated a little bit longer than 
the reagent syringe to secure the complete 
drainage of the reaction cell. After sample 
loading step, the valve is turned to inject posi- 
tion, followed by the forward movement of the 
syringes. The reagent delivered by syringe R0 
propels the loaded sample into the reaction 
cell, where homogeneous mixing of the sample 
and the reagent is obtained magnetically. After 
1 ml of reagent is added, the mixture in the 
reaction cell reaches the height of light beam, 
and the mixture's absorbance is then monitored 
quickly by the photometer. The absorbance will 
gradually decrease with the increased amount 
of reagent. Once the absorbance reaches 0.434, 
stop the addition of reagent and read out the 
volume of the reagent added. 

All the absorbance measurements are made 
against the reagent blank~ which is produced 
by the above procedure with distilled water in 
place of a sample. 

A spectrophotometer (Model 721, Shanghai 
No. 3 analytical Instrument Factory, China) is 
also employed for absorbance measurements in 
some experiments. 
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4. Results and discussion 4.2. The carry-over effect 

4.1. Calibration and dynamic range 

Since both sample analysis and calibration are 
stopped at the same absorbance of 0.434, the 
analyte's concentrations in the reaction cell at 
endpoint are thus the same for all measure- 
ments if linearity between absorbance and con- 
centration in the neighbourhood of 0.434 exists, 
i.e., 

VoCS/(Vo+ v,)= VoG/(Vo+ v,) (i) 

where Vo is the volume of the sample loop; Co 
and Cx are the analyte's concentrations in the 
standard and sample solutions, respectively; Vo 
and Vx are the volumes of reagent delivered to 
obtain an absorbance of 0.434 in calibration and 
sample analysis. 

To maintain the consistence of reagent concen- 
tration and pH for all measurements, both in 
calibration and sample analysis, the sample vol- 
ume should be selected as small as possible while 
compared with the reagent volume, otherwise, 
some volume corrections should be made. In this 
experiments, a sample loop of 8 gl is constructed 
by the inner connection of the two corresponding 
ports on the rotary valve, whereas the reagent 
volume are above 1.5 ml. Therefore, the analyte's 
content in the sample may be readily determined 
by the following equation, without the necessity 
of constructing a calibration line with a series of 
standard solutions. 

Cx = G Vx/V~ (2) 

Even though both the readout and the proce- 
dure are the same as a photometric titration, the 
principle is different because the reagent is not 
chemically equivalent to the analyte in this 
method. 

Considering that the mixing rod will block 
light; a minimum of 1.5 ml reagent solution must 
be delivered before accurate absorbance measure- 
ment can be made. As the maximum reagent 
volume is 10 ml, the dynamic range in this 
method is from Cs (1.5/Vs) to Cs (10/Vs). 

As the reaction cell and the tube connecting the 
reaction cell to the valve is drained, the carry-over 
effects in this method depend mainly on the vol- 
ume of residual solution after drainage. To deter- 
mine this volume approximately, a sample 
containing 100 g 1- '  of cobalt is injected and 
diluted to 10 ml, the residual solution after 
drainage is then washed with distilled water and 
the resulting solution is transferred to a 25 ml 
calibrated flask. The cobalt content is determined 
by spectrophotometry with nitroso R salt [10], 
from which the volume of residual solution can be 
determined. The residual solution's volume, as the 
results of 11 measurements done this way deter- 
mine, ranges from 0.01 to a maximum of 0.1 ml. 

The relative error caused by the residual solu- 
tion can be calculated by the following equation, 

R E =  (A l /A2 - 1) Vr/( Vr + Vx) (3) 

where V r is the volume for the residual solution; 
AI and A2 are the real absorbances at the end- 
point for the two neighbouring samples. Because 
AI and A2 are almost the same and V x is at least 
15 times larger than V, the carry-over effect will 
be negligible. 

4.3. The precision 

It is evident that the precision of this method is 
influenced by the dilution factor and endpoint 
determination. Since homogeneous mixing is 
achieved by magnetic stirring, the precision for 
dilution is dependent upon both the sample vol- 
ume and the reagent added. 

Since the sample loop's volume, albeit as small 
as a few ~tl, could be maintained as constant over 
a very long period, the precision is therefore only 
dependent on the volume of reagent added. To 
measure the precision for reagent delivery, the 
reaction cell is substituted by a small clean dry 
weighing bottle accurately weighted before use. 
After the addition of the required volume of 
reagent, the weighing bottle is weighted again, 
and the reagent added is calculated from the 
difference of the two weights. For the experiments 
done this way with increasing volumes of reagent 
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from 1 to l0 ml with 1.5 ml interval, the regres- 
sion equation between the reagent volume (V, ml) 
and the steps (S) the motor  takes is as following, 

V = 1 . 9 5 8 0 ×  10 3S (6) 

whose regression coefficient is 0.99999. The linear- 
ity error in the whole range is below 0. 21%. The 
relative standard deviation for delivering a known 
volume of reagent is 0.033%, which is much better 
than the linearity is because of the small varia- 
tions of inner diameter of the syringe, which, 
however, could be calibrated to increase the preci- 
sion, if one wishes. 

The precision for endpoint determination is re- 
lated to absorbance measurement's precision near 
the absorbance of 0.434. Because samples are 
diluted differently to produce the same concentra- 
tion, the result for a sample may be regarded as 
the product of its reagent volume by the analyte's 
concentration corresponding the absorbance of 
0.434. In other words, the relative errors caused 
by endpoint determination for all samples should 
be identical to that in concentration measurement 
at the absorbance of 0.434, i.e., uniform precision 
is obtained for different samples. In this experi- 
ment, the precision for transmittance measure- 
ment is estimated as _+0.1%, which corresponds 
to a relative error of 0.27% in the concentration 
measurement. 

4.4. The inJtuence of  reagent concentration 

In conventional photometric analysis, including 
precision spectrophotometric techniques, the 
reagent, particularly the chromogenic agent, 
should be in large excess so that the color devel- 
opment reactions go well to completion and lin- 
earity may be maintained. While in this method, 
lower chromogenic agent's concentration might 
be used and no evil influence on the determination 
will be produced so long as the linearity near the 
absorbance of 0.434 is maintained. As shown in 
Fig. 2, a steady state is recorded with lower 
reagent concentration, but the endpoint determi- 
nation is not affected. However,if different 
product is formed with low reagent concentration, 
the reduction of reagent concentration should be 
avoided. 

.8 

(2, 
b 

.6 

.2 

0 
V (m J) 

d 
<C 

Fig. 2. Absorbance as the function of reagent volume. Curve 
a, b and c are recorded for the samples containing 1.0, 0.75 
and 0.5 g 1-~ of cobalt, respectively. Curve d is the same as 
curve c except for that the concentration of nitroso R salt is 
only one fifth of that in curve c. 

4.5. The sampling frequency 

A typical analysis cycle include sampling and 
reagent delivery. Among them, the sampling can 
be operated very quickly to increase sampling 
rate. the reagent delivery step is performed 
quickly at first, and then gradually slow down 
when the endpoint approaches in order to obtain 
better accuracy and enough reaction time. Since 
the flow rates could be easily adjusted with the 
microcomputer control, the above requirements 
might be readily met. In this method, 0.5 and 1.5 
rain are assigned for sampling and reagent deliv- 
ery, respectively, with a sampling rate of 30 sam- 
ples per h. 

4.6. Sample analysis 

Concentrated cobalt chloride in metallurgical 
samples in the production of cobalt are deter- 
mined by this method, and the results obtained 
(Table 1) match well with those by complexomet- 
ric titration method with EDTA. The relative 
standard deviations by this method is less than 
0.40/o. 
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Table 1 
The results of sample analysis (g 1 ~) 
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Sample No. EDTA method This method Average RSD (%) 

1 0.2531 0.2541 0.2533 0.2526 0.2540 0.2523 0.2533 0.32 
2 0.4875 0.4885 0.4902 0.4888 0.4862 0.4858 0.4879 0.38 
3 1.026 1.030 1.031 1.023 1.025 1.029 1.028 0.33 
4 1.254 1.248 1.257 1.253 1.250 1.247 1.251 0.32 

5. Conclusions References 

Uniformly high precision for photometric de- 
terminations is obtained by gradually diluting a 
sample with color-developing agent until the 
product formed by the analyte with the reagent 
produces an absorbance of 0.434, where the low- 
est relative error in concentration locates. To 
maintain the consistence of reagent concentra- 
tions in all measurements, the sample's volume 
should be much smaller than the volume of the 
reagent added. This new method is characteristic 
of high precision, easy calibration, low sample 
and reagent consumption, and no requirement for 
wide linear range. If higher precision and accu- 
racy is required, precision spectrophotometry may 
be employed for more accurate determination of 
endpoint and the variations in syringe's diameter 
should be compensated. 
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Abstract 

In published reports, the values of stability constants of 1:1 complex of C a  2 + and the dye ammonium purpurate 
(murexide) were not determined under controlled conditions and were not properly corrected for the binding of C a  2 + 

with ions of buffer used to maintain pH and that of the background electrolyte used to maintain ionic strength. We 
report the molar absorptivities (e) of murexide at pH 7.0, 7.5, 8.0, as well as the differential molar absorptivities (Ae). 
Using these, we calculate the stability constants of the Ca-murexide complex at pH 5.0, 6.0, 6.5, 7.0, 7.5 and 8.0 at 
15, 25 and 35°C and 0.100 M ionic strength using KCI as background electrolyte. No buffer was used and the 
complication arising from buffer binding is thus avoided. These values are compared with those determined in the 
presence of buffers that bind metal ions negligibly (Tris at pH 7.5 and 8.0) or whose binding constant to Ca 2 .  is 
reported and therefore can be corrected for (acetate at pH 5.0, Bistris at pH 6.5). Agreement is obtained within errors 
of measurement. The reported values are not true stability constants but can be used to calculate the concentration 
of free C a  2 + ion in a metal-ligand mixture with high precision and accuracy. The effect of K + binding to murexide 
is considered and is found not to alter the calculated value of free calcium concentration in a mixture. © 1997 Elsevier 
Science B.V. 

Ke),words: Calcium, determination of; Calcium, spectrophotometric estimation by murexide: Murexide 

1. Introduction 

A m m o n i u m  purpurate  (murexide) has been ex- 
tensively used as a colorimetric indicator o f  Ca 2 + 
ion concentra t ion in thermodynamic  and kinetic 
studies o f  Ca + 2 ion binding to macromolecular  
systems [1-6].  More  recently, its rate o f  decompo-  
sition has been used as an indicator o f  pro ton  
activity in mixed solvents and microemulsions [7]. 
Other  metal lochromic indicators have also been 
used recently [8-14].  The dyes have different ther- 

* Corresponding author. Fax: + 91 512 250260/250007. 

modynamic  properties and spectral characteristics 
upon  metal-complex formation.  Each dye has its 
own advantages.  Murexide is particularly suitable 
for the study o f  weak complex format ion  where a 
high metal concentra t ion ( ~  10 -2  M) is needed 
to saturate the ligand. In our  laboratory,  we have 
found it useful for the study of  Ca 2 + ion binding 
to lipid vesicles in which m M  concentra t ion o f  
free Ca 2 + is needed in order  to titrate to satura- 
tion. Other  dyes used more  recently, B A P T A  and 
its brominated derivatives [12-14] and arsenazo 
III and ant ipyrylazo l I I  [11], are less suitable for 
this purpose because they would saturate at the 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
Pll S0039-9 1 40(97)00078-7 
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C a  2+  concentration needed to obtain titration 
data over the whole range of  ligand saturation. 
The need for precision and accuracy of Kc~LMu is 
particularly important in those experiments where 
a small amount of bound Ca" + ion is calculated 
as a difference of two comparable concentrations 
of Ca 2 + ion, viz when the Ca 2 +-ligand stability 
constant is small. The precision of reported data 
of KCaMu determined under not very precisely 
controlled condition is however low, making the 
present study necessary. In earlier reports on the 
stability constant of the Ca 2 +-murexide complex, 
a buffer was used to maintain pH but binding of 
buffer anions to Ca 2 + was either not considered 
[15] or incorrectly taken into account [16]. The 
problems related to taking the buffer and the 
background electrolyte into account have been 
discussed in detail in a recent paper from our 
group on the stability constant of Eu 3 +-murexide 
complex formation [17]. Shamsipur et al. [18] have 
reported values of  the Ca2+-murexide stability 
constant in non aqueous solvents. In this paper, 
we report the values of stability constant of Ca 2 +- 
murexide complex at several values of tempera- 
ture and pH. Different electrolytes (KC1, NaC1, 
NaCIO4) were used to maintain constant ionic 
strength in order to test if the chemical nature of 
background electrolyte influences the measured 
stability constant. 

2. Experimental 

2.1. Reagents 

CaC12 was obtained from BDH. The purity of 
murexide (analytical grade, Koch-Light) was 
checked by C,H,N analysis. Ca 2+ concentration 
was determined by weight titration against EDTA 
and the standardization error was about 0.5%. 
Other materials used were analytical grade. In all 
experiments, high precision was achieved by using 
mass to calculate the volumes of reagents dis- 
pensed, with careful adjustment to desired values 
by dispensing from calibrated gl pipettes with 
maximum error of ~ 1 gl. The absorbance mea- 
surements were done in a Shimadzu Spectropho- 
tometer calibrated using spectroscopic grade 

Cobaltammoniumsulphate solution (with ab- 
sorbance at 470, 506 and 520 nm) as prescribed in 
the literature [19]. 

2.2. Buffer solutions and pH measurements 

Buffer solutions of precisely known concentra- 
tions were prepared by weighing. Sodium ac- 
etate-acetic acid buffer was prepared by addition 
of acetic acid to sodium carbonate preheated to 
230°C for 2 h. 

2.3. ~ values of murexide 

Murexide solution was prepared in 0.100 M 
KC1 with buffer (10.0 mM Tes ([N-tris (hydrox- 
ymethyl) methyl-2-aminoethane sulfonic acid] at 
pH 7.0; 10.0 mM Tris (Tris (hydroxymethyl) 
aminomethane) at pH 7.5 and 8.0). A weighed 
quantity of murexide was dissolved in 1000 ml of 
buffer and 0.100 M KC1. The absorbance was 
measured at 520 and 506 nm against the corre- 
sponding buffer blank. Two independent mea- 
surements agreed within ~,0.1% (Table 1). The 
two reported pK~ values of proton dissociation 
for murexide are 9.2 and 10.5 at room tempera- 
ture [15]. As expected, the e of murexide reported 
here does not change in going from pH 7.0 to 8.0 
and it is equal to its values at pH 5.0 and 6.5 
within error [17]. At pH 8.0, ~ 6 %  of  singly 
deprotonated murexide forms, but results in a 
negligible difference in e. 

Table 1 
Molar absoptivity of  murexide (c) 

pH Temperature (°C) ,'~× 104 1 m o l t  per cm 

at 2 = 5 0 6 n m  at 2 = 5 2 0 n m  

7.0 15 1.256 + 0.002 1.362 4- 0.003 
25 1.241 4-0.003 1.3424-0.001 
35 1.230 4- 0.002 1.326 4- 0.002 

7.5 15 1.251 +0.003 1.361 __+0.004 
25 1.239 __+ 0.002 1.342 4- 0.002 
35 1.229 4- 0.003 1.326 __ 0.004 

8.0 15 1.255 _+ 0.002 1.355 4- 0.003 
25 1.238 4- 0.001 1.337 4- 0.002 
35 1.226 +__ 0.004 1.320 4- 0.004 
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Table 2 
Differential molar absorptivity (Ac) 

pH Temperature (°C) Ac + s a (104 1 mol-~ per cm) 

5.0 15 1.211 _+0.003 
25 1.201 + (I.004 
35 1.183 _+ 0.006 

6.0 15 1.181 -+0.008 
25 1.166 -+ 0.007 
35 1.151 -+ (I.008 

6.5 15 1.150+_0.008 
25 1.133 _+ 0.006 
35 1.114 -+ 0.008 

7.0 15 1.128 _+0.005 
25 1.110 _+ 0.009 
35 1.094 _+ 0.006 

7.5 15 1.094_+0.008 
25 1.071 + (I.005 
35 1.050 _+ 0.008 

8.0 15 1.056+11.005 
25 1.033 ± 0.004 
35 1.010 + 0.006 

~ Average of six independent measurements.  Concentration of 
murexide being saturated is in the range 3.0 × 10 5 9.0 x 10 5 
M. The Ac values are independent of  the absolute value of  the 
concentration of  murexide. 

2.4. Determination of  At:: 

An identical volume of murexide solution in 
buffer (8.840 mM sodium acetate-acetic acid at 
pH 5.0, 18.210 mM and 6.860 mM Bistris ([bis 
(2-hydroxyethyl) imino-tris (hydroxy-methyl) 
methane]) at pH 6.0 and 6.5, respectively, 18.320 
mM Tes at pH 7.0 and 12.135 mM Tris at pH 7.5 
and 5.752 mM Tris at pH 8.0) and KC1 solution 
were added to sample and reference cuvette to 
achieve an ionic strength of 0.100 M. A precalcu- 
lated volume of 0.1 M CaC12 solution was added 
to the sample cuvette till murexide is fully satu- 
rated by CaC12. The absorbance of the sample 
solution (AA) was measured at 473 nm (the maxi- 
mum of the difference spectrum) and divided by 
the total murexide concentration (which is equal 
to the concentration of Ca-Mu complex) to give 
At. The value was checked by adding another 100 
gl CaCI2 solution to the sample and buffer/KC1 
solution and to the reference cell and redetermin- 
ing AA. The differential molar absorptivity of 
calcium-murexide complex at three different tern- 

perature and a range of  pH are given in Table 2. 
The presence of ~ 0.100 M KC1 does not affect 
measured Ae significantly. The concentrations of 
free murexide, [Mu]f, and hence the K + -murexide 
complex (KMu), differs between the sample and 
reference cells; however, this has negligible effect 
on Ae, because at 473 nm, KMu and Muf absorb 
nearly equally. We have checked that 473 nm is at 
the tail end of the difference spectrum of murex- 
ide in the presence and in the absence of 100 mM 
KCI (the difference is ~2%). The maximum in 
the difference spectrum is at 518 nm, where the 
difference is 8% [17]. The presence of buffer does 
not alter Ac, since the Ca 2 +-buffer complex, the 
free Ca -~+ion and the Ca 2 +-C1 complex absorb 
negligibly at 473 nm. Values of Ac determined in 
the absence of buffer differ from those reported in 
Table 2 negligibly. Schwarzenbach and Gysling 
[15] reported As: at 2 = 480 nm, pH 8.53 and room 
temperature in veronal buffer to be 1.13 x 104 
which is close to that reported here, 1.033 × 104 at 
,~ = 473 nm, pH 8.0 and 25°C. Some difference is 
expected because of a change in pH from 8.0 to 
8.53, a shift towards the pK~t of 9.2. The difference 
is consistent with the trend of  decrease of Ae with 
increasing pH observed in Table 2. The pH de- 
pendence of &: even at those values of pH where 
e of murexide is not pH dependent arises from the 
presence of pH dependent equilibria involving the 
Ca 2 + complex of murexide. 

2.5. Metal-murexide stabilio' constant 

The determination of stability constants of  
C a  2 + - m u r e x i d e  complex in the absence of buffer 
were carried out using a method described by Jain 
and Gupta-Bhaya [17]. Briefly, identical volumes 
of murexide solution were added to the two cu- 
vettes followed by the addition of metal ion solu- 
tion to the sample cell and identical volume of 
KC1 solution to the reference cuvettes. The pH of 
the solution in the sample cell was adjusted by 
addition of dilute sodium hydroxide solution (pH 
>~ 9.0), the approximate volume of base needed 
having already been estimated in a separate exper- 
iment. The solution was mixed and the final pH 
checked with a microelectrode inserted into the 
cuvette. The pH was almost always within 0.05 of 
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the pH of the murexide solution in the reference 
cuvette. If  it was slightly outside this range, a 
small measured volume (1-2 ~tl) of base or acid 
was added by lal pipette to bring the pH closer to 
the desired value. The liquid lost when the mi- 
croelectrode is removed after the pH measure- 
ment, does not alter the concentration. In spite of 
a small difference in pH ( ~ 0.05) between the two 
cuvettes the reproducibility is not affected. The 
absorbance of the test solution in the sample cell 
(AA) was measured against the murexide refer- 
ence solution at the desired temperature at 473 
r im.  

Using 

AA = Ae[CaMu] (unit path length) (1) 

[Muir = [Muir - [CaMu] (t denotes total) 
(2) 

[Ca]f  = [ C a M u l / K c . M u [ M u l f  (3)  

we calculate KC,M, determined in the absence of 
buffer. The values at pH 5.0, 6.0, 6.5, 7.0, 7.5 and 
temperature 15, 25, 35°C are given in Table 3. 

The determination of Kc,Mu in the presence of 
buffers (5.752 mM Tris at pH 8.0, 12.135 mM 

Table 3 
Stability constants K of Ca2+-murexide association equilibria 

pH Temperature (°C) l o g K +  g (buffer log Kcorr 
free expt.) 

5.0 15 2.4541 _+ 0.0084 2.446 + 0.011 
25 2.384_+0.011 2.361 +0.013 
35 2.3007___0.0083 2.176+0.011 

6.0 15 2.5217 _ 0.0044 
25 2.452 + 0.012 
35 2.371 ± 0.011 

6.5 15 2.642_+0.011 
25 2.615 + 0.011 2.601 _+0.013 
35 2.534 + 0.013 

7.0 15 2.6800 ± 0.0086 
25 2.6372 __+ 0.0062 
35 2.590 + 0.011 

7.5 15 2.732+0.011 2.729+0.011 
25 2.6666 ± 0.0043 2.665 + 0.002 
35 2.643 + 0.010 2.643 ± 0.013 

8.0 15 2.955_+0.013 
25 2.848 ± 0.011 
35 2.722 ± 0.013 

All measurements are a t / t  = 0.100 M. 

Tris at pH 7.5, 18.210 mM Tes at pH 7.0, 6.860 
mM Bistris at pH 6.5, and 8.840 mM Sodium 
acetate-acetic acid buffer at pH 5.0) whose bind- 
ing to Ca 2 + are weak and/or well characterized is 
done using essentially the same method, except 
that no adjustment of pH in the cells is necessary. 
Also, the sample murexide solution and the blank 
solution are buffered and as metal ion in buffer is 
added to the sample cell, buffer solution is added 
to the blank. The values of Kc~Mu SO determined 
have been corrected for metal-buffer binding (in 
cases where values of Kmet,I buffer are known) as 
described later in this paper. The corrected values 
are given in Table 3. 

2.6. Instability of murexide 

Murexide in KC1 solution, in the presence and 
in the absence of buffer decomposes very slowly. 
The deterioration is significantly more rapid at 
lower pH (5.0 compared with 6.5). At pH 5.0, in 
the absence of buffer and in the presence of 
acetate buffer ~ 3% of murexide decomposes in 1 
h at 35°C. This value is ~ 1 %  at pH 6.5 in the 
absence of buffer. At pH > 5.0 in the presence of 
Bistris, Tes and Tris buffer used in this work, the 
decomposition is ~ 2 %  or less in 1 h at 35°C. 
These rates are significantly lower at 25 and 15°C. 
Our results are not significantly affected by this 
process, because we store freshly prepared murex- 
±de in ice bath and make spectral measurements 
on aliquots taken therefrom. Also, measurement 
times for both K and Ae are sufficiently short so 
that the results are not significantly affected by 
decomposition of murexide. However, this process 
of decomposition contributes to the error of mea- 
surement, particularly at lower pH (e.g., 5.0) and 
higher temperature (e.g., 35°C). 

3. Results and discussion 

3.1. Comparison with published values 

The value of log Kc~r~u reported by Schwarzen- 
bach and Gysling [15] at a pH 4.65 (0.1 M CaCI 2, 
unspecified temperature and 0.1 M acetate buffer) 
is 2.6. This differs from the value (2.367) reported 
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in this paper at 25°C, pH 5.0. But the value 
reported by them at pH 7.85 (in veronal buffer) is 
2.8 and at pH 8.15 (same buffer) is 2.9 and these 
values are very close to that reported in this paper 
at pH 8.0 (Tris buffer, 25°C, 0.1 M KC1, log K = 
2.848). Other values of KC~M, reported by 
Schwarzenbach and Gysling [15] are in the higher 
pH range which we have not studied. The values 
reported by Balaji et al. [16] deviate appreciably 
from the values given above because the higher 
concentration of acetate and phosphate buffer 
used in these studies led to considerable meta l -  
buffer binding, whose effect is not properly cor- 
rected for [17]. Schwarzenbach and Gysling [15] 
have not used KCI in the experiments for main- 
taining the ionic strength and the values are re- 
ported at unspecified temperature. 

3.2. Estimate of precision 

The maximum error of the volume measure- 
ments made by weighing was 5 x 10 s ml (maxi- 
mum weighing error 0.05 mg) and is negligible. 
The error in absorbance measurement was esti- 
mated from the fluctuation in the absorbance 
reading and the standard deviation (a) is 0.3%. 
The calcium concentration has a a of ~0.5%, 
which is largely due to the end-point error. The 
EDTA concentration has a maximum error of 

0.5%, arising from the purity of the EDTA 
used, weighing error and the error in making up 
the solution to standard volume. This error does 
not affect the precision since only one EDTA 
solution was made. The error in measuring the 
molar absorptivity depends on the absorbance 
value (a ~ 0.3%); error in murexide concentration 
(weighing error ~0 .2% and dilution error 
0.04%) is ~0.3%, equivalent to a relative stan- 
dard deviation of ~ 0.1%. Using these values, we 
calculate the precision of KC~,M~ by use of stan- 
dard formulae [20] and find that the calculated 
values of a are of the same order as the observed 
values given in Table 3. The experimentally ob- 
served a is only slightly larger. The observed a is 
expected to be slightly higher than that calculated, 
because error in calibration of the spectrophoto- 
meter and that due to slow decomposition of 
murexide (Section 2) are ignored in the calcula- 

tion. From this analysis we conclude that the 
adjustment of pH done inside the cuvette does not 
lead to any additional error. This conclusion is 
further supported by the agreement between the 
values of  KC.,Mu determined in the presence and in 
the absence of  buffer at pH 5.0, 6.5, 7.5. The 
buffers used at pH 5.0 (sodium acetate-acetic 
acid) and pH 6.5 (Bistris) bind Ca" + significantly. 
Kc~MU determined in the presence of these two 
buffers when corrected (see below) gives good 
agreement with Kc~Mu determined in the absence 
of buffer. The relative errors of  K~:~,Mu values are 
comparable to those of KE~M~ values reported 
from our laboratory~7.The mean values of KE,Mu 
are orders of magnitude larger. 

The data in Table 3 and Table 4 are quoted to 
one decimal place beyond the last significant digit 
to avoid the possibility of truncation errors on 
calculated [Ca]~ -+. The precision of  calculated 
[Ca]~ + is only slightly less than that of KC.,M ~ 
reported here. The l o g K  values in Table 3 are 
quoted to three places of decimal, but wherever 
the a of log K is in the third decimal place, the 
fourth decimal place of both log K and a are 
written as a subscript. 

3.3. Correction of stability constants due to 
metal-bufJer binding 

Balaji et al. [16] pointed out that the stability 
constants determined in the presence of buffer 
should be corrected for metal-buffer  binding. 
The corrected values (Kcorr) can be obtained from 
the conditional values K~pp calculated by ignoring 
metal binding by buffer using the relation, 

i 

where 7 =  1 + Ei KMB,[B]' (B is the species that 
bind the metal ion in a 1:1 complex). 

Using the relations: 

[B]t = [B] + [BH] + [MB] and [MB] = KMR[M]dB], 

(B: acetate ion, neutral Tes, Tris, Bistris; each can 
bind a proton; BH: protonated B, [B]~: total 
concentration of buffer in both forms; MB: 1:1 
metal-buffer complex, ( i= 1); KB. and KMB are 
association constants of B and H +, Ca 2 ÷ and B, 
respectively) one obtains 7 = 1 + KMB[B], where 
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Table 4 
Typical data to show correction of K due to binding of Ca 2+ ion to buffer, (ionic strength = 0.100 M) 

[BJt ( x l03) [B]( x 103) 7( = 1 + KuB[B]) K~,pp K~.o.. ,. K~o,,. +_ a K+ a(buffer free expt.) 

Bistris buffer of pH 6.5 at 25°C 
6.3597 2.819 1.502 271.5 407.8 
6.0552 2.613 1.465 263.7 386.3 398.9 _+ 8.6 
5.7922 2.430 1.432 277.6 397.5 
5.5625 2.280 1.405 282.5 396.9 
5.4118 2.177 1.387 292.7 406.0 

Acetate buffer of pH 5.0 at 25°C 
8.840 7.085 1.027 221.2 227.2 
8.349 6.689 1.025 222.5 228.1 229.4 _+ 2.8 
7.859 6.290 1.024 223.4 228.8 
7.009 5.603 1.021 228.6 233.4 

411.8 _+ 9.5 

242.1 + 8.1 

Ca 2+-Bistris: log K = 2.25 (25°C,/L = 0.1); Bistris-H +: log K = 6.56 (25°C, /l = 0.1) 21. 
Ca2+-Acetate: log K= 1.24 (25°C, /~ = 0), AH °= 0.91 K Cal per tool 22. 
Corrected values used in our calculation: K~ at IL = 0.100 and 15, 25 and 35°C: 3.288, 3.759, 4.253, respectively. The value 3.759 
agrees very well with log K = 0.57 reported in the literature under identical conditions (I~ = 0.1) 2~. 
Acetate-H +: log K = 4.55 (20°C, /z = 0.1) log K = 4.64 (25°C, l /= 0.2) 22. 
Corrected values used in our calculation: log K~ a t /L -  0.100 and 15, 25, 35°C: 4.442, 4.389, 4.102, respectively. 

[B]t 

[B] = l + Kn.[H +] +/~MB[MMu]/KMMu[Mu],- 

The values o f  Kc ..... so ob ta ined  are given in 
Table  3. The  exper imenta l  values o f  Kap p are  

found  in each case, as expected,  to be less than  K 
de te rmined  in absence o f  buffer.  Agreemen t  be- 
tween ca lcula ted  values o f  K~ ..... (in those cases, 
where 7 could  be calculated)  and  K o f  buffer  free 
exper iments  is good.  

Table  4 gives examples  o f  ca lcula t ion o f  Kcorr 
f rom K~pp using actual  exper imenta l  da t a  at p H  
6.5 and 5.0 in the presence o f  Bistris and  acetate  
buffer,  respectively. The values o f  KBn, KMB are 
ob ta ined  from the l i tera ture  [21,22] and cor rec ted  
to our  exper imenta l  condi t ions  wherever  neces- 
sary. The correc ted  value o f  C a  2 + - a c e t a t e  stabil-  
ity cons tan t  at  25°C agrees very well with the 
exper imenta l ly  de te rmined  value repor ted  in the 
l i terature  [23] under  identical  condi t ions .  This 
agreement  verifies the val idi ty  o f  the correc ted  
values. The  detai ls  are given in Table  4. We could  
calculate  Kcorr for  Bistris only at 25°C, because 
KMB and Kun are repor ted  only at this t empera-  
ture. The agreement  o f  the values o f  K de te rmined  
in the absence o f  buffer  and  Kcorr is good.  F o r  
Bistris, the two agree within error .  Log  K of  Ca-' + 

Tris  associa t ion  is < 0 . 7  [21]. Using  this, we 

obta in ,  ~, at  p H  7.5 and 8.0 to be ~ l . 0 .  In 
agreement  with this, K de te rmined  in the absence 
o f  buffer  and  tha t  in its presence at  p H  7.5 are 
equal  within e r ror  o f  measurement .  K o f  Ca  2+-  
Tes assoc ia t ion  is not  repor ted .  Therefore ,  the 
agreement  be tween Kcorr and  K de te rmined  in 
buffer-free exper iments  could  not  be verified at 
p H  7.0; it is however  observed,  as expected,  that  
K,,pp is less than  K de te rmined  in buffer  free 
exper iments .  A n  es t imate  o f  b ind ing  cons tan t  o f  
Ca-' + and  Tes (de p ro tona t e d  neut ra l  form) can be 
made  f rom the values o f  Kc,Mu de te rmined  in the 
presence and in the absence of  buffer  and  is found  
to be ~ 18 at 25°C, a reasonable  value. The 
co r re spond ing  quan t i ty  for  Eu 3 +, de te rmined  us- 
ing murexide  as an ind ica to r  o f  free Eu 3 + concen-  
t r a t ion  is ~ 1 10, which is consis tent  with tha t  for  
Ca  2 +-Tes  system. 

3.4. Effect  o f  binding o f  potassium by murexide 

Potass ium chlor ide  o f  0.100 M concen t ra t ion  
was used to main ta in  ionic s t rength constant .  
Though  the affinity o f  murex ide  for  po tass ium is 
less than  tha t  for  Ca  2 +, it canno t  be ignored.  The 
difference [ M u ] t -  [MMu] = [Mull- is not  the true 
value o f  free murexide  [MU]~, but  is re la ted  to it 
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by [Mu]f= [Mu]r+ [KMu]. [KMu] is given by 
KKMu[K+]t{Mulr. Since [K +] ~ 104[Mu], [K+],.~ 
[K+]~ and [Mu]f=[Mu]r'/C~Mu~+~, where ~M-I~+~ 
= 1 + K/CMu[K+]t . Thus, KC~M~ calculated by ig- 
noring the presence of KMu is C~M{~+ ~ times that 
corrected for its presence. In the absence of pub- 
lished values of KxMu, it is not possible to calcu- 
late :~M~X'~" The corrected value of KCaM~ 
therefore cannot be calculated. We now show that 
in spite of this, the calculated values of [M]r in a 
mixture ([M]f=[MMu]/Kc~MdMU],-) using the 
values of KC~M~ reported in this paper are correct. 
Even though Kc,Mu and [Mu]r both acquire a 
correction factor because of the presence of KC1, 
their product remains unchanged. In addition, the 
relation AA = Ae[MMu] holds even when KCI is 
present. The expression of Ae however is eC,,M~ -- 
{eKMu/:~ + ~:xMdl -- 1/~)}. The quantity [Mu]i-= 
[Mu]-[MMu] is now partitioned into true [Mu],. 
and [KMu]. The relative proportion is (1/:~)/(1 - 
1/~), where ~ is a constant for a given total 
concentration of KC1. Thus [MMu] calculated as 
AA/Ae in the presence of KC1 as background 
electrolyte is correct. 

3.5. Effect q[' replacing K + by Na + 

The buffers contribute Na + ions to different 
extents which replace K + ions of the background 
electrolyte. In order to verify, that this replace- 
ment does not alter the results, we have conducted 
experiments with NaCI and NaC10 4 in place of 
KC1 as background electrolyte and find that 
within errors of measurements the results indeed 
do not change. 

3.6. Nature o f  the stability constants 

The values of KC,M° reported in this paper are 
conditional constants, because: (a) they are not 
corrected for the presence of KMu, and (b) the 
concentrations [Mu]r and [MMu] are sums of 
concentrations of different ionised forms of [Mu],- 
and their metal complex. 

3. Z Need  fo r  precise values o f  Kc,,,~1,,: 

At 25°C, pH 8.0, /~ = 0.100 we report l o g K =  

2.848, in contrast to its value reported in [15], 
namely log K =  2.8 at an unspecified room tem- 
perature and pH 7.85. The need for this addi- 
tional precision is clear from the following 
example based on experiments performed in our 
laboratory. The mean value of Ca 2+ concentra- 
tion bound to a suspension of lipid vesicles (car- 
diolipin, lipid concentration = 0.748 raM, 
concentration of vesicle spheres = 2.0 x 1012 vesi- 
cles m l  ~ solution, total Ca 2+ ion concentra- 
tion = 2.2 mM) calculated by using K reported 
here and that reported in [15] differ by 11%. At 
lower pH, the difference is larger. We report 
l o g K = 2 . 3 6 7  at 25°C, p H = 5 . 0 ,  / ,=0 .100  
whereas Schwarzenbach and Gysling [15] report 
l o g K =  2.6 at pH =4.65 and at an unspecified 
room temperature. The difference between the 
two calculated mean Ca 2+ concentration in the 
same experiment is 72%. 

3.8. Potential use o f  Kc,,M,,: 

In addition to their purely analytical use for 
detection of metal ions, the stability constants of 
metal-dyestuff complexes are useful for the deter- 
mination of stability constants and rate constants 
of metal-ligand systems. In our laboratory we are 
studying calcium ion induced fusion of phospho- 
lipid vesicles. The threshold concentration needed 
for fusion of vesicle is ~ 10 mM [24]. For 90°/,, 
saturation of the metallochromic indicators 
murexide, ArsenazoIII, AntipyrylazoIII, Quin2 
and 5,5'-Br2BAPTA, the concentration of Ca 2+ 
needed are 20.746, 2.1375, 0.3375, 7.5 × 10 4 and 
1.43 x 10 2 mM, respectively. So, murexide turns 
out to be the only choice for the measurement 
of free Ca 2 + ion concentration in experiments 
on calcium ion induced fusion of  phospholipid 
vesicles. 

In contrast to Ca 2+ sensitive electrodes [25], 
the spectrophotometric method using murexide 
is free from interference from K ~, Na+,  
Tris, Mg 2+, chemicals of common occurrence in 
biochemical experiments. At low pH ( < 4 ) ,  
murexide is unstable and the electrode also gives 
error. 
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Abstract 

Plutonium from acidic waste solutions has been recovered quantitatively using tri-n-octylamine (TnOA) in xylene 
and americium using a mixture of octylphenyl-N-N- diisobutylcarbamoylmethylphosphine oxide (CMPO) and TBP 
in dodecane.by extraction and extraction chromatographic methods. The Pu(IV)/TnOA species extracted into the 
organic phase from higher nitric acid concentrations has been confirmed as (R3NH)2Pu(NO3) 6 (where R3N = TnOA) 
by employing slope analysis as well as spectrophotometric studies. © 1997 Elsevier Science B.V. 

Keywords: Recovery; Plutonium; Americium; Tri-n-octylamine; Octylphenyl-N-N-diisobutylcabamoylmethylphos- 
phine oxide; Solvent extraction; Extraction chromatography; Laboratory waste solutions 

1. Introduction 

During the processing of  plutonium, several 
types of  acidic liquid wastes are generated 
through different routes, of  which two main 
routes are (i) anion exchange waste and (ii) What- 
man No.1 paper wipings ignited and dissolved in 
nitric acid. The first one contains Pu and Am in 
the ranges of  10-40 and 0.2-0.5 mg 1 ~ respec- 
tively in 7.5 M nitric acid, In the second stream 
Pu and Am could be in the ranges of 300-600 
and 0.2 0.3 mg 1 ~ respectively in nitric acid 

* Corresponding author. 

concentrations varying between 6 and 12 M. The 
objective of  the present study was to develop a 
procedure for the recovery of Pu and Am from 
such highly acidic laboratory waste solutions and 
to understand the nature of  Pu species extracted 
into the TnOA phase. 

Amines are reported to be one of the highly 
selective extractants for the recovery of actinides 
[1-6]. Among the various amines, TnOA is re- 
ported to extract Pu(IV) from 1-12 M nitric acid 
[6]. CMPO is a versatile reagent for the extraction 
of  tri-, tetra- and hexava[ent actinides and triva- 
lent lanthanides from acidic solutions [7 17]. In 
an earlier publication by Mathur  et al. [17] it was 

0039-9140.,'97,,'$17.00 ,© 1997 Elsevier Science B.V. All rights reserved. 
PII $0039-9140(97)00079-9 



500 shown that three contacts with a mixture of 
0.2 M CMPO and 1.2 M TBP in dodecane 
could extract ,,~ 98% of Pu and Am from 7.5 M 
HNO3. While stripping, the combined stripped 
Am fractions contained ,-~ 26% Pu. In order to 
separate Pu and Am in radiochemically pure 
form from such acidic waste solutions without 
recourse to any feed adjustments, it was decided 
to utilize a two step solvent extraction proce- 
dure comprising of extraction of Pu(IV) with 
TnOA-xylene  followed by extraction of Am by 
a mixture of CMPO + TBP. 

The extraction chromatographic technique has 
been utilized for the recovery of actinides and 
lanthanindes [18-21] and also column separa- 
tions are easily amenable for purification of nu- 
clides at very high 7, /¢ or ~ doses. It was, 
therefore, thought worthwhile to use TnOA ad- 
sorbed on chromosorb-102 (TnOAC) and 
CMPO adsorbed on chromosorb-102 (CAC) for 
the recovery of Pu and Am respectively in a 
pure form. 

2. Experimental 

TnOA supplied by K&K Labs, USA, was 
used as such. CMPO, solvent extraction grade 
was synthesised and purified in this lab [14]. 
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Fig. 1. Extraction of  Pu(IV) with 20% T nOA-xy l ene  at 
different time intervals. 
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Fig. 2. Extraction of Pu(IV) with 20% TnOA-xy l ene  at 
various acidities; [Pu] = 33.4 mg 1- t. 

Chromosorb- 102 (100-120 mesh size, styrene-di- 
vinylbenzene polymer) was obtained from Johns 
Manville, USA. Xylene was obtained from 
BDH, India, and dodecane was obtained from 
Transware Chemica Handelsgeselschaft, Ham- 
burg, Germany. All other chemicals used were 
of Analytical Reagent grade. TnOAC and CAC 
were prepared by contacting the three phase sys- 
tem of TnOA or CMPO, chromosorb-102 (1:1, 
w/w) with methyl alcohol-water  (50:50) for 12 
h as reported elsewhere [21]. Throughout  this 
work Pu nitrate solution was conditioned with 
sodium nitrite and ammonium m e t a  vanadate to 
maintain it in the tetravalent state except for the 
actual samples where only sodium nitrite was 
used. 

Table 1 
Extraction of  Pu by 20% TnOA xylene; [HNO3] = 7.5 M; 
organic to aqueous phase ratio = 1 

[Pu] (mg 1 - ] )  D Extraction (%) 

16.7 368.7 99.73 
33.4 390.6 99.74 
50.1 384.5 99.74 
83.5 396.3 99.75 

100.2 425.9 99.77 
150.3 458.3 99.78 
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Table 2 
Loading of Pu on 20% TnOA-xylene at various organic to 
aqueous phase ratios 
[Pu] = 33.4 mg I - I ;  [HNO3] = 7.5 M 

Phase ratio (o:a) Extraction (%) 

l:l 99.74 
1:3 99.72 
1:5 99.73 
1:7.5 99.72 
1 : l 0 99.73 

2.1. Procedures employed in solvent extraction 

Extraction studies were carried out between 0.5 
and 15 min to establish the time period required 
for attaining the equilibrium. All the solutions 
were subsequently equilibrated for 15 min in all 
the extraction studies. 

Extraction of Pu(IV) into 20% TnOA-xylene 
was done at various acidities keeping the Pu 
concentration fixed and also at varying Pu con- 
centrations at 7.5 M HNO3. 0.5 ml Pu solutions 
were contacted with 0.5 ml TnOA solution at 
25 +_0.1°C. Also the Pu solution was contacted 
with 20% TnOA-xylene in various organic to 
aqueous phase ratios (1:1 - 1:10). After settling the 
phases were centrifuged and samples taken for 
radioassay by using a liquid scintillation counter. 

To ascertain the nature of the species extracted 
in the TnOA phase, experiments were done by 
varying the TnOA concentrations while keeping 
the HNO3 and Pu concentrations constant. 

Pu(IV) spectra were recorded in 3.0, 7.5 and 
12 M HNO3 solutions and also those of the 

Table 4 
Stripping of Pu from loaded TnOA phase by various 
strippants 

No. of strip Pu stripped (%) 

Nitric acid Acetic acid Ascorbic acid 

1 2 96.98 99.87 
2 12 2.52 0.11 
3 10 0.17 0.01 
4 11 
5 11 
Total 46 99.99 99.67 

Total Pu in organic phase: 33.4 mg 1 t. 

solutions extracted into 20% TnOA-xylene from 
such acidic solutions. 

In extraction studies with Am solution, 0.5 ml 
Am solutions of varying concentrations, were ex- 
tracted by contacting with 0.5 ml 0.2 M CMPO + 
1.2 M TBP in dodecane for 15 min at 25 + 0.1°C. 
The phases were centrifuged, separated and as- 
sayed for Am by ), counting using a NaI (T1) 
detector. 

Five ml of the actual laboratory waste solution 
containing 541mgl  1 P u a n d 0 . 3 m g l - '  Am in 
7.5 M HNO 3 was first contacted with 20% 
TnOA-xylene at a 1:1 ratio. The organic phase 
was removed and the raffinate was contacted once 
again with 1.5 ml of 20% TnOA-xylene. The 
raffinate thus obtained contained only Am and 
was contacted twice with 5 ml portions of 0.2 M 
CMPO + 1.6 M TBP in dodecane. 

In the Pu stripping experiments, 5 ml each of 
the loaded organic phase was contacted separately 
with equal volumes of 0.5 M HNO3, 0.5 M acetic 

Table 3 
Extraction of Pu with varying TnOA concentration 
[HNO~]=7.5 M; [Pu]=33.4 mg 1-~; organic to aqueous 
phase ratio = 1 

Table 5 
Extraction of varying amounts of Am by 0.2 M C M P O +  1.2 
M TBP in dodecane 
[HNO3]) = 7.5 M; organic to aqueous phase ratio = 1 

[TnOA] (%) D Extraction (%) [Am] (mg I ' }  D 

5 53.0 98.15 
7.5 200.9 99.50 

10 220.0 99.54 
12.5 252.7 99.61 
15 287.0 99.65 
20 390.7 99.74 

1). 1 
0.2 
0.3 
0.4 
0.5 
0.6 

10.4 
10.5 
10.7 
10.7 
10.4 
10.8 
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Table 6 

A. Uptake of Pu on TnOAC,  varying HNO3 concentrations ([Pu] = 33.4 mg 1 i) 

[HNO3] (M) 1.0 2.0 3.0 5.0 7.5 10.0 12.0 
D 3870.4 4473.3 7505.1 7529.8 4101.8 1185.0 199.5 

B. Uptake of Pu on TnOAC, varying Pu concentrations ([HNO3] = 7.5 M) 

[Pu] (rag I i) 22.05 33.07 44.10 55.12 66.15 
D 6543.3 4080 2292.3 1707.4 1394.9 

acid or 0.2 M ascorbic acid in 0.3 M H N O  3 for 15 
min. While in the case of  Am, 5 ml of  the 
extracted CMPO phase was contacted with equal 
volume of  0.008 M nitric acid for 15 min. 

2.2. Procedures employed in extraction 
chromatograph), 

In the extraction chromatographic experiments 
5 mg of T n O A C - C A C  was equilibrated with 1 ml 
Pu Am solutions at different acidities and also 
varying concentrations of  P u - A m  at 7.5 M 
H N O  3. After centrifuging, aliquots were taken for 
radioassay. The D values in the batch experiments 
were evaluated as: 

Ai-- A f V 
D = - - ×  

A~: M 

where A~ and Af are the initial and final activities 
of the solutions, V and M are solution volume 
and weight of  TnOAC or CAC. 

In a separate experiment 100 mg TnOAC was 
taken in a column (4 mm x 450 ram) and the 
actual waste solution containing 541 mg I ] Pu 
and 0.28 mg 1 ~ Am was passed through it at a 
rate of  ~ 2 ml h- 1. Periodic assay of the effluent 
was done for Pu and Am. 10.0 ml Of  the solution 
was passed. The raffinate which did not contain 
any Pu was passed through another column (4 
mm × 450 mm) containing 425 mg of CAC at a 
rate of  ~ 2 ml h J. The effluent was periodically 
analysed for the presence of  Am. 

TnOAC column loaded with Pu was eluted at 
the rate of  ~ 2 ml h i with freshly prepared 0.2 
M ascorbic acid solution. The CAC column 

loaded with Am was eluted at the rate of  ~ 2 ml 
h -~  with 0.008 M nitric acid. The purity of  the 
products (Pu and Am) was checked by ~ and 3, 
spectrometry. Other cationic impurities were 
analysed by ICP-AES. 

3. Results and discussions 

3.1. Extraction and stripping of Pu 

Fig. 1 gives the distrbution ratios (D) for Pu 
(33.4 mg 1- i )  in 7.5 M HNO3, equilibrated with 
20°/,, TnOA-xy lene  at various intervals of  time. 
The D values were calculated as: 

[Pu] in organic phase 
D -  

[Pu] in aqueous phase 

Even after 1 min the D value was very high but 
the equilibrium was attained in about  l0 min. 
Fig. 2 gives the plot of  D of  Pu at varying 
concentrations of  HNO3. The D increases to 3 M, 
then it decreases slowly to 7.5 M and then sharply 
at higher concentrations. It could be explained on 
the basis that at 3 M H N O  3 the less extractable or 
inextractable species like HPu(NO3) 6- and 
H2Pu(NO3) o are not formed which results to the 
maximum D value. The lower D value at 1 M 
HNO3 is due to the less availability of  nitrate ions 
for the formation of  even the neutral species 
Pu(NO3)4, whereas the decrease in the D values 
between 7.5 and 12 M is due to the formation of  
species like HPu(NO3) 6 and H2Pu(NO3) 6. 

The D values of  Pu (Table 1) at its varying 
concentrations in 7.5 M nitric acid, were almost 
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Table 7 

A. Uptake of Am on CAC, varying HNO~ concentrations ([Am] =0.54 mg I ~) 

2099 

[HNO3] (M) 1.0 3.0 5.0 7.5 10.0 
D 1506.9 1786.3 1746. I 1167.2 899.7 

B. Uptake of Am on CAC~ varying Am concentrations ([HNO3] = 7.5 M) 

[Am] (rag I It 0.109 0.217 0.326 0.435 0.652 
D 941.1 1051.9 999.7 1124.6 1296.0 

constant and high indicating nearly 99.8% extrac- 
tion of Pu under these conditions. Table 2 gives 
the data for loading of Pu (in 7.5 M HNO3) in 
20% TnOA-  xylene at various organic to aqueous 
phase ratios (1:1-1:10). Very high extraction 
( ~ 99.7%) even at the ratio of  1:10 was achieved. 
These results suggest that at such Pu concentra- 
tions TnOA does not get loaded to any significant 
extent such that the percentage extraction may get 
decreased. 

Table 3 gives the D values of Pu with varying 
concentration of TnOA (5-20%), keeping Pu con- 
centration at 33.4 mg 1- 1. It can be seen that the 
D value increased with increasing concentration 
of TnOA but even at 5% TnOA, the extraction of 
Pu is ~ 98%. Thus, for near complete recovery of 
Pu from such solutions of  about 10% TnOA 
xylene could ideally be used. 

It can be seen from Table 4 that while stripping 
with 0.5 M H N O  3 even after five contacts only 
about 46% Pu could be stripped. This is under- 
standable since the D values of  Pu even at low 
HNO3 concentration of 1 M is found to be about 
100. With acetic acid in three contacts almost the 
entire Pu comes to the aqueous phase. Ascorbic 
acid was found to be the best stripping agent since 
99.9% Pu gets stripped just in one contact. Ascor- 
bic acid stripping has an added advantage since 
Pu gets reduced to the trivalent state during this 
process which is the ideal valency state for its 
precipitation as oxalate [22]. 

3,2. Extraction and stripping o f  A m  

It has been reported that the D values of  Am in 
0.2 M CMPO + 1.2 M TBP in dodecane increase 

with increasing acidity to about 2 M and then it 
remains almost constant ( ~  25) to 6 M H N O  3 
[14]. However, at 7.5 M H N O  3, the D decreases to 
about 10 [17]. In the present study, the D values 
for Am in 7.5 M HNO3 was determined at vary- 
ing Am concentration (0.1-0.6 mg 1 t). It can be 
seen from Table 5 that the D value remains 
almost constant at all the concentrations of  Am 
studied. The stripping of Am was done with 0.008 
M H N O  3 and in three contacts the recovery was 
quantitative. This is in accordance with the very 
low D value of Am of nearly 0.01 at such low 
acidities ( ~  0.01 M) [7,8,14]. 

3.3. Extraction and stripping o[' Pu and Am Ji'om 
actual laboratory waste solution 

When the actual waste solution (Pu, 541 mg 1 
and Am, 0.3 mg 1 ~) was contacted with 20% 
TnOA-xylene ,  ~ 99.8% Pu was extracted into 
the organic phase in the first contact. A second 
contact with a small volume of TnOA xylene was 
given to ensure complete removal of Pu. The 
raffinate was subsequently contacted with 0.2 M 
CMPO + 1.2 M TBP in dodecane which showed 
the formation of a third phase. However, when 
the TBP concentration was raised to 1.6 M, keep- 
ing the CMPO concentration at 0.2 M, no third 
phase formation was noticed. The TnOA raffinate 
was contacted twice with equal volumes of 0.2 M 
CMPO + 1.6 M TBP in dodecane and the loaded 
CMPO phase was collected together. 

Stripping Pu from the TnOA phase was done 
with an equal volume of 0.2 M ascorbic acid in 
0.3 M HNO3. Two contacts with the strippant 
gave nearly complete recovery of Pu (99.99%). 
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Table 8 
Purity of  Pu and Am product- -spect roscopic  result 

Element Detection limit Feed Pu product Am product Last effluent 
(lag ml - I )  (lag ml l) (lag ml i) (lag m1-1) (lag ml i) 

A1 < 0.005 875 54.0 2.34 650 
B <0.025 8 - -  10.5 
Ca <0.01 725 65.0 6.21 700.0 
Cr <0.01 133 - -  0.41 95.0 
Cu <0.005 50 - -  0.81 33.0 
Fe < 0.005 2300 95.0 440.00 1000.0 
Mg < 0.005 220 44.0 1.41 200.0 
Mn < 0.005 65 7.5 5.00 45.0 
Mo <0.005 27.5 0.92 31.0 
Ni < 0.005 160 - -  1.70 100.0 
Pb <0.01 45 20.0 2.80 12.0 
Si <0.02 75 5.0 0.60 72.0 
Zn < 0.02 750 40.0 19.00 685.0 

Combined CMPO phase was given three contacts 
with equal volumes of 0.008 M HNO 3. Am recov- 
ered in the aqeous phase was 99.9%. 

4. Extraction chromatographic studies 

4.1. Uptake of Pu on TnOAC 

Table 6a gives the D values for the uptake of  
Pu at various acidities between 1 and 12 M 
HNO3. The D values are high and they increases 
to about 5 M HNO3 and then start decreasing. 
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Fig. 3. Plot of  log D vs. log[TnOA] for Pu(IV) at 7.5 M HNO3. 

Experiments were also carried out for the uptake 
of  Pu in the range 30-150 mg 1- ~ in 7.5 M HNO3 
on TnOAC and it was found that the D value 
decreases with increasing Pu concentration (Table 
6b). 

4.2. Uptake of Am on CAC 

Uptake of Am at various acidities by CAC 
(Table 7a) showed a gradual increase in D value 
to 3 M, remained almost same at 5 M and then it 
decreased at higher acidities. Also, experiments 
were carried out at varying concentrations of Am 
in the range 0.1-0.6 mg 1- ~ at 7.5 M HNO3. The 
D value (Table 7b) at all the Am concentrations 
was found to be almost constant. 

4.3. Column loading and elution 

Ten ml of  the actual waste solution was passed 
through the TnOAC column with a breakthrough 
of 0.009 mg 1-i .  Thus 5.4 mg Pu was loaded on 
the TnOAC column. This could be quantitatively 
eluted in 10 ml 0.2 M ascorbic acid. 9.5 ml Of the 
raffinate (which did not contain any Pu) was 
passed through the CAC column and 2.8 lag Am 
was loaded without any breakthrough. This could 
be eluted in 8 ml of 0.008 M HNO3. 

The purity of the products was checked by c~ 
and Y spectrometry and also by analysing the 



K.M. Michael et al. ,/Talanta 44 (1997) 2095 2102 2101 

IC2 

,._) 

iJ 
Z < 
od 

orgi'i.nic 

i+-= 
\, f" :' ',d ' ] \  ' "  . .  

, /  /' \ \ 
\. l ",.i-~.. / 'k, r, 

x . / l  / ' ~  ~ .  \ j  ~.\ c 

4.'00 500 (o00 700 BOo 9o'0 
V,!AVELENGTH, (,nm) 

Fig. 4. Absorption spectra of Pu(IV): I. 3 M HNO3, I1. 7.5 M 
HNO 3, Ill. 12 M HNO 3 extracted in 20'¼, TnOA-xylene from: 
IV. 3 M HNO~, V. 7.5 M HNO~, VI. 12 M HNO 3. 

To get a better understanding of the Pu species 
extracted, visible spectra of  Pu in 3, 7.5 and 12 M 
HNO 3 (using corresponding acid blanks) and Pu 
extracted from these solutions in 20% TnOA (us- 
ing corresponding acid treated TnOA as blank) 
were recorded on a Beckmann DU-7 spectropho- 
tometer using a 1 cm quartz cell. It can be seen 
from the spectra (Fig. 4) that Pu species in 12 M 
HNO3 (absorption peaks at wavelengths 785, 744, 
683, 648, 608, 535 and 492 nm) are different than 
those formed in 3.0 M. At 7.5 M nitric acid the 
peak positions are nearly the same as those in 3 
M HNO3 but the peak at 659 nm gets broadened 
and further at 12 M HNO3 it splits into a triplet. 
Ryan [23] has reported that the peaks at 608 and 
744 nm are due to the formation of hexanitrato 
complex of Pu(IV). In the case of the species 
extracted into the TnOA phase from all the three 
acidities, the nature of spectra was similar to that 
observed in the case of aqueous Pu in 12 M nitric 
acid. This suggests that the species extracted from 
all the acidities (between 3 and 12 M) are the 
same and similar to that formed in the aqueous 12 
M HNO3. At 12 M HNO3 considerable amounts 
of the acidic species H2Pu(NO3) 6 and HPu(NO3)~- 
will be present [23,24] and when extracted with 
TnOA it seems that Pu(NO3) 6- is converted to 
the form (R3NH)2Pu(NO3) 6. Thus from the slope 
analysis as well as Pu spectral studies it could be 
concluded that the species extracted into the or- 
ganic phase is only (R3NH)2Pu(NO3)(~. 

solutions for metallic impurities using ICP-AES. 
It was observed that the product, Pu and Am 
were radiochemically pure and also free from the 
common metallic impurities (Table 8). 

4.4. Slope analysis and spectrophotometric studies 
o f  PuHV) -  TnOA system 

The plot of log D versus log[TnOA] (Fig. 3) at 
a fixed Pu and HNO3 concentrations gave a 
straight line with a slope of 2 which suggests that 
each Pu ion is attached with two molecules of 
TnOA. 

5. Conclusions 

Plutonium and americium from high acid labo- 
ratory waste solutions could be recovered quanti- 
tatively by employing a two stage solvent 
extraction procedure using TnOA in xylene for Pu 
and then 0.2 M CMPO ÷ 1.6 M TBP in dodecane 
for Am. The loaded Pu from the TnOA phase 
could be stripped quantitatively either by 0.5 M 
acetic acid or 0.2 M ascorbic acid. Am from the 
CMPO phase could easily be stripped by 0.008 M 
HNO 3. 

To avoid the problems encountered during the 
handling of organic solutions inside glove-boxes 
extraction chromatographic technique using 
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TnOAC for Pu and CAC for Am can be used for 
near complete recovery of Pu and Am from high 
acidic waste solutions. This can further be 
modified for remote operations while handling 
large volumes of such waste solutions. The 
Pu(IV)/TnOA species extracted into the organic 
phase has been confirmed as (R3NH)~Pu(NO3) 6 
by slope analysis as well as by spectrophotometric 
studies. 
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Abstract 

A simple and reliable ashing procedure is proposed for the preparation of used lubricating oil samples for the 
determination of calcium, magnesium, zinc, iron, chromium and nickel by flame atomic absorption spectrometry. 
Sulphanilic acid was added to oil samples and the mixture coked and the coke ashed at 550°C. The solutions of the 
ash were analysed by flame AAS for the metals. The release of calcium, zinc, iron and chromium was improved by 
the addition of sulphanilic acid to samples. The relative standard deviations of metal concentration results in the 
initial oil samples were 1.5% for Ca (1500 mg 1 ~ level), 0.3% for Mg (100 mg 1 " l level), 3.1% for Zn (1500 mg 1 
level), 0.7% for Fe (500 mg 1-1 level), 0.02% for Cr (50 mg I i level) and 0.002% for Ni (10 mg 1 i level). The 
optimum sample size for efficient metal release was 20 g while the optimum sulphanilic acid to oil ratio was 0.05 g 
per gram of oil for Zn and Cr and 0.10 g for Ca and Fe. Results obtained by this procedure were highly reproducible 
and comparable with those obtained for the same samples using standard procedures. © 1997 Elsevier Science B.V. 

Keywords: Aided-ashing; Lubricant; Metal determination 

1. Introduction 

The performance characteristics o f  lubricating 
oils are usually improved by the additives incor- 
porated to improve the colour, pour  point, viscos- 
ity, antiwear, antifrictional, antifoaming, 
oxidation and corrosion inhibition properties. 
These additives contain various metals in varying 
amounts .  In use, a lot more  o f  some of  these 
metals are added to the lubricating oils from 

* Corresponding author. 

friction and wear [1,2]. A simple, rapid and accu- 
rate analytical procedure is needed for routine 
determination o f  these elements in order to 
provide an indication o f  the degree of  wear o f  the 
oil wetted parts within an engine. A specific appli- 
cation is in the analysis o f  used lubricating oils to 
indicate potential failure in internal combust ion  
engines as well as the metal pollution potentials o f  
such oils if they are disposed directly into surface 
water or  on land. 

Al though wear metal particles are not  uni- 
formly distributed in oils, they are generally deter- 

0039-9140/97/$17.00 {2 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00086-6 
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mined by using techniques traditionally applicable 
to the determination of metals in homogeneous 
solutions [3]. Various methods have been reported 
for the preparation of samples prior to instrumen- 
tal analysis [3-7]. The possible loss of certain 
naturally occurring volatile constituents during 
unaided ashing of petroleum or its products has 
been reported [8-10]. Hence, the determination of 
trace metals in petroleum oils has relied on ashing 
procedures that aim at preventing metal losses by 
volatilization [11,12] during ashing. 

Benzenesulphonic acid has been applied as ash- 
ing agent for the determination of Ni and V in 
petroleum distillates [11,13] while p-xylenesul- 
phonic acid has been used for ashing petroleum 
distillates [12] and crude petroleum [14] for the 
determination of trace metals. Unlike these 
reagents which are hygroscopic and difficult to 
handle and store [15], sulphanilic acid has a very 
long shelf life and was investigated as ashing 
reagent in this work. The purpose of the present 
work was to establish the optimum conditions for 
the ashing of used lubricating oils applying sul- 
phanilic acid to contain any volatilization losses. 

2. Experimental 

2.1. Reagents, apparatus and samples 

All reagents used in this work were of analytical 
grade. Sulphanilic acid was obtained from BDH. 
Doubly distilled water was used in preparing all 
aqueous solutions. The muffle furnace used was a 
Carbolite (Sheffield, UK) capable of maintaining 
constant temperatures in the range 20-1200°C. 
The Perkin Elmer 290 B atomic absorption spec- 
trophotometer, equipped with a premix chamber 
and a single slot burner head operated on air- 
acetylene flame, with automatic background cor- 
rection and mono-element hollow cathode lamps 
was used for solution analysis. The parameters 
selected on the spectrophotometer for the deter- 
mination of the test metals conform with those 
recommended by Perkin Elmer for this spectrom- 
eter. The oil samples analysed were collected from 
private vehicles and automechanic workshops in 
Zaria, Nigeria. 

2.2. Working standard solutions 

CaCO3, MgC126H20, ZnO, (NH4)2SO 4. 
FeSO4"6H20, Ni(NO3)2"6H20 and chromium 
powder were dissolved appropriately and diluted 
with water to obtain 1000 mg 1-J stock solutions 
of Ca, Mg, Zn, Fe, Ni [16] and Cr [17]. Working 
standard solutions were obtained from the respec- 
tive stock solutions by appropriately diluting 
them with water introducing 5% (m/v) lanthanum 
as the nitrate in the case of Ca and Mg to control 
the interferences of ions like phosphate, aluminate 
and silicate. 

2.3. Recommended procedure 

A mixture of 10.0 g used lubricating oil and 1.0 
g sulphanilic acid in a 250 cm 3 pyrex beaker was 
heated in a heating mantle in the fume cupboard. 
The smoke issuing from the beaker was ignited 
and the set-up left until the flame was extin- 
guished. The coke formed was muffled at 550°C 
until the ash was free of carbon particles; this 
required 45 min. The ash was allowed to cool 
before it was dissolved in 20 cm 3 of 6M HC1 and 
digested in a boiling water bath to obtain a clear 
solution. This solution was made up to 50 cm 3 
with distilled water in a volumetric flask, intro- 
ducing 5% (m/v) La and analysed by FAAS for 
Ca, Mg, Zn, Fe, Cr and Ni against a blank 
solution prepared by digesting 20.0 cm 3 of the 6M 
HC1 in the boiling water bath in the same way as 
the sample digests and making up to 50 cm 3 with 
distilled water as done for the sample solution. 

3. Results and discussion 

3.1. Optimization of  ashing conditions 

3. I. 1. Temperature and time 
Optimization of parameters was based on 10 g 

replicates [18] of samples. Temperatures were ob- 
served in the range 400-650°C for durations of 
15-120 min. The progress and completeness of 
ashing was visually determined. 

The lowest muffling temperature that yielded 
carbon-free ash was 550°C and this was achieved 
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Table 1 
Effect of ignition 

Sample treatment Coking time (min) Metal concentration (mg 1 ~) 

Ca Mg Zn Fe Cr Ni 

Without ignition 20 1470 88 1350 387 32.5 9.5 
With ignition 18 1470 88 1390 426 35.6 9.6 

in the shortest time of 45 min. Though a higher 
muffling temperature could be selected for a more 
rapid ashing, 550°C was regularly applied in this 
work to avoid the disfiguration of the pyrex 
beakers that may occur at higher temperatures 
[19]. The oxides of the metals determined are 
known to be stable even above 1000°C [20], hence 
volatilization of the metals would be prevented by 
rendering them as oxides in the ash at 550°C. This 
ashing temperature has been recommended by the 
Institute of Petroleum [21] in a procedure that 
does not specify coking and muffling times and 
includes an overnight delay and a filtration step. 
The present procedure has eliminated the need for 
ash solution filtration and the attendant delay by 
achieving carbon-free ash in a short time. The 
chances of error arising from contamination dur- 
ing the filtration are removed in this procedure. 

3.1.2. Ignition of samples 
Coking time was the duration up to the cessa- 

tion of smoke when the smoke issuing from the 
samples was not ignited. In the cases where the 
smoke was ignited as it issued from the sample, 
coking time was the time taken for the smoke to 
finish burning and the flame to be extinguished. 

Satisfactory coking was achieved in 20 min 
without ignition and in 18 min when the smoke 
was ignited. Ignition did not, however, alter 
muffling time because the coke derived with and 
without ignition both yielded good ash in 45 min 
of muffling. 

The ashes obtained were completely soluble in 
20 cm 3 of hydrochloric acid and a clear solution 
was obtained after 2 min of digestion. Therefore, 
there was no need to filter the solution as recom- 
mended by the direct ignition method for the 
determination of additive metals in unused lubri- 

cating oils [21]. The results presented in Table 1 
for the determination of the test metals in sample 
number 1 were typical of those obtained for all 
samples in this work and show that there was 
increased metal retention in the ignited sample 
particularly for Zn, Fe and Cr. For these metals, 
the ignition allows metal complexes that would 
have escaped in the smoke to burn and return 
their metal constituents to the coke as metal 
oxides. The differences in the determinant levels 
of ignited and unignited samples give an indica- 
tion of which determinants are more prone to 
volatilization losses in lubricating oils. Though 
there was no change in the levels of some of the 
test metals, the enhancement in the levels of even 
a few of the test metals advised the adoption of 
ignition of lubricating oils for determining trace 
metals. A similar advantage of sample ignition 
while coking has been reported for petroleum 
crudes [14] and petroleum distillates [22]. 

3.2, Sulphanilic acid as ashing reagent 

Various levels of sulphanilic acid were added to 
10 g replicates of oil analysed by the recom- 
mended procedure and yielded results as detailed 
in Table 2. The addition of sulphanilic acid to the 
samples did not alter the ashing efficiency of the 
samples: it did not alter either the ignition time or 
the muffling time and the ash produced in the 
presence of it was still completely soluble in 20.0 
cm 3 of 6M HC1. The muffling of 1.0 g of sul- 
phanilic acid alone at 550°C under similar condi- 
tions to those applied for ashing oil samples left 
no residue at the end of 45 min. This implies that 
SA did not contribute to the ash. The digest of 2.0 
g of sulphanilic acid in 6 M HC1 yielded blank 
levels of all the metals determined. The sulphanilic 
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Table 2 
Sulphanilic acid (SA) as ashing reagent 
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Mass of SA added (g) Metal concentration (mg 1 ~) 

Ca Mg Zn Fe Cr Ni 

0 1470 
0.I 1472 
0.2 1475 
0.3 1485 
0.4 1498 
0.5 1500 
0.6 1500 
0.8 1501 
1.0 1502 
1.5 1500 
2.0 1501 

88 1390 426 35.2 9.6 
88 1390 428 35.7 9.6 
87 1393 428 36.1 9.6 
88 1395 434 36.3 9.7 
88 1397 455 36.7 9.7 
88 1400 456 37.3 9.7 
89 1400 457 37.3 9.7 
89 1400 458 37.0 9.7 
89 1400 468 37.0 9.7 
89 1400 468 37.3 9.7 
89 1400 468 37.3 9.7 

acid was therefore shown to be free from the 
determinants. 

The results presented in Table 2 for 10.0 g ofoi l  
sample 1 show that there was an improvement in 
metal release especially for Ca, Zn, Fe and Cr as 
the sulphanilic acid to oil ratio increased until 
peak values were obtained at 0.05 g of  SA for Zn 
and Cr and 0.1 g for Ca and Fe per gram of  oil. 
Once obtained, the peak determinant levels per- 
sisted when higher ratios of  sulphanilic acid were 
applied, up to 0.2 g of  SA per gram of oil. The 
same trend was observed also for samples other 
than sample number 1. That peak metal release is 
achieved at different ratios of  releasing agent for 
different determinants reflects the differences in 
stabilities of  the metal complexes in which the 
determinant species are encaged in the oil samples 
[23]. These results suggest that the zinc and 
chromium metallocomplexes are less thermody- 
namically stable than the calcium and iron ones. 
Similar differences in the stabilities of  porphyrins 
and metallocomplexes of  metals occurring in 
crude oil have been reported [14]. The addition of 
0.1 g of  sulphanilic acid per gram of oil to sam- 
ples was adopted in this work and is recom- 
mended for the ashing of  used lubricating oils for 
the determination of trace metals by FAAS. Its 
stability and long shelf life make it preferable to 
other similar reagents like benzene-sulphonic and 
p-xylenesulphonic acids, which are hygroscopic 
and require special handling [14]. 

3.3. Evaluation o f  the procedure 

When the same oil was ashed in six replicates 
and the ash analysed for the test metals in the 
replicates, the results showed that the recom- 
mended procedure is highly reproducible with rel- 
ative standard deviations (% rsd) of  1.5, 0.3, 3.1, 
0.7, 0.02 and 0.002 for Ca, Mg, Zn, Fe, Cr and 
Ni, respectively at the respective concentration 
levels 1500, 100, 1500, 500, 50 and 10 mg 1 J. 

All five samples were analysed in triplicates by 
this procedure, the direct ignition procedure [22] 
and the Universal Oil Product (UOP) method 
800-79 [24] and the average results are compared 
in Table 3. From observation, the results indicate 
that the values obtained by the direct ignition 
procedure are generally lower than those obtained 
by either the recommended or UOP method 800- 
79 procedures; the values obtained by the recom- 
mended procedure are generally closer to those 
obtained by the UOP procedure. A regression 
analysis of  the results reveals a closer fit between 
the recommended procedure and the standard 
UOP procedure than between the direct ignition 
and the UOP procedures. The respective regres- 
sion lines are 

y =  1.004x r -  1.884 r = 0.9993 

and 

y = 1.017x i + 5.356 r = 0.9982 
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Table 3 
Comparison of sample results obtained by three ashing procedures 
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Sample No. Determinant Measured levels (mg 1 ~) 

Recommended procedure Direct ignition procedure UOP method 800-79 

1 Ca 1508.4 1503.4 
Mg 90.0 87.7 
Zn 1411.8 1372.6 
Fe 472.2 346.8 
Cr 36.0 36.0 
Ni 9.7 9.3 

2 Ca 1739.9 1706.1 
Mg 93.6 92.6 
Zn 1475.5 1 446.1 
Fe 440.5 428.6 
Cr 28.0 26.0 
Ni 9.3 9.3 

3 Ca 1638.5 1621.6 
Mg 85.0 82.0 
Zn 1441.2 1446.1 
Fe 412.7 412.7 
Cr 22.0 22.0 
Ni 9.3 9.3 

4 Ca 878.4 810.8 
Mg 32.1 30.5 
Zn 1034.3 1029.4 
Fe 281.8 264.8 
Cr 64.0 63.0 
Ni 11.3 10.3 

5 Ca 641.9 608.1 
Mg 28.5 29.8 
Zn 872.6 853.0 
Fe 388.9 388.9 
Cr 67.0 66.0 
Ni 11.7 11.3 

1513.4 
90.7 

1401.9 
460.3 

35.0 
10.3 

1756.8 
94.9 

1446.1 
452.4 

28.0 
9.3 

1706.1 
88.7 

1446.1 
420.6 

21.0 
9.3 

844.6 
31.1 

1012.8 
281.8 
64.0 
11.3 

641.9 
29.5 

857.9 
388.9 
69.0 
11.7 

where y represents  U O P  values,  x r represents  

values f rom the r ecommended  procedure ,  x i rep- 

resents  values f rom the direct  igni t ion p rocedure  
and  r is the cor re la t ion  coefficient. 

The  app l i ca t ion  o f  S tuden t ' s  t- test  to the da t a  
o f  Table  3 reveals  tha t  the results ob ta ined  by  the 

direct  igni t ion p rocedure  are significantly different  

f rom those  ob ta ined  by the U O P  me thod  800-79 
while there is no significant difference between the 

results ob ta ined  by the r ecommended  and the 
U O P  procedures .  

These statist ics suppor t  the a rgument  that  while 

the U O P  m e t h o d  800-79 and the r ecommended  
p rocedures  realise m a x i m u m  release o f  metals ,  the 
direct  igni t ion p rocedure  fails to achieve maxi-  

m u m  meta l  release, hence the general ly  low values 
ob ta ined  by the la t ter  p rocedure  and the signifi- 
cant  difference between it and  the former  two 
procedures .  The  advan tage  o f  sulphani l ic  acid 
causing enhanced  meta l  release as ind ica ted  in 
Table  2 is reflected in the results  o f  these stat ist i-  
cal analyses.  The  r ecommended  p rocedure  has  an 
add i t iona l  advan tage  in being faster  than  the 
U O P  m e t h o d  800-79. 

4. Conclusion 

Used  lubr ica t ing  oil m a y  be convenient ly  coked  
and ashed at  550°C in 45 min for  de te rmin ing  
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wear and other metals by flame atomic absorption 
spectrometry. Sulphanilic acid applied as ashing 
agent improves the release of metals and the 
accuracy of the analytical results. The procedure 
reported is simple, rapid and precise. 
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Abstract 

The formation equilibria for the binary complexes of Cu H, Ni u, Co u, Zn H, Mn H, Hg u, Cd H, Ca H, and Mg H with 
cefadroxil (Cef) and for the ternary complexes Cu(Cef)(L), where L refers to amino acid or DNA, were investigated. 
The protonation constants of cefadroxil and formation constants of the formed complexes were determined at 25°C 
and /~ =0.1 M NaNO 3. Copper(II) and cobalt(II) complexes of cefadroxil were isolated in solid state and 
characterized by elemental analysis, infrared and electronic spectral, conductivity and magnetic measurement. © 1997 
Elsevier Science B.V. 

Keywords: Amino acid complexes; Binary and ternary complexes; Cefadroxil complexes; DNA complexes; Stability 
constants 

I. Introduction 

Much interest has been shown in the chemistry 
of fl-lactam antibiotics in relation to their useful 
biological activities in recent years [1-4]. fl-Lac- 
tam antibiotics, such as penicillins, cephalosporins 
and oxacephalosporins, represent the most impor- 
tant class of drugs against infectious diseases 
caused by bacteria. Following the recent evidence 
of the important roles of calcium and magnesium 
in the transport of these drugs in blood plasma 
[5], it is suggested that copper can act as a cofac- 

* Corresponding author. 

tor of  their antibiotic activity: first, the structural 
flexibility of copper binary complexes is expected 
to favour mixed-ligand coordination with bacte- 
rial nucleic acids; then, through the formation of  
such ternary complexes, copper may induce the 
attack of free radicals known to damage these 
nucleic acids [6]. 

In continuation of our previous studies of the 
metal complexes of antibiotics [7-10], the present 
investigation reports equilibrium studies of the 
binary and ternary complexes of  some metal ions 
with cefadroxil and amino acids or DNA units 
(see Scheme 1). Copper(II) and cobalt(II) com- 
plexes with cefadroxil were synthesized and char- 
acterized. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00089-1 
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2. Experimental 2.3. Procedure and techniques 

2. I. Materials and reagents 

The metal salts, in the form of nitrates, were 
provided by BDH. Concentrations of stock solu- 
tions of metal ions were determined by conven- 
tional analytical methods [11].  Cefadroxil 
monohydrate (Bristol Standard 99%) was sup- 
plied by Bristol-Myers-Squib, Egypt. According 
to its elemental analysis, it was sufficiently pure 
and, therefore, used without further purification. 
Due to the instability of antibiotics in aqueous 
media [12], fresh solutions were prepared immedi- 
ately before use by dissolving it in aqueous 
equimolar nitric acid solution. The amino acids 
and DNA units used were: glycine, alanine, pro- 
line, valine, fl-phenylalanine, S-methylcysteine, 
iso-leucine, threonine, methionine, serine, 2- 
amino-n-butyric acid, histidine • HC1, his- 
tamine'2HC1, aspartic acid, ornithine-HC1, 
imidazole, inosine, uracil, uridine, cytosine, cy- 
tidine, thymine, thymidine and adenine. These 
materials were from Sigma Chemical. Imidazole, 
cytosine, cytidine and adenine were prepared in 
the protonated form by dissolution in nitric acid. 
All solutions were prepared in deionized water. 

2.2. Apparatus 

Potentiometric titrations were performed by 
means of a Metrohm 686 titroprocessor equipped 
with a 665 dosimat (Switzerland-Heriaue). The 
titroprocessor was calibrated using standard 
buffer solutions prepared according to NBS spe- 
cifications [13]. All pH-metric titrations were car- 
ried out at 25.0__+0.1°C in a purified nitrogen 
atmosphere using a titration vessel described pre- 
viously [14]. Conductance of solutions were mea- 
sured on a WTW LBR conductivity bridge 
(Germany). Infrared absorption spectra were 
taken by a Perkin-Elmer 1430 spectrophotometer 
using a KBr disc. Electronic spectra were scanned 
on Shimadzu UV-160 A recording spectrophoto- 
meter, Magnetic susceptibility of the solid com- 
plexes were determined by using Gouy's powder 
technique. 

The protonation constants of the ligands, in the 
protonated form, were determined by titrating 40 
ml of aqueous ligand solution (2.5 × 10-3 M) and 
NaNO3 (0.1 M). The conditions of measurements 
for the determination of the stability constant of 
the binary complexes were the same as for the 
protonation constants, but a part of NaNO3 was 
replaced by M n ion with the concentration ratio 
l:1 and 1:2 (M:Cef) for Cef (where M = C u  n, 
Ni", Co", Zn II, Mn", Hg n, C d  II, C a  I! and Mg", 
and 1:2 for Cu"-amino acids complexes. The 
conditions of measurements for the titration of 
the ternary complexes were the same as for the 
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Scheme 1. Structural formulae of the investigated ligands. 
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binary ones, but the solutions contained equiva- 
lent amounts of Cef, Cu 2 + and the other iigand 
(L). 

The calculations were performed using the com- 
puter program MINIQUAD-75 [15] loaded on an 
IBM 486 computer. The stoichiometries and sta- 
bility constants of the complexes formed were 
determined by trying various possible composi- 
tion models for the system studied. The calcula- 
tions were restricted to data obtained in a pH 
range where no precipitation occurred. The model 
selected was that which gave the best statistical fit 
to and which was chemically consistent with the 
titration data, without giving any systematic bias 
in residuals, as described elsewhere [15]. Tables 
1-3 list the formation constants together with 
their standard deviations and the sum of the 
square of residual as obtained from the program 
MINIQUAD-75. The concentration distribution 
diagrams were obtained with the program SPE- 
CIES [l 6] under the experimental conditions used. 

2.4. Metal chelates of  cefadroxil (Cef) 

The metal chelates of cefadroxil (Cef) with cop- 
per(II) and cobalt(II) were prepared in the ratio 
l:1 (metal:ligand). The metal carbonate (1 mmol) 
is mixed with the antibiotic (1 mmol) in the least 
amount of water. The resulting mixture was 
refluxed for 1-2 h. The solid complexes were 
precipitated, filtered, washed with water, ethanol 
and finally with ether. 

3. Results and discussion 

3.1. Proton- ceJctdroxil equilibrium 

A maximum number of three protons can be 
released from the cefadroxil in the fully proto- 
nated form (Cef= H3 L+) on titration with a 
strong base. The titration data indicates the pres- 
ence solely of simple H L - ,  HzL, H3 L+ com- 
plexes. The differential log protonation constants 
were found to be 1.70, 7.07 and 9.14. In consider- 
ing the nature of the donor groups involved in the 
successive protonation reactions, it is helpful to 
invoke the protonation constants of amoxycillin 

(2.41, 7.19 and 9.38) [9] analogue, where the pro- 
tonation centres are the carboxylic, amino, pheno- 
lic groups, In acid medium, cefadroxil is 
protonated to give a cationic species H3L +. Addi- 
tion of base produces, in the first stage, the depro- 
tonation of the carboxylic group (pK~ = 1.70) 
yielding the zwitter ion species H2L-+, existing in 
the pH range 4-6. When the pH is increased, the 
deprotonation of the amino group NH~ 
(pK~,2 = 7.07), followed by that of the phenolate 
group (pK, t3 = 9.14). 

3.2. Metal ion-cefardoxil complexes 

Potentiometric titration curves of cefadroxil 
and its copper(II) complexes, taken as being rep- 
resentative, are shown in Fig. 1. In the metal 
complex curve, there is a significant lowering from 
that of the free cefadroxil, indicating formation of 
metal complexes by release of protons. Different 
equilibrium models have been tried to fit the 
experimental potentiometric data for the MH-(ce - 
fadroxil). The model that best fits the potentio- 
metric data is found to consist of [MHL] + and 
[ML] species. The validity of the same is proven 
where an excellent fit can be observed between the 
experimental data points from the titration of 
metal ion-cefadroxil complex, and the theoretical 
curve calculated from the values of the protona- 
tion constants of cefadroxil and the formation 
constants of the corresponding complexes. 

The acid dissociation constant of the proto- 
nated complex, [MHL] is given by Eq. (1) [17]: 

M v,-'~ ~,-(mMiL)(m = log K M ( L ) ~ H  ) - -  log K~L) (1) 

The value of pKH of the protonated complexes 
is in the range 4.78-8.73. This value may compare 
with the protonation constant of the phenolic 
group. Coordination to the amino group lowers 
the pK~ of the phenolic group. A lowering of up 
to 2 units was reported for the coordination of 
DNA units to a series of divalent earth alkali and 
transition metal ions [18]. 

The protonation constants of amino acids and 
DNA units and the formation constant of the 
copper(II) complexes with amino acids were de- 
termined under conditions identical to those for 
ternary systems, i.e., at 25°C and ionic strength of 
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Table 1 
Formation constants of  binary complexes 

System / p q a log flb S ~ 

Cef 

C u ( l l ) - C e f  

N i ( l l ) -Ce f  

Co(ll) Cef 

Cd(II) Cef 

Ca ( l l ) -Ce f  

Ba( l l ) -Cef  

M n ( l l ) - C e f  

Mg(ll)  Cef 

Hg( l l ) -Ce f  

Cu(ll)  glycine 

Cu(II ) -a lanine  

Cu(II)-prol ine 

Cu(l I ) -val ine  

Cu(II) - f l -phenyl  alanine 

Cu(I I ) -S-methyl  cysteine 

Cu(ll)- iso-leucine 

Cu(I I)-2-amino-n-butyric  acid 

9.14 
16.21 
17.91 
8.11 

12.89 
3.72 

11.62 
3.12 

10.87 
3.85 

11.58 
2.61 

11.18 
3.10 

11.75 
3.78 

11.73 
1.93 

10.66 
6.96 

13.14 
9.61 

11.23 
8.16 

15.07 
9.69 

11.89 
8.00 

14.86 
10.52 
12.03 
8.74 

16.08 
9.57 

11.71 
8.02 

14.98 
9.12 

11.01 
7.72 

14.81 
9.01 

11.39 
7.71 

13.57 
9.76 

12.22 
8.46 

15.54 
9.60 

t2.45 
8.22 

12.85 

(0.09) 
(0.02) 
(0.07) 
(0.01) 
(0.11) 
(0.03) 
(0.05) 
(0.03) 
(0.14) 
(0.04) 
(0.09) 
(0.05) 
(O.09) 
(0.05) 
(0.07) 
(0.07) 
(0.12) 
(O.O9) 
(0.17) 
(O.O4) 
(O.O7) 
(0.Ol) 
(0.02) 
(O.Ol) 
(0.02) 
(O.Ol) 
(0.02) 
(0.03) 
(0.04) 
(o.ol) 
(0.04) 
(O.03) 
(0.05) 
(0.01) 
(0.02) 
(0.02) 
(O.O2) 
(0.01) 
(0.03) 
(O.O2) 
(O.O3) 
(0.02) 
(O.O4) 
(O.O3) 
(0.09) 
(0.01) 
(O.Ol) 
(0.04) 
(0,07) 
(0.03) 
(0.07) 
(0.05) 
(0.07) 

7.9 x 10 s 

2.4 x 10 7 

2.2 x 10 - 7  

1.3 × 10 - 7  

4 . 6 x  10 - 7  

9.9× 10 -8 

2 . 2 ×  10 - 7  

1.5 × 10 -6  

8.7 × 10 8 

1.0x 10 -6 

1.5 x 10 -7 

2.2 × 10 - s  

9.3 x 10 s 

6 .0x  10 8 

4.4 x 10 8 

5.7 × 10 s 

10.0 x 10 8 

2.7 x 10 s 

8.0 x 10 - s  

4 .2x  10 8 

3.4 x 10 - 7  

1.5x 10 7 

3 .5x  10 s 

1.7×10 7 

8.1 x 10 -8  

5.2× 10 -8  
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Table 1 (continued) 

System / p q ~' log flb S c 

Cu(l l )  threonine 

Cu( I I ) -me th ion ine  

C u ( l I ) - h y d r o x y  proline 

Cu(I I ) - imidazole  

Cu( I I ) - se r ine  

Cu( l l ) -h is t id ine  

Cu( I I ) -h i s t amine  

Cu(II)  ornithine 

Cu(II)  aspartic acid 

Cu( l l ) - inos ine  

Cu(II)  thymidine 

Cu(l l )  uracil 

Cu( l l ) -u r id ine  

Cu(II)  adenine 

I 9.06 (0.01) 
2 11.03 (0.02) 
0 8.04 (0.01) 
0 14.81 (0.03) 
1 9 . 1 0  (0 .01)  
2 11.09 (0.03) 
0 7.86 (0.01) 
0 14.60 (0.01) 
1 8.97 (0.01) 
2 11.18 (0.03) 
0 8.35 (0.01) 
0 15.88 (0.01) 
1 7.04 (0.01) 
0 4.15 (0.05) 
0 7.62 (0.04) 
0 10.35 (0.05) 
I 9 . 1 4  (0 .01)  
2 11.40 (0.01) 
0 8.03 (0.02) 
0 14.65 (0.04) 
I 9.53 (0.01) 

15.81 (0.02) 
3 17.81 (0.06) 
0 10.66 (0.03) 
0 18.96 (0.03) 
1 14.86 (0.02) 
1 9.88 (0.01) 
"~ 15.97 (0.01) 
0 9.55 (0.01) 
0 16.10 (0.02) 
1 12.70 (0.09) 
1 10.58 (0.00) 
2 19.44 (0.01) 
3 21.39 (0.02) 
0 12.25 (0.06) 
0 15.62 (0.08) 
1 18.04 (0.04) 
1 9.68 (0.01 
2 13.35 (0.01 
0 8.84 (0.0t 
0 15.90 (0.03 
1 12.13 (0.07 
1 8.55 (0.01 
0 4.00 a 
1 9.47 (0.01 
0 4.7 ~ 
1 8.80 (0.01 
0 4.55 f 

l 8.76 (0.01 
0 4.03 g 
I 9.40 (0.01) 
2 13.69 (0.02) 
0 6.77 h 

8 .0x  10 - s  

5.1 x 10 - s  

9.0 × 10 s 

3.6× 10 -9 

1.5x 10 ; 

3 .0× 10 -7  

2 .6x  I0 '~ 
6 . 9 ×1 0  s 

1 .7x lO  

6.0 x 10 - s  

1 .8x lO  

2.3 x 10 - s  

2.4 x 10 - s  

1.9x 10 - I °  

1.0 × 10 - s  

8 .9×10  s 

3.9 x 10 - s  

3 .9x 10 - s  

1.2× 10 - s  

4.2 × 10 s 

1.1 x 10 -7 

8.9 × 10 - s  

5 . 1 x l O  -7  
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System / p q~' log flb S c 

Cu(II)-cytosine 0 1 1 4.38 (0.03) 5.0 x 10 7 
Cu(II)-cytidine 0 1 1 3.67 (0.03) 5.0 x 10 7 
Cu(II) thymine 0 1 1 9.67 (0.06) 2.5 x 10 7 

~' The values l, p and q are the stoichiometric coefficients corresponding to metal(ll), amino acids and H +, respectively. 
b Standard deviations are given in parentheses. 

Sum of square of residuals. 
J,~,f,g.h Taken from Refs. [30-34]. 

0.1 M (KNO3). The results (Table 1) are in good 
agreement with the literature data [19], after allow- 
ing for changes in experimental conditions and 
calculation methods. 

3.3. Ternary complex formation equilibria 

The general four-component equilibrium can be 
written as follows (charges are omitted for sim- 
plicity): 

lCu +p(Cef) + q(A) + rH ~ Cu~(Cef)p(A)q(H)r 
(2) 

where l, p, q and r are the stoichiometric coefficients 
corresponding to the copper(II), cefadroxil, amino 
acid and H +, respectively. 

The overall formation constants are defined as: 

flO, q;- [Cu,(Cef)p(A)q(H)r] (3) 
[Cu]t[Cef]P[Alq[H] r 

The ternary complex formation may proceed 
through step-wise or simultaneous mechanism, de- 
pending on the chelating potentiality of cefadroxil 
and amino acid or DNA unit. The formation 
constants of the 1:1 copper(II) complexes with 
cefadroxil and amino acids are of the same order 
(Table 1). Consequently the ligation of the antibi- 
otic and amino acid will occurs simultaneously. The 
titration data of the mixed-ligand complexes with 
amino acids and cefadroxil fit satisfactorily on the 
basis of the complexes Cu(Cef)(A) and Cu(Cef)- 
(A)(H). The formation constants obtained for the 
mixed ligand complexes are given in Table 2. 

The relative stability of the ternary complexes 
formed through a simultaneous mechanism, as 
compared to those of the corresponding binary 
complexes, is expressed in terms of AlogK as 

defined by Eqs. (4) and (5). 

Cu(Cef) + Cu(A) ~ Cu(Cef)(A) + Cu (4) 
Cu A log K = log Kcu(Cef)(A) 

[log c~ cu 
- log KCu~A)] (5) Kcu(ce l )  + 

Since more coordination sites are available for 
bonding of the first ligand to a metal ion than for 
the second ligand, Alog K should in general be 
negative. With Cu" usually having a coordination 
number of four, the expected value for Alog K 
would be - 0.6 [20,21]. The reported Alog Kvalues 
for most Cu-cefadroxil-amino acids complexes 
are of the same order. 

The potentiometric titration curve of the ternary 
system CuH-cefadroxil-inosine (as a representa- 
tive of DNA) coincides with the 1:1 C u ' - C e f  curve 
in the region 0 < a < 2 (a = number of moles of 
base added per mole of ligand), Fig. 2. In this 
region, the Cu~-Cef-complex is formed firstly due 
to its high stability compared to that of the Cu" -  
DNA complex (Table 1). Beyond a = 2, the forma- 
tion of a ternary complex was ascertained by 
comparison of the mixed-ligand titration curve 
with the composite curve obtained by graphical 
addition of inosine titration data to that of the 
CuH-Cef titration curve. The mixed-ligand system 
was found to deviate considerably from the resul- 
tant composite curve, indicating the formation of 
a ternary complex. Thus, formation of ternary 
complex can be described by the following equi- 
libria (charges are omitted for simplicity) [6,7]: 

Cu + Cef ~ Cu(Cef) (6) 

Cu(Cef) + Ino ~--- Cu(Cef)(Ino) (7) 

The relative stability of the ternary complexes 
formed through a step-wise mechanism, as corn- 
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Table 2 
Formation constants of Cu Cef amino acid complexes 

System 1 p q r" log fib S ~ Alog K 

Cu Cef -glycine I 
Cu Cef alanine 1 
Cu Cef proline 1 
Cu C e f  valine I 
Cu Cef fl-phenylalanine I 
Cu Cef S-methylcysteine 1 
Cu Cef isoleucine I 
Cu Cef -2-amino-n-bu tyr ic  acid 1 
Cu Cef - threonine 1 
Cu Cef -methionine I 
Cu Cef hydroxyproline 1 
Cu Cef -imidazole 1 
Cu Cef serine 1 
Cu Cef-his t idine 1 
Cu Cef -h i s t amine  1 
Cu Cef-  ornithine 1 

1 
Cu Cef aspartic acid 1 

0 15.38 (0.04) 1.43 x 10 -~' - 0 . 8 9  
0 15.01 (0.055) 2.25× 10 ~' 1.10 
0 15.84 (0.03) 1 .2x lO 7 -1 .01  
0 16.12 (0.08) 1.77×10 ~' -0 .01  
0 14.83 (0.07) 3 .19x 10 (~ - 1 . 0 0  
0 14.89 (0.07) 5.8 x 10 -(' - I ) .93  
0 14.85 (0.13) 7 .09x 10 (' - 1 . 7 2  
0 15.07 (0.02) 4 .24x 10 -v  1.26 
0 16.34 (0.11) 8.4 x 10 -6  +0.19  
0 14.75 (0.075) 3 .99x10  6 --1.22 
0 15.1)8 (0.12) 7.59x 10 ~' 1.38 
0 11.96 (0.09) 7.5 × 10-('  - 0 . 3 0  
0 15.77 (0.05) 7.18 x 11) -7 - 0 . 3 7  
0 16.34 (0.06) 1.97 × 10 c, - 2 . 4 3  

0 15.38 (I).09) 1.95 x 10 (' - 2 . 2 8  
0 16.28 (0.07) 1.04× 10 ~ -4 . t )8  
1 24.93 (0.06t 
0 15.58 (0.06) 3 .3×10  ~' - l . 3 7  

~' The values I, p, q and r are the stoichiometric coefficients corresponding to Cu(ll) ,  amino acids, cefadroxil 
b Standard deviations are given in parentheses. 
c Sum of square of  residuals. 

and H ÷, respectively. 

pared to those of the corresponding binary com- 
plexes, is expressed in terms of Alog K as defined 
by Eq. (8). 

l,'Cu(Cel3 lner Cu Alog K = log ,-c u(Cef~ID~- .v~, KCu~D) (8) 

The Alog K values given in Table 3 are invariably 
negative. This means that the DNA units form 
more stable complex with the free copper(II) ion 
than with the Cu(Cef) complex. 

lnosine has two donor sites, N 1 and N 7. In the 
acidic pH range, N, remains protonated, while the 
metal ion is attached to N 7. The gradual change 
from Nv-binding to Nl-binding with increasing 
pH has been rather extensively documented by 
nuclear magnetic resonance (NMR) [22] and elec- 
tron paramagnetic resonance (EPR) [23] spectro- 
scopic measurements. The proposed structure for 
the mixed ligand complex studied in the pH range 
7 9 involves N,-binding. 

The protonation constant of uridine, uracil, 
thymine and thymidine is that of the [N(3) 
C(4)O] group. The values obtained from this 
study have been compared with those of the pro- 
tonation of the analogous [N(I)-C(6)O] grouping 

in inosine. The purinic derivatives are slightly 
more acidic than the pyrimidinic ones, a property 
which can be related to the existence in the anion 
of the purinic derivatives of a higher number of 
resonance forms in equilibrium because of the 
presence of two condensed rings in this ligand. 
Based on the existing data, uracil, uridine, 
thymine and thymidine ligate in the deprotonated 
form, through N3. The thymine and thymidine 
complexes are more stable than those of uracil 
and uridine, most probably due to the higher 
basicity of the N 3 site of thymine and thymidine 
resulting from the inductive effect of the extra 
electron-donating methyl group. 

Acid base equilibria of adenine in the proto- 
nated form (H2D +) involve deprotonation from 
N(1) and N(9) sites. The accepted model for the 
mixed-ligand titration of adenine consists of 
Cu(Cef)(D) species. The question of the point or 
points of attachment of adenine to a metal centre 
has been discussed by a number of workers, nota- 
bly by Hodgson [24] and Marzilli [25]. They dis- 
cussed both solution and solid complex studies 
which have indicated that N(9) is the ligating site. 
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Table 3 
Formation constants of Cu-Cef-DNA units complexes 

System / p qa log fib S" AIog K 

lnosine 1 
Thymidine 1 
Uracil 1 
Uridine 1 
Adenine 1 
Thymine 1 

0 4.49 (0.06) 1.9 x 10- 6 +0.49 
0 5.55 (0.07) 6.2× 10 -7 +0.85 
0 4.86 (0.06) 8.4× 10 -7 +0.31 
0 4.93 (0.06) 3.8 × 10 -7 +0.90 
0 6.99 (0.16) 4.4× 10 -6 +0.22 
0 5.50 (0.05) 1.5 × 10 -6 

a The values l, p and q are the stoichiometric coefficients corresponding to Cu(II)-Cef complex, DNA units and H +, respectively. 
b Standard deviations are given in parentheses. 

Sum of square of residuals. 

F r o m  the p o t e n t i o m e t r i c  t i t r a t i on  curves  for  

C u ( C e f ) - c y t o s i n e  or  - c y t i d i n e ,  the h o r i z o n t a l  ad-  

d i t i on  p rocedures  showed  the absence  o f  a n y  sig- 

n i f icant  i n t e r ac t i on  be tween  the  C u - C e f  c o mp l e x  

a n d  cy tos ine  o r  cyt idine .  S imi la r  b e h a v i o u r  was  

PH 

12 

10 

4 

Cu*cefadroxl  

2 

0 1 2 3 4 

Moles of base added per moles of Cefadroxi l  

f o u n d  for  the  system M - E D T A - c y t o s i n e  or  - c y -  

t id ine  [26]. 

E s t i m a t i o n  o f  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  

va r ious  complex  species as a f u n c t i o n  o f  p H  pro-  

vides a useful  p ic tu re  o f  me ta l  ion  b i n d i n g  in the 

b io logica l  fluids. The  species d i s t r i b u t i o n  pa t t e rn s  

PH 

12 

10 I / 

4 ! -~J 

ne 
• -composlte cur~e 

2 [ [ l l P r l l f r l ! i P l J i l l J i ~ J i I F i [ I F i ! I J d l l I i l F I l l l i l J I J  

0 1 2 3 4 5 

M o l e s  of b a s e  a d d e d  p e r  m o l e s  of Cu( l l )  

Fig. 1. Potentiometric titration curves of Cu(ll)-Cefadroxil Fig. 2. Potentiometric titration curves of Cu(ll) Cef-inosine 
system, system. 
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Fig. 3. Concentrat ion distribution of various species as a 
function of  pH in the Cu( I I ) -Cef -p ro l ine  system. 

for the Cu-Cef-proline, taken as a representative 
of amino acids and given in Fig. 3, indicate that 
the mixed-ligand complex starts to form at pH 
6 and reaches a maximum concentration (60%) at 
p H = 9 .  Mixed-ligand complexes formed with 
DNA units are less favoured; they reach the max- 
imum concentration of approximately 50% at 
pH = 11. Thus, the amino acid will compete with 
the DNA for the reaction with the Cu-Cef  com- 
plex. 

3.4. Composition and structure of solid complexes 

Elemental analysis data of the investigated 
metal complexes obtained in the solid state (Table 
4) indicate that cefadroxil acts as a dibasic ligand. 
The proposed general chemical formulae of the 
complexes may be represented by ML.xH20,  
where L is the deprotonated form of the ligand 
and M is Cu u and Co n. The molar conductance 
values of 0.001 M DMF complex solutions are in 
the range 9-12 cm 2 (~'mol)-~,  which indicates 
their non-electrolytic nature. 

The infrared spectrum of cefadroxil exhibits 
bands at 2585, 1759 and 1686 cm- ~, assigned to 
- N H ~ ,  fl-lactam carbonyl and amide carbonyl 
groups [27]. In the spectra of the complexes, the 
NH~-band disappeared and the two carbonyl 
bands were significantly shifted to lower wave 
numbers, a behaviour which provides a convinc- 
ing evidence for coordination through the amino 
and the two carbonyl groups. The OH band oc- 
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curring at 3506 cm-J in the spectrum of the 
cefadroxil disappeared upon complexation. This 
indicates that the hydrogen ion of the cefadroxil 
OH group is released to neutralize the positive 
charge of the metal ion, forming a neutral com- 
plex. 

The electronic absorption spectrum of the 
copper(II) complex consists of a broad band in 
the region 14400-14900 cm -1, which is as- 
signed to 2Blg~--2AIg transitions as well as a 
shoulder in the range 21 600-22 200 cm J, char- 
acteristic of a square planar geometry for the 
copper(II) complex [28]. The complex has a 
magnetic moment that amounts to (1.95) BM, 
which justified the square planar configuration. 

The electronic spectrum of the cobalt(II) com- 
plex exhibits three bands at 8058, 16000 and 
19048 cm -r, which are assigned to vr: 2T2g~- 
4Tlg, 1'2: 4A2g ~ 4Tig and  v3: 4T~g(p) ~ 4Tig transi- 
tions, respectively, indicating an octahedral 
configuration around the Co(II) ion [29]. The 
octahedral geometry of the Co H complex is fur- 
ther confirmed by the value of the magnetic mo- 
ment (4.5 BM). 

Further investigation to provide more con- 
vincing evidence for the structure of these com- 
plexes requires further studies including, e.g., 
X-ray diffraction studies and other structural in- 
vestigations. 

4. Conclusion 

The present investigation may have important 
biological implications. The structural flexibility 
of bioactive cefadroxil as well as its capacity 
to coordinate copper(II) via three different 
donor sites may favour the formation of ternary 
complexes with various ligands occurring in 
vivo. In particular, such mixed-ligand coordina- 
tion is likely to occur with bacterial nucleic 
acids. 
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Abstract 

A novel flow-injection analysis (FIA) system has been developed for the rapid and direct determination of 
ammonium in Kjeldahl digests. The method is based on diffusion of ammonia across a PTFE gas-permeable 
membrane from an alkaline (NaOH/EDTA) stream into a stream of diluted boric acid. The trapped ammonium in 
the acceptor is determined on line by a bulk acoustic wave (BAW)-impedance sensor and the signal is proportional 
to the ammonium concentration present in the digests. The proposed system exhibits a favorable frequency response 
to 5.0 x 10-6-4.0 × 10 3 tool 1-~ ammonium with a detection limit of 1.0 x 10 - 6  mol 1-i,  and the precision was 
better than 1% (RSD) for 0.025-1.0 mM ammonium at a through-put of 45-50 samples h-1. Results obtained for 
nitrogen determination in amino acids and for proteins determination in blood products are in good agreement with 
those obtained by the conventional distillation/titration method, respectively. The effects of composition of acceptor 
stream, cell constant of conductivity electrode, sample volume, flow rates and potential interferents on the FIA signals 
were discussed in detail. © 1997 Elsevier Science B.V. 

Keywords: Ammonium determination; Bulk acoustic wave sensor; Gas-diffusion flow-injection analysis; Kjeldahl 
digestion 

I. Introduction 

Developed in 1883, the Kjeldahl procedure re- 
mains one of the most accurate and widely used 
methods for determining nitrogen. By this proce- 
dure, almost all organic nitrogen-containing sub- 
stances are converted to ammonium. The 
ammonium is often quantified by distillation in 

* Corresponding author. 

alkaline medium followed by titration or col- 
orimetry, or by means of micro-diffusion method 
[1]. All these methods, however, are time-consum- 
ing and suffer from inadequate sensitivity and 
reproducibility. Direct spectrophotometric deter- 
mination of ammonium in the digest is possible 
and is implemented in some automatic analyzers. 
But this direct determination may suffer from 
changes in acid concentration, presence of metal 
ions and sample turbidity [2]. 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00091-X 
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Flow injection analysis based on gas-diffusion 
separation (GD-FIA), characterized by its high 
selectivity, promising sensitivity, excellent preci- 
sion and rapidity, has proven useful in determin- 
ing ammonium in complex matrices including 
Kjeldahl digests [3 7]. In this technique, the sam- 
ple is injected into, or merged with an alkaline 
solution, and the ammonium formed diffuses 
across a gas-permeable membrane into a recipient 
stream. The trapped ammonium has been deter- 
mined spectrophotometrically with an acid-base 
indicator, potentiometrically with an ammonium- 
selective electrode, or conductometrically. The 
conductometric method has some important ad- 
vantages over the others without the sacrifice of 
sensitivity, selectivity and precision, the equip- 
ment as well as the reagent required is simpler and 
less expensive. A drawback, however, is that the 
high background conductivity of the recipient 
stream can cause an unacceptable noise level [4]. 
Hence, distilled water is the most often used ac- 
ceptor, and sometimes it is designed to flow 
through a small column of mixed-bed ion ex- 
changer for final purification before it enters the 
gas-diffusion cell [3], which makes the FIA system 
more complicated and expensive. 

The bulk acoustic wave (BAW)-impedance sen- 
sor, as described previously [8], is constructed by 
connecting an AT-cut piezoelectric quartz crystal 
and a conductivity electrode in series, and has 
particular advantages over the classical conduc- 
tometry, e.g., it can detect a slight change in 
solution conductivity in the presence of an excess 
of a foreign electrolyte, and the sensitivity and 
accuracy are better than those obtained in the 
absence of the foreign electrolyte. Moreover, it 
possesses the same sensitivity to the conductivity 
and permittivity of the solution as the normal 
piezoelectric sensor, in which the quartz crystal is 
in direct contact with the solution, and a better 
frequency stability, lower frequency-temperature 
coefficient and much lower frequency dependence 
on the density and viscosity of the solution be- 
cause only the electrode is immersed in the liquid 
and the crystal is out of contact with the solution. 
Thus, it is not surprising that BAW-impedance 
sensor has been used so widely, e.g., for end-point 
determination in titration [9], for determination of 

microorganism [10], and for biochemical and 
physiological study of blood [11,12]. To the best 
of our knowledge, there has been no publication 
that combines FIA with piezoelectric detection 
except a feasibility study of  the combination of 
FIA with the thickness-shear mode acoustic wave 
sensor [13]. This paper is a preliminary report 
describing the development of  a novel FIA system 
based on the conjunction of BAW-impedance sen- 
sor with GD-FIA technique, and its practical 
application for the rapid and direct determination 
of  ammonium in Kjeldahl digests obtained from 
amino acids and blood products. 

2 .  E x p e r i m e n t a l  

2.1. Apparatus 

Schematic diagram of the FIA manifold is illus- 
trated in Fig. l(a), it is composed of a peristaltic 
pump (Xiangshan Dingshan Instrument Factory, 

100 ul P 
1"°° I-;-I I ~ L .  e ° ' s ° ]  I . - B] 

"°°!, ! 
a} 

b) 

2 

~W 
~W 

Fig. 1. (a) Schematic diagram of FIA manifold for determina- 
tion of ammonium in Kjeldahl digests. P, peristaltic pump; V, 
injection valve; L, mixing tube (40 cm x 0.6 mm i.d.); GD, 
gas-diffusion cell; W, waste; B, water bath; C, carrier: H20; R, 
reagent: 2 mol 1- ~ NaOH + 1% EDTA; A, acceptor: 0.01 mol 
1-~ boric acid. Flow rates are given in ml min-~. (b) Sche- 
matic diagram of BAW-impedance sensing system. I, inlet for 
fluid from gas-diffusion cell; O, outlet for waste solution; 1, 
stainless-steel needles; 2, leading wires; 3, piezoelectric quartz 
crystal; 4, IC-TTL oscillator; 5, d.c power supply; 6, frequency 
counter; 7, computer. 
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Fig. 2. (a) FIA profiles obtained with various acceptor 
streams. Numbers I and 2 refer to acceptor of H20 and 0.02 
mol 1 ~ boric acid respectively. Donor  flow rate, 1.50 ml 
rain ]; acceptor flow rate, 1.50 ml rain t: ammonium con- 
centration, 1 0  4 mol 1- [; injection volume, 200 ~1. (b) Influ- 
ence of acceptor stream on the sensitivity. Numbers 1 6 refer 
to concentrations of boric acid of 0, 0.001, 0.005, 0.01, 0.02 
and 0.05 tool 1 t respectively. Other conditions as given in 
Fig. 2(a). 

Zhejiang, China), a flow manifold of PTFE tubes 
(0.8 mm i.d.), a home-made PTFE rotatory valve 
with variable injection volume, a gas-diffusion 
unit with two channels of 125 mm length, 3 mm 
width and 0.1 mm depth which are separated by a 
PTFE gas-permeable membrane (pore size 0.02 
gm, purchased from Jiangsu Electroanal. In- 
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.} 40o 

-~3oo  
o 

o~ 
2OO 
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2 
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0 1 2 3 4 

Ammonium concentration (mM) 

Fig. 3. Influence of cell constant of the conductivity electrode 
on the sensitivity. Numbers 1 -6 refer to cell constant of 0.4, 
0.67, 1.05, 1.67, 2.5 and 4.0 cm, respectively. Injection volume, 
100 jal; donor flow rate, 1.00 ml min ~: acceptor flow rate, 
0.50 ml rain t. 

strumt. Factory, China), and a BAW-impedance 
sensor shown in Fig. l(b). The sensor was con- 
structed by connecting an AT-cut 9 MHz 
piezoelectric quartz crystal with a conductivity 
electrode in series to make up the feedback circuit 
of the IC-TTL oscillator. The oscillator was sup- 
plied with 5 V by a d.c. voltage regulator, a 
universal frequency counter (Model SC-72001, 

400ul 

I ~00 ul~-~,\ 

0 R ~ .  ~ ~ . ~  
o 1 

Time (mln) 

Fig. 4. FIA profiles obtained with various sample volume. 
Donor flow rate, 1.50 ml rain ~: acceptor flow rate, 1.00 ml 
rain ~; ammonium concentration, 10 s tool 1 ~. 
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Table 1 
Dependence of peak height on the flow rates of the donor and 
acceptor streams a 

V o Peak height (maximum frequency decrease, Hz) 
for different V A 

0.15 0.25 0.50 1.00 1.50 2.00 

0.15 192 152 98 77 66 57 
0.25 178 145 93 74 61 53 
0.50 125 103 85 65 53 39 
1.00 94 87 72 57 48 32 
1.50 87 71 63 49 40 28 
2.00 79 61 54 40 28 23 

V a, acceptor flow rate (ml min-~); V o, donor flow rate (ml 
min 1); injection volume, 100 p.l; standard concentration, 
10 -5 mol 1-1 ammonium. 

Iwatsu, Japan) was used to record its oscillating 
frequency, and a computer (Model 4192 A, 
Hewlett-Packard) was used for data analysis. The 
conductivity electrode was made from two stain- 
less-steel needles (diameter 1 mm) inserted paral- 
lely and oppositely in a 15 gl-flow-through cell (5 
mm × 2 mm i.d.). Design of the oscillator was 
given in a previous paper [8]. Temperature control 
(25 _+ 0. l°C) was achieved with a constant temper- 
ature water bath. 

2.2. Reagents 

Amino acids were of biochemical-reagent grade 
(Shanghai Biochemical-reagent Factory). Albu- 
min and r-globulin were of pharmaceuticals. All 
other chemicals were of analytical-reagent grade 
or better quality. Doubly distilled/deionized water 
was used throughout. Standard ammonium solu- 
tions were made by serial dilution of a 0.1 mol 
1-1 ammonium chloride stock solution. The car- 
rier stream was water, the alkaline reagent stream 
was 0.1 mol 1 ~ NaOH for optimization tests and 
2 mol 1-~ NaOH containing 1% EDTA for real 
samples, respectively, for composition of the ac- 
ceptor streams, see Section 3. 

2.3. Procedure 

To a given quantity of amino acids or a given 
volume of blood products water was added to 

produce a solution equivalent to 0.2-1.0 mg m l -  l 
nitrogen. To 1 ml of the resulted solution 3 ml of 
concentrated sulfuric acid and 0.3 g of a mixture 
of potassium sulphate and cupric sulphate (3:1) 
was added, mixed and heated until a clear solu- 
tion was obtained. After cooling, the mixture was 
diluted to 100 ml. A blank for blood products was 
prepared by precipitating the proteins therein with 
trichloroacetic acid, the clear supernatant thus 
obtained underwent digestion as described above. 
The concentration of ammonium was calculated 
from a calibration graph based on its peak height 
(the maximum frequency decrease). Then the ni- 
trogen content in amino acids and the protein 
content in blood products were obtained (each 
mmot of ammonium is equivalent to 14.01 mg of 
nitrogen or 87.56 mg protein). 

3. Results and discussion 

3.1. Theoretical considerations 

The proposed method described here is based 
on diffusion of ammonia across a PTFE gas-per- 
meable membrane from an alkaline stream (pH > 
ll) ,  which causes conversion of ammonium to 
ammonia and creates a medium where ammonia 
is only slightly soluble, it is trapped into a stream 
of diluted boric acid, and the trapped ammonium 
in the acceptor is determined on line by a BAW- 
impedance sensor. 

The oscillating frequency (F) of the BAW- 
impedance sensor can be expressed as [8] 

I rcFoCq(2rcFoC s - YG) 
F = Fo 1 + G2 + 4rc2F2C~(C ° + Cs) - 2rcFoCo YG 

-- gFoCqR q Y ]  (1) 

where Fo, Cq, Co, and Rq are  the resonant fre- 
quency, motional capacitance, static capacitance 
and motional resistance of the piezoelectric quartz 
crystal, respectively. G = k Z and Cs -- kE + Cp are 
the conductivity and capacitance of the solution, 
k the cell constant of the conductivity electrode, Z 
the specific conductivity and • the solution per- 
mittivity, Cp the parasitic capacitance between the 
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Table 2 
Interference in determination of ammonium 
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Interferent Interferent concentration (laM) Ammonium concentration (laM) 

Added Measured 

Methylamine 10 
Dimethylamine 15 
Diethylamine 20 
n-Butylamine 50 
Cyclohexylamine 100 

100 106.4 
100 108.5 
100 110.8 
100 109.6 
100 110.3 

leading wires of the electrode, and Y a parameter 
related to phase shift of the oscillator. For a 
diluted electrolyte solution, the change of F is 
chiefly dependent upon solution conductivity be- 
cause the change in permittivity is negligible and 
other above-mentioned parameters were always 
kept unchanged. The sensitivity of BAW- 
impedance sensor to conductivity, i.e., the slope 
of the plot of oscillating frequency F versus con- 
ductivity Z, can be calculated by differentiating 
Eq. (1) F with respect to Z 

OF nkFgCq(4n2FZCZY + 4nFoCsG- YG 2) 
OX [4n2F2Cs(Co + Cs) - 2nFoCo YG + G2] 2 (2) 

From this equation, it can be deduced that the 
sensitivity is determined by the solution conduc- 
tivity G and the cell constant k. In the proposed 
GD-FIA system, conductivity of the solution 
flowing through the flow-cell is directly related to 
composition" of the acceptor and concentration of 
the ammonium trapped in it. Obviously, the latter 
is determined by the mass transfer of the ammo- 
nia formed across the membrane and the recipient 
volume, i.e., that part of the acceptor stream 
passing the cell during diffusive sample transport 
across the membrane. The mass transfer (m) is 
given by the equation m = J t ,  where t is the 
residence time (s) in the donor channel. J is the 
diffusive flux (mol s 1), it can be derived from 
Fick's law, based on a simple diffusion model, 
leading to the equation 

J = kD(A/L)Ac (3) 

where A is the contact area (m 2) between donor 
and acceptor stream, L the membrane thickness 
(m), D the diffusion coefficient (m 2 s - i) of ammo- 

nla in air, Ac the concentration difference (mol 
m -  3) and k a lump constant including gas trans- 
port in the aqueous phase, and partition of am- 
monia between aqueous and gaseous phase [4]. At 
high donor flow rates, the diffusive flux is high 
but the ammonia transfer efficiency is low. Thus, 
in FIA, where sample volumes are commonly 
small, sufficiently low flow rates of the donor 
stream are appropriate and should guarantee high 
transfer efficiency. Besides, the sample injected 
undergoes dispersion resulting in a peak-shaped 
concentration profile, the intensity and shape of 
which are influenced by a number of parameters 
of the F1A manifold. 

3.2. Operational parameters 

With regard to the above-discussed aspects, the 
effect of several parameters on the performance of 
the proposed FIA systems were studied. 

Fig. 2(a) shows FIA profiles of the proposed 
BAW-impedance sensor system obtained with the 
same manifold except the acceptor being water 
and diluted boric acid, respectively. In both cases, 
the injection of ammonium results in a decrease in 
the oscillating frequencies, which is attributed to 
the increase in conductivity of the acceptor solu- 
tion due to the dissociation of the ammonia dif- 
fused from the donor stream. However, the 
acceptor of boric acid gives a stabler baseline and 
larger frequency shift. Further optimization of the 
composition of the acceptor resulted in a 0.01 mol 
1 l boric acid (Fig. 2(b)). When the concentration 
of boric acid (CBA) is lower than 0.01 mol 1 - 1, the 
sensitivity of the proposed method increases with 
the increasing CBA, when CBA >0.01 mol 1-1, 
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however, the sensitivity decreases with the increas- 

ing CSA. 
Influence of cell constant of the electrode, k, 

was investigated under the same FIA condition 
while the cell constant varied from 0.4 to 4.0 cm. 
Various values of k result in a marked difference 
in the sensitivity to the conductivity (Z), and alter 
the solution capacitance (C~). When k increases, 
the sensitivity to the conductivity increases (G = 
kz); meanwhile, the solution capacitance also in- 
creases ( Q = k E +  Cp) which reduces the 
sensitivity of the frequency response of the sensor 
to solution conductance. The sensitivity of  the 
sensor is determined by these two opposing fac- 

a) 

5O0 

c5 r a i n  ~ 

, r~e 

400 

~ 3 0 0  

J: l  

100 

/ 

0 , I i I i I i I 

0 0,2 0.4 0.6 0.8 

b) Ammonium concentrat/on (mM) 

Fig. 5. (a) Calibration run for ammonium standards. From left 
to right: triplicate signals for 0.025, 0.05, 0.10, 0.20, 0.30, 0.40, 
0.50, 0.60, 0.80 and 1.00 mM ammonium, respectively. Condi- 
tions as given in Fig. l(a). (b) Calibration graph for the 
determination of ammonium in Kjeldahl digests. 

tors. As can be seen in Fig. 3, the sensitivity of  the 
proposed method increases with increasing cell 
constant at first, then begins to decrease. The 
maximum sensitivity was obtained with the cell 
constant 1.05 cm. 

As shown in Fig. 2(b) and Fig. 3, the proposed 
system exhibits a favorable response to 5.0 x 
10 6-4.0 x 10 3 mol 1--~ ammonium, with a de- 
tection limit of 1.0 x 10 6 mol 1-~. All calibra- 
tion graphs obtained demonstrate the same 
features even with different manifold parameters, 
e.g., the graphs are not linear, and the sensitivity 
is higher at the lower ammonium concentration. 

The influences of sample volume and flow rates 
are illustrated in Fig. 4 and Table 1, respectively. 
In Fig. 4, the frequency decrease is plotted as a 
positive signal to yield a conventional FIA profile, 
and it is shown that increasing injection volume 
increased the intensity of the signal, but also 
increased the time necessary for the signal to 
return to baseline. As shown in Table 1, the 
sensitivity is inversely proportional to both of the 
acceptor flow rate and the donor flow rate, and a 
significant enhancement of sensitivity can be 
achieved especially by decreasing the acceptor 
flow rate. But the sampling rate had to be re- 
duced, for example, when the acceptor flow rate 
was decreased from 2.0 to 0.15 ml min ~ with the 
same donor  flow rate 1.5 ml m in -  ~, a seven-fold 
enhancement in the signal intensity was achieved, 
but the analysis time for per sample increased 
from 1 to 5 min. Additionally, the baseline stabil- 
ity as well as the signal reproducibility became 
worse. Further experiments lead to the final de- 
sign of  the FIA manifold illustrated in Fig. l(a), 
which offered the adequate sensitivity, excellent 
reproducibility and required throughput for real 
samples. 

3.3. Potential interference 

The interference arises from the presence of 
those substance that can pass through the mem- 
brane and then cause change in conductivity of 
the acceptor solution. It has been established pre- 
viously that PTFE membranes used in the FIA 
gas-diffusion studies are effective barriers for 
ionic species [14,15]. In the described method, 
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Table 3 
Results for nitrogen and protein determination" 
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Sample Nitrogen (%) 

Proposed method Conventional method b 

Protein (%, g ml 1) 

Proposed method Conventional method b 

Glycine 18.90 + 0.16 19.21 _+ 0.28 
Dc-aspartic acid 10.73 ± 0.09 10.87 _+ 0.15 
L-glutamic acid 9.72 I- 0.07 9.54 _+ 0.19 
Albumin injection 19.45 _+ 0.19 19.81 +_ 0.34 
7-Globulin injection 10.37 _+ 0.10 10.28 _+ 0.26 

" All measured results are average values with standard deviations from five determinations of the same digest. 
b Distillation/titration method. 

with the use of alkaline reagent, the interference 
from volatile acids is negligible, and with addition 
of the complexing agent EDTA into the alkaline 
reagent, interference from the metal ions, which 
can form hydroxide precipitates with the alkaline 
reagent, can be prevented [3,6]. A test of interfer- 
ence from some volatile amines is given in Table 
2, the thresholds were obtained at an interference 
level (relative error > 5%) considering the preci- 
sion of the proposed method is within 1% RSD 
(described below). It is shown that the interfer- 
ence from methyl-, dimethyl-, and diethylamine 
had to be considered if these volatile amines 
present at levels of 10-20% of ammonium, and 
n-butylamine and cyclohexylamine interfere if 
present at 50-100% of ammonium. 

3.4. Analysis of samples 

The described method was applied to the deter- 
mination of ammonium in Kjeldahl digests ob- 
tained from amino acids and blood products. As 
the volatility of ammonia depends on its solubility 
and partial pressure which in turn are influenced 
by temperature, pressure and ionic strength, a 
constant temperature bath was used, and stan- 
dards as well as blanks for these determinations 
were prepared to contain sulfuric acid, potassium 
sulfate and cupric sulfate at concentrations similar 
to those of the samples. A typical output for 
standards in the range 0.025-1.0 mM is shown in 
Fig. 5(a). The calibration graph is not linear (Fig. 
5(b)), it fits the following equation: 

y = 461.3x °-45 

where y is the height of the FIA profile (the 
maximum frequency decrease in Hz) and x the 
ammonium concentration in raM. Table 3 shows 
that results for nitrogen determination in amino 
acids and for proteins determination in blood 
products are in good agreement with those ob- 
tained by the conventional and distillation/titra- 
tion method, respectively, and the average 
precision of the proposed method is within 1% 
(RSD), better than that of the titration method. 

4. Conclusion 

For an overall evaluation of the GD-FIA/ 
BAW-impedance sensor system for the ammo- 
nium determination, a comparison of the 
proposed method and other methods is given in 
Table 4. GD-FIA provides a selective, precise and 
rapid determination of ammonium in Kjeldahl 
digests. In combination with BAW-impedance 
sensor, the method proposed here has some ad- 
vantages over other detection modes, e.g., the 
reagents and equipment required are simpler and 
cheaper than that required by spectrophotometric 
method, the background conductivity of the ac- 
ceptor stream can improve the detection sensitiv- 
ity while it may cause an unacceptable noise level 
in the conductometric method, and the stability of 
the analytical signals is better than that of the 
signals obtained by the conductometric method or 
potentiometric method. The advantages of the 
new method, GD-FIA/BAW-impedance sensor 
system, should make it an attractive alternative to 



2128 X.-L. Su et al./Talanta 44 (1997) 2121-2128 

Table 4 
Comparison of  the proposed method and other methods 

Method Response range (mol 1 -~) Detection limit (mol 1 ~) RSD (%, n =  100) Ref. 

GD-FIA/BAW (proposed) 5.0 x 10-6-4.0 x l0 -3 1.0 x 10 6 0.95 
GD-FIA/conductometry 5.9 x 10-6-4.1 x 10 -3 1.2 x 10 6 <2 

5.9x10 -5 3.5x10 -3 1.8x10 6 
GD-FIA/potentiometry 10 7 10-2 3 x 10 ~ <2  

10 7-10 4 <10 7 
"GD-FIA/spectrophotometry 

A 5.9x10 s - 3 . 5 x 1 0  -3 5.9x10 s t.5 
B 1.2x10 4 3 .5x10-~  5.9x10 5 0.92 

This paper 
[61 
[7] 
[6] 
[41 

[7] 
[71 

~' A, based on Berthelot reaction; B, based on acid base indicator method. 

the methods currently in use especially to the 
conductometric method. 
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Abstract 

In the present work, erioglaucine A was applied as internal standard to enhanced spectrophotometric determination 
of chromium (VI) with diphenylcarbazide. The following procedure was used: (1) addition of internal standard and 
formation of ion pairs of Cr (VI) with benzyltributylammonium bromide (BTAB) (sample volume 100 ml), (2) 
extraction to 10 ml of methylene chloride, (3) evaporation in nitrogen stream, and (4) redissolution in a micro-volume 
with addition of diphenylcarbazide for color development (final volume 200 lal). The preconcentration factor achieved 
was about 400 and it was shown that, using internal standard, the analytical errors due to sample treatment were 
reduced. The analytical signals for chromium and internal standard were obtained at 591.30 and 653.50 nm from first 
derivative spectra, normalized against ID653.5onm. The analytical characteristics evaluated were: detection limit = 0.06 
lag 1-~, quantification limit = 0.19 lag 1-1, precision for 1 lag 1 l 14.2%, and for 10 lag 1 t 3.2%, correlation 
coefficient of linear regression was 0.9985. The proposed procedure was applied to determination of chromium (VI) 
in tap water. Total chromium was determined by electrothermal atomic absorption spectrometry, the recovery of 
hexavalent chromium added was then evaluated and compared with the results of the proposed procedure. In this 
experiment, good agreement was obtained between results obtained by the two methods. © 1997 Elsevier Science B.V. 

Keyword~: Chromium (VI); Derivative spectrophotometry; Internal standard: Natural waters 

1. Introduction 

Speciation o f  chromium in environmental  and 
biomedical materials has extensively been studied. 

* Corresponding author. Fax: + 52 473 26252; e-mail: 
katarzyn@quijote.ugto.mx 

The need for such analyses has increased after 
reports on different biological role o f  chromium 
(III) and chromium (VI) species in plants, animals 
and humans  [1 5]. Trivalent ch romium is consid- 
ered as the essential nutrient, because o f  its specific 
action in metabolism of  carbohydrates  [6,7]. On 
the other hand, s trong evidence exists on 
chromium (VI) toxicity. The mechanism of  this 
toxicity is often related with the format ion of  free 
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radicals during the reduction of Cr (VI) occurring 
inside the cells [6,8]. Thus, for reliable evaluation 
of environment contamination with chromium, the 
selective and sensitive analytical tools are needed 
for discrimination and quantification of different 
chromium species. Great majority of the proce- 
dures reported for chromium speciation in natural 
waters include preconcentration and/or separation 
step prior to detection. Extraction [5,9-11], high 
performance liquid chromatography (HPLC) [2- 
4,12], sorption on membranes [13,14] or in micro- 
columns [1,15-18] in flow system were used for 
separation, and detection was carried out by spec- 
trophotometry or atomic spectroscopy techniques. 
Spectrophotometric detector has some advantages 
over the atomic spectrometry. It is more available, 
easy to automation and to on-line interface with 
separation system. Although the detection limit for 
direct spectrophotometric determination of hex- 
avalent chromium with diphenylcarbazide is rela- 
tively poor (10 ~tg 1- 1 [12]), this reagent has been 
frequently applied in speciation studies. Thus, 
post column derivatization was used for spec- 
trophotometric detection of chromium (VI) in ion 
chromatography [19,20], and in flow analysis 
[1,13,14,18]. 

On the other hand, the extraction-spectropho- 
tometric procedures were reported for hexavalent 
chromium, based on the ion pair formation with 
some surfactants [21-23]. Recently, we have 
shown that addition of internal standard (IS) at 
the beginning of such complicated, many-steps 
spectrophotometric procedure had improved the 
analytical performance [24]. In the cited work, 
analytical errors due to sample manipulation were 
reduced by taking the ratio of analyte to internal 
standard signals. First derivative spectral data 
were obtained to assure better resolution of ab- 
sorption signals corresponding to analyte and in- 
ternal standard. 

In the present work application of internal 
standard is proposed for extraction-spectrophoto- 
metric determination of hexavalent chromium at 
ppb level. The preconcentration was carried out 
by extraction of ion pairs (Cr (VI)-benzyltributy- 
lammonium bromide) to organic phase, evapora- 
tion, and redissolution in the micro-volume. 
Diphenylcarbazide was used for spectrophotomet- 
ric detection. 

2. Experimental 

2. I. Apparatus 

A Spectronic 3000 Diode Array Milton Roy 
spectrophotometer was used (resolution 0.35 nm), 
coupled to a 486 PC. User Data version 2.01 
(Milton Roy Inst. Co.) software was used for 
acquisition, storage and manipulation of spectral 
data. All data treatment operations was carried 
out using a Hewlett-Packard Vectra 486/66 VL 
microcomputer equipped with the GRAMS/386 
TM software package, version 3.01A (Galactic 
Ind. Co., Salem, MA). 

A model 3110 Perkin-Elmer atomic absorption 
spectrometer with HGA 600 and autosampler 
AS60 was used. 

2.2. Reagents 

Chromium (VI) stock solution, 1000 mg 1 1, 
was prepared by dissolving 2.8287 g of KzCr207 
in deionized water and diluting to a final volume 
of 1 1. Working solutions were prepared daily by 
appropriate dilution. 

A stock diphenylcarbazide solution, 0.25% in 
acetone, was prepared daily from Merck reagent. 

Hexadecyltrimethylammonium bromide 
(CTAB) was from Sigma and benzyltributylam- 
monium bromide (BTAB) was from Aldrich. 
Stock solutions, 2%, were prepared of the two 
surfactants. 

Phosphate buffer solution (1 mol 1-1, pH 4) 
was prepared from the respective sodium phos- 
phate salts (Sigma) with addition of CTAB or 
BTAB (final concentration 1.0%). 

Sulphuric acid solution (2 mol 1-~) was pre- 
pared by diluting the concentrated acid (Aldrich) 
in deionized water. 

Erioglaucine (A) solution, 0.1%, was prepared 
from analytical grade reagent (J.T. Baker Chemi- 
cals) by dissolution in deionized water. Working 
solution contained 2.5 10 4% of erioglaucine (A) 
and was prepared daily. 

Methylene chloride, acetone, methanol, for- 
mamide, butanol, chromium (III) chloride, copper 
sulphate, mercury (II) sulphate, sodium molyb- 
date, sodium sulphate and sodium chloride were 
from J.T. Baker Chemicals. 
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Deionized water (Labconco) was used through- 
out. 

2.3. Procedures 

For calibration, a series of solutions containing 
different chromium concentrations was prepared 
in separatory funnels by adding 0, 10, 20, 50, 100, 
150 and 200 ~tl of intermediate Cr (VI) standard 
(10 mg 1-~) to 100 ml of deionized water. Then, 
exactly 200 ~tl of working erioglaucine (A) solu- 
tion (IS), about 4 ml of phosphate buffer solution 
(containing BTAB or CTAB) and about 1 ml of 
butanol (to improve phases separation) were 
added to each funnel. Extraction was carried out 
with 10 ml of methylene chloride. After separa- 
tion of phases, the organic phase was collected in 
test tubes, which were then placed in water bath 
(40°C). A glass capillary was introduced to each 
tube, through which the nitrogen stream was 
passed to evaporate organic solvent. Then 500 ~tl 
of acetone was added and evaporated (to elimi- 
nate traces of methylene chloride). The dry 
residue was redissolved in 80 ~tl of acetone and 
color was developed by adding 100 ~tl of diphenyl- 
carbazide solution and 20 IJl of sulphuric acid. 
The absorption spectra were recorded in the 
wavelength range 450-700 nm against acetone 
with diphenylcarbazide as a blank. The obtained 
spectra were smoothed through 21 experimental 
points and first derivative spectra were calculated 
(A2--9 nm) using the Savitzky-Golay procedure 
[25]. The derivative spectra were normalized 
against the derivative absorbance at 653.50 nm 
(IS) and the analytical signals of chromium were 
obtained as the difference between derivative ab- 
sorbances taken from normalized spectrum of cal- 
ibration sample and from normalized spectrum of 
IS at 591.30 nm. 

Tap water was spiked with hexavalent 
chromium (2, 4 and 8 p.g 1- ~) and analyzed using 
the same procedure (five repetitions). 

These same samples of tap water were analyzed 
for total chromium by electrothermal atomic ab- 
sorption spectrometry (conditions given in Table 
1). Recovery of hexavalent chromium added (2, 4 
and 8 ~tg 1 ~ ~) was evaluated. 

3. Results and discussion 

Diphenylcarbazide is commonly used for spec- 
trophotometric determination of hexavalent 
chromium. However, the determination at ppb 
levels requires many fold preconcentration of the 
analyte. In several papers, the separation/precon- 
centration of Cr (VI) was achieved by extraction 
of ion pairs formed between chromium (VI) and 
different cationic surfactants [21-23,26]. In the 
present work two quaternary ammines: hexade- 
cyltrimethylammonium bromide (CTAB) and 
benzyltributylammonium bromide (BTAB) were 
used for such purpose. Chromium preconcentra- 
tion was carried out in two steps: 
1. extraction to organic phase 
2. evaporation of organic solvent and dissolution 

of the residue in the micro-volume. 

3.1. Simultaneous measurement of chromium (VI) 
with diphenylcarbazide and of internal standard 
by derivative spectrophotometry 

In this work erioglaucine (A) was tested as 
internal standard and, in Fig. 1, first derivative 
spectrum of chromium with diphenylcarbazide 
and first derivative spectrum of erioglaucine (A) 
are shown. Quite good spectral resolution of the 
two compounds can be observed in this figure: 
analyte derivative spectrum has a minimum at 
591.30 nm and derivative spectrum of erioglaucine 

Table 1 
Electrothermal atomic absorption determination of chromium 

Wavelength 357.9nm 
Background correction Off 
Atomization technique Wall atomization 
Atomization surface Pyrocoated tube 
Modifier No 
Temperature programme 

Step Temp., °C Ramp, s Hold, s 

1 120 15 15 
2 I100 15 15 
3 20 1 15 
4* 2300 0 4 (Gas stop) 
5 2600 1 3 
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Fig. 1. First derivative spectra of preconcentrated samples: 
( - - )  10 lag-1 - I  chromium with diphenylcarbazide, (o°,) 
5-10 7%) IS (erioglaucine (A)), ( - - - )  10 rag.l -~ chromium 
with diphenylcarbazide + IS. 

(A) has a minimum at 653.50 nm. Zero-crossing 
conditions exist for IS at 653.50 nm (spectral 
contribution of the analyte at this wavelength is 
zero). However, taking analytical signal of 
chromium at 591.30 nm (spectral minimum), 
some spectral contribution of erioglaucine (A) can 
be observed. So, the signal obtained for IS at this 
wavelength should be rested from the signal ob- 
tained for sample containing chromium (VI) and 
IS. First derivative spectra of IS and of samples 
containing chromium and IS were normalized 
against first derivative absorbance at 653.50 nm 
(Fig. 2). Chromium analytical signal was evalu- 
ated as a difference between 1Dcr + Is (first deriva- 
tive absorbance taken from the normalized 
derivative spectrum of sample containing 
chromium (VI) and IS internal standard at 591.30 
nm after color development with diphenylcar- 
bazide) and ~D~s (first derivative absorbance 
taken from the normalized derivative spectrum of 
IS). The value of iDes at 591.30 nm was 0.1541 _+ 
0.0007 (calculated for 10 repetitions). Under such 
measurement conditions erioglaucine (A) was 
used as internal standard in further studies. It was 
observed that spectrum of erioglaucine (A) was 
not affected in the presence of: Cr (VI), Cr (III), 
quaternary amines studied, humic acid, alkaline 

and alkaline earth metal ions, using their concen- 
trations up to 5000 times higher than that of 
erioglaucine (A). Moreover, erioglaucine (A) is 
not a natural component of tap water. 

3.2. Preconcentration by extraction 

At first, effect of contra-ion on the extraction of 
hexavalent chromium and erioglaucine (A) was 
studied. Extraction yields of chromium (VI) and 
of erioglaucine (A) are presented in Fig. 3, as a 
function of BTAB or CTAB concentrations. It 
can be observed that, with increasing concentra- 
tion of contra-ion in aqueous phase, the extrac- 
tion yield of chromium increased up to 60% for 
0.04% CTAB and up to 82% for 0.04% BTAB. It 
can also be observed in Fig. 3, that extraction 
yield of erioglaucine (A) increased in the presence 
of BTAB and CTAB. It seems possible that sul- 
fonic groups in the molecule of erioglaucine (A) 
could contribute in formation of ion pairs with 
cationic contra-ions. Increasing concentration of 
BTAB had very similar effect on extraction of 
erioglaucine (A) and chromium (VI) (Fig. 3a) and 
this effect was more pronounced than effect ob- 
served in the presence of CTAB (Fig. 3b). The 
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Fig. 2. First derivative spectra of preconcentrated samples, 
normalized against ID653.5omn. (°" °) 5" 10 7% IS (erioglaucine 
(A)), ( - - - )  1 lag-I i chromium with diphenylcarbazide + IS; 
( - - - )  2 p.g.l ~ chromium with diphenylcarbazide + IS; ( 
°° ) 10/ag.I ~ chromium with diphenylcarbazide + IS. 
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Fig. 3. Extraction yields of: (-I-) hexavalent chromium (0.1 
mg.l- ]) and (-e-) erioglaucine (A) (5.10 5%) in the presence 
of: (a) BTAB and (b) CTAB. Aqueos phase: 100 ml, pH 4; 
Organic phase: 5 ml methylene chloride. 

obtained results indicate that using BTAB, the 
possible extraction errors should be eliminated if 
relating the analytical signal of chromium to that 
of IS. 

Effect of pH on extraction of chromium and IS 
in the presence of CTAB and BTAB was also 
studied. For  extraction of  chromium (VI), the 
maximum pH was selected, for which the extrac- 
tion yield was still about 60% in the presence of 
CTAB and about 82% in the presence of BTAB 
(pH 4). Although redox potential of  chromium is 
pH dependent, natural speciation of Cr (VI)/Cr 
(III) at pH 4 should not be altered, as reported by 
Sperling et al. [27]. In the range of pH 2 to 7, the 

extraction yield of erioglaucine (A) was not 
afected in the presence of the two surfactants 
(about 80% with BTAB and about 70% with 
CTAB). This means that, using erioglaucine (A) 
as IS, possible changes in extraction yield of 
chromium due to lack of precise pH control 
would not be compensate (extraction yield of IS 
does not depend on pH) and, in the proposed 
procedure, pH must be exactly adjusted. 

For further studies 0.04% of BTAB was se- 
lected and extraction was carried out at pH 4. 
Again, it should be stressed out that using eri- 
oglaucine (A) as IS there was no need to control 
the extraction yield, however pH had to be pre- 
cisely controlled. 

3.3. Preconcentration by evaporation and 

redissolution 

After extraction, the organic phase containing 
chromium (VI), eriogtaucine (A) and excess of 
BTAB, was introduced to test tube and further 
preconcentration was carried out by evaporation 
in nitrogen stream. It was observed that 
methylene chloride hindered color reaction of 
chromium (V1) with diphenylcarbazide. In order 
to remove possible residues of this solvent, 500 gl 
of acetone was added to the residue in each tube 
and evaporated. Solid residue was then dissolved 
in micro-volume of acetone with addition of 
diphenylcarbazide for color development (final 
volume 200 ~tl). Analytical errors due to analyte 
losses, imprecise dilution, etc., expected in this 
stage of the procedure, should be compensate by 
the use of  IS method [24]. 

The final solutions obtained were turbid, proba- 
bly due to excessive amount of BTAB. Such tur- 
bidity problems can be partly eliminated by using 
derivative spectrophotometry [28], however, stud- 
ies were carried out to select the most adequate 
solvent. Turbidity of solutions and sensitivities of  
chromium determination with diphenylcarbazide 
in the presence of BTAB (2%) were compared 
using the following solvents: water, acetone, 
methanol and formamide. In Table 2 the equa- 
tions of linear regression calibration of chromium 
(0 2.0 mg 1 ~) obtained in these four solvents are 
presented. The best solubility of BTAB was ob- 
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Table 2 
Effect of solvent on quantification of chromium with diphenyl- 
carbazide in the presence of 2"/, BTAB 

Solvent Linear regression equation Correlation 
coefficient 

Water A542 = 0.6294ccr - 0.0302 0.9996 
Acetone A542 = 0.6314ccr-0.0174 0.9998 
Methanol A542 = 0.4302Ccr-0.0190 0.9968 
Formamide A542 = 0.5253Ccr--0.0187 0.9987 

served in acetone and, as can be seen in Table 2, 
this solvent enabled the best sensitivity of calibra- 
tion. 

The experimental conditions for the second step 
of chromium (VI) preconcentration are given in 
Section 2.3: the residue was dissolved in 80 lal of 
acetone, 20 lal of sulphuric acid (2 mol 1--1) and 
100 lal of  diphenylcarbazide (0.25%) were added. 

Using the described two-step procedure the pre- 
concentration factor of about 400 was achieved. 

3.4. Analytical performance of the proposed 
procedure 

As described in Section 2.3 and in Section 3.1, 
the absorption spectra of final solutions were 
obtained and processed to calculate analytical 
signal of chromium (related to IS signal by nor- 
malizing spectra against first derivative ab- 
sorbance at 653.50). The analytical performance 
of the proposed method was evaluated as recom- 
mended by IUPAC [29] and, detection limit, 
quantification limit, linear range and precision at 
two chromium concentrations are presented in 
Table 3. If not using IS the correlation coefficient 
of linear regression did not exceeded 0.9 and 

Table 3 
Analytical characteristics evaluated for the proposed proce- 
dure 

r for linear regression (P<0.05) 
Detection limit 
Quantification limit 
Linear range 
Precision for 1 ~tg.1 1 of Cr(VI) 
Precision for 10 ~tg.l L of Cr(VI) 

0.9985 
0.06 ~tg. 1- i 
0.19 ~tg.l I 

0.2 30 ~tg'l -t 
14.2% 
3.2% 

precision for 10 lag 1 - ~ of Cr (VI) was about 70%. 
These results clearly confirm that application of 
erioglaucine (A) improved analytical perfor- 
mance. 

3.5. Interferenee studies 

Effect of  foreign ions, possible interfering in 
chromium (VI) determination in natural waters by 
the proposed procedure, was studied. To do so, 
solutions (100 ml, 0.04% BTAB, 5.10 7~/0 IS, pH 
4) containing 10 lagl-1 of hexavalent chromium 
and increasing concentrations of: chromium (III), 
copper (II), mercury (II), iron (III), molybdenum 
(VI), phosphate, sulphate and chloride ions [1,6] 
were prepared and the described procedure was 
carried out. Analytical signals of chromium (VI) 
were evaluated in the absence and in the presence 
of the foreign ions: the interference was consid- 
ered significant if the observed change of 
chromium signal was higher that 5%. The concen- 
tration range of interferents was 20 lag 1-1-10  
mg.1 t and studies were carried out starting from 
the highest interferent concentration. The ob- 
tained results are presented in Table 4. As can be 
observed in this Table 4, chromium (III), iron 
(III), copper (II) and mercury (II) did not inter- 
fere significantly up to their concentration of 10 
, lg  1-1. Under experimental conditions selected, 
the selective extraction of anionic species was 
achieved (formation of ion pairs with BTAB), 
thus eliminating possible interferences of  cations 
in reaction of  chromium (VI) with diphenylcar- 
bazide. It should be noted that, using alumina for 
preconcentration of  chromium (VI), significant 
interferences were reported for iron (III) [6], while 
u~iqg our preconcentration system such problem 
can be partly overcome. However, in our proce- 
dure we observed important interferences in the 
presence of  anionic species. 

3.6. Analytical results 

The proposed procedure was applied to analysis 
of tap water samples. The average chromium (VI) 
concentration obtained was 0 .3+0 .1  lag 1 1 (5 
repetitions). These same samples were also ana- 
lyzed by atomic absorption spectrometry with 
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Table 4 
Relative signals obtained for 20 lag 1- t of chromium (V1) in the presence of foreign ions using the proposed extraction-spectropho- 
tometric procedure 

Foreign ions Concentration of foreign ions, mg-I 

0.02 0.05 0.1 0.2 0.5 1.0 5.0 10.0 

Cr (lil) 1.00 
Fe (I11) 0.97 0.92 
Cu (11) 1.01 
Hg (I1) 0.96 0.99 
Mo (VI) 0.98 0.93 0.82 0.78 0.72 0.65 0.52 
SOl 0.97 0.90 0.75 0.70 0.62 
PO 3 0.98 0.94 0.83 0.79 0.66 
NO~ 0.97 0.93 0.89 
C1 0.95 0.90 0.87 

electrothermal atomization and total chromium 
concentration found was 1.2 + 0.1 lag 1- ~. Then, 
these samples were spiked with chromium (V1) 
(always 5 repetitions) and recovery experiments 
were carried out using the proposed procedure 
and ETA-AAS. The obtained recovery results are 
given in Table 5: satisfactory recoveries and the 
good agreement with ETA-AAS results can be 
observed for the proposed procedure. However, 
the precision of the proposed method is clearly 
worse as compared with ETA-AAS. 

4. Conclusions 

In this work erioglaucine (A) is proposed as 
internal standard for enhanced spectrophotomet- 
ric determination of chromium (VI) at ppb levels. 
About 400-fold preconcentration of the analyte 
was achieved in two steps: 

Table 5 
Recovery results of chromium (VI) in tap water using the 
proposed method and ETA-AAS (n = 5) 

Mean recovery _+ SD (%) 

Cr(VI) added, ~g.1-t Proposed method ETA-AAS 

2 110_+ 12 108.3 + 3.4 
4 108 + 5 105.0+4.2 
8 96_+5 103.8 ± 2.1 

1. extraction of chromium (VI) in the presence of 
BTAB to methylene chloride 

2. evaporation of organic solvent, redissolution 
in micro-volume of acetone and color reaction 
with diphenylcarbazide. 

It was shown that using IS, the expected analyt- 
ical errors in such complicated procedure can be 
reduced. Interferences due to cationic species were 
partly eliminated, however serious interferences 
occurred in the presence of anionic species. Quite 
good analytical performance of the proposed 
method was obtained (see Table 3) and method 
was successfully applied for the analysis of tap 
water. 
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Abstract 

A novel method of solventless extraction has been developed based on a combination of solid phase micro 
extraction and purge and trap methods. In this technique, a hollow needle with either a short length of GC capillary 
column placed inside it, or an internal coating of carbon, is used as the preconcentration device. Sampling may be 
performed on ambient air, on solution, or the solution headspace, by passing the gas or liquid through the device 
either actively with a syringe, or passively via diffusion. The VOC are sorbed and concentrated onto either the carbon 
layer, or the liquid stationary phase of the capillary column, within the needle. Placing the needle into a heated GC 
injection port thermally desorbs the organic compounds directly into the GC without the need for solvent extraction. 
Results suggest that this procedure provides a rapid and sensitive alternative method to those currently available. 
© 1997 Elsevier Science B.V. 

Keywords: INCAT; Microextraction; Organic compounds; Volatile 

I. Introduction 

Volatile organic compounds (VOC) are found 
as contaminants  in both air and water, at concen- 
trations ranging from 1 ppbv-1000  ppmv (part 
per billion/million by volume) [1,2]. The presence 
of these compounds in air has been linked to 
various health problems [3,4] making the analysis 
and monitoring of these compounds necessary. 

Several methods exist for the analysis of  VOC 
[5]. These methods include solid phase micro ex- 
traction (SPME) [6], purge and trap, activated 
carbon cloth (ACC), [7,8] as well as commercial 

* Corresponding author. Fax: + 1 204 2750905. 

active and passive samplers manufactured by 
Perkin-Elmer, SKC and 3 M. Each of these meth- 
ods is based on the sorption of the VOC by a 
solid or liquid sorbent followed by either solvent 
extraction, or thermal desorption prior to analysis 
by gas chromatography (GC). 

Here we introduce a novel method for the 
sorption and solventless extraction of VOC fol- 
lowed by GC analysis. Inside needle capillary 
absorption trap ( INCAT) is a technique that uses 
a hollow needle with either a short length of GC 
capillary column placed inside it, or an internal 
coating of carbon, as the preconcentration 
medium. Sampling may be performed on ambient 
air, on solution, or on the solution headspace, by 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9 140(97)00093-3 
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passing the gas or liquid through the device ac- 
tively with a syringe, or passively via diffusion. 
Organic compounds present in the sample are 
sorbed onto the deposited carbon sorbent, or the 
liquid stationary phase of the capillary, within the 
needle. The INCAT device with the sorbed or- 
ganic compounds is placed into the injection port 
of a GC. The rapid heating of the metal needle 
induces the desorption of the organic compounds. 
This eliminates the need for a solvent extraction 
step prior to analysis. 

In this paper we introduce the INCAT tech- 
nique for the analysis of VOC including BTEX 
compounds (benzene, toluene, ethylbenzene, and 
xylenes). The use of the INCAT device in either 
an active or passive sampling mode is demon- 
strated. 

2. Experimental 

All reagents used in the preparation of solu- 
tions were analytical grade. Water used was 
purified with a Barnstead NanoPure TM water 
filtration system using a reverse osmosis-treated 
feedstock. 

Gas chromatography was performed on a 
Varian Aerograph 2100 GC equipped with a 
flame ionization detector (FID) and a 30 m × 0.25 
mm Supelcowax capillary column (Supelco). 
Analysis of the BTEX compounds was performed 
on a Hewlett Packard 5710A GC equipped with a 
FID. Separation was performed using a 2 m × 3 
mm packed column; 5% bentone, 5% isodecylph- 
thalate on Chromosorb W. Stainless steel capil- 
lary tubing used in the INCAT devices was 
purchased from Small Parts (Miami Lakes, FI). 

2.1. Preparation of the INCAT device 

The INCAT devices were prepared using tubing 
with inside diameters of 0.250 and 0.406 ram. A 
75 mm length of steel capillary tubing was cut 
from stock material and the ends sanded smooth. 
The cut length of tubing was then pressed into the 
end of a common Luer-Lok TM fitting. The junc- 
tion was sealed with two part epoxy cement. 
Within the needle, a 2.5 cm length of GC capillary 

column (DB-5 TM) was inserted, and held in place 
by crimping the circumference of the needle. The 
short length of capillary column with its internal 
coating of liquid stationary phase provides the 
media for the preconcentration of sampled VOC. 

As alternate methods, coatings of carbon were 
deposited within the needle to provide a media for 
the preconcentration of VOC. Two methods of 
carbon coating were investigated. In the first, 
colloidal graphite paint (SPI Supplies, West 
Chester, PA) was drawn within the needle using a 
syringe and allowed to dry. The needle was then 
baked at 175°C for 7 min under a flow of nitrogen 
to remove any traces of solvent from the paint. In 
the second method a layer of thermally deposited 
carbon was applied. Deposition of carbon was 
effected by passing CH2CI 2 through the needle via 
an aspirator while heating the end of the needle 
with a torch. A diagram of 1NCAT devices with 
the two types of preconcentration media is given 
in Fig. 1. 

2.2. Sampling protocol 

Two types of samples were investigated in this 
work; ambient air and the headspace over an 
aqueous solution. With the INCAT device, sam- 
pling may be carried out either passively or ac- 
tively. Passive sampling is performed simply by 

Fig. 1 
A. GC capillaty 

/ / silica column q navy phase 

/ Luer-Lok fitting 

\ stainless steel needle 

,/ 
carbon coating 

l - -  ~7  cm I 

Fig. 1. Diagram of INCAT devices with A; 2.5 cm length of 
GC column, and B; carbon. 
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Fig. 2. Diagram showing the active mode of sampling using 
the INCAT device over the headspace of a solution. 

3. Results and discussion 

3.1. Headspace sampling o f  benzene & water 

The INCAT technique is based upon the 
premise that if one could expose a short length of  
a GC capillary column to a sample of interest and 
re-connect the column to the GC for analysis, 
then a very easy and sensitive means of analysis 
may be obtained. INCAT devices were thus con- 
structed with 2.5 cm lengths of GC capillary 
columns and tested. Preliminary results indicated 
that the devices performed well. A chromatogram 
obtained from the headspace sampling over a 
saturated solution of benzene in water is given in 
Fig. 3. The chromatogram shows only the peak 
for benzene (Rt = 5.4 rain) and no peak due to the 
presence of  water in the sample injected. A large 
degree of peak tailing was observed with the 

exposing the end of the INCAT device to the 
sample allowing the sample to diffuse into the 
needle and onto the sorbent within. Active sam- 
pling (Fig. 2) is performed by drawing the sample 
through the device with either a syringe or pump. 
In both cases, the VOC are sorbed and concen- 
trated onto the inner surface of the device. Chro- 
matographic analysis of sorbed VOC is performed 
by clamping a piece of GC septum within the end 
of the INCAT device at the Luer-Lok T M  fitting 
and then placing the needle into the heated injec- 
tion port of a GC. Thermal desorption of the 
VOC then occurs directly within the injection port 
allowing chromatographic analysis. A desorption 
temperature of 1750C was used with the time of 
desorption fixed at 15 s. A cleaning step involving 
heating the INCAT device to temperatures greater 
than 175°C between injections eliminated the pos- 
sibility of sample carryover. 

7--- 
0 10 

Time (minutes) 

Fig. 3. Chromatogram from the headspace sampled over a 
saturated solution of benzene in water. Conditions: passive 
sampling of headspace for 7 min. 
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initial INCAT devices. This indicated that the 
transfer of heat from the injection port of the GC 
to the capillary within the INCAT device was a 
relatively long process. Initial experiments per- 
formed indicated that the time and temperature of 
desorption were optimized at 15 s and 175°C. 
Desorption temperatures lower than 175°C and 
desorption times of less than 15 s resulted in peak 
tailing due to insufficient heating of the INCAT 
device within the injection port. Desorption tem- 
peratures greater than 175°C or desorption times 
longer than 15 s did not result in any significant 
improvement. This resulted in less than a 5% 
carryover during replicate sampling with the same 
INCAT device. A cleaning step which involved 
flushing the INCAT device with N2 at 175°C for 
60 s eliminated the 5% sample carryover between 
injections. 

3.2. Passive and active sampling 

Passive diffusive sampling was investigated as it 
has the same accuracy in analysis as active sam- 
pling but does not require the use of a syringe or 
pump [9]. The analyte is allowed to passively 
diffuse into the needle and concentrate onto the 
sorbent within. The limiting step in this case is the 
diffusion of the analyte from the sample through 
the end of the needle, a process which may be 
used to calibrate the passive monitoring of VOC 
in ambient air [10]. 

The precision of replicate sampling with a sin- 
gle INCAT device was examined for the passive 
sampling of the headspace over a saturated solu- 
tion of benzene in water. The results are presented 
in Table 1 for sampling times of 3 min. The error 
involved, ~ 7% RSD, was attributed primarily to 
differences in the manual sampling technique in 
replicate injections which could be improved with 
automation. However, this precision is sufficient 
to allow the application of the INCAT device for 
the passive monitoring of VOC in ambient air 
[Ill. 

The headspace of a saturated solution of ben- 
zene in water was sampled passively for increasing 
periods of exposure up to 45 min. The amount of 
benzene sorbed was found to be dependent on the 
time of exposure. The results are presented in Fig. 

Table 1 
Reproducibility in replicate measurements  using the INCAT 
device 

Trial No. Peak area 

1 254 234 
2 287 986 
3 309 464 
4 266 401 
Mean area 276 897 
S.D. 19 583 
RSD 7.1% 

Headspace sampling of  a saturated solution of  benzene in 
water. Conditions: passive sampling, 3 rain exposure. 

4. Initially, a linear correlation is observed with 
the concentration of benzene in solution, up to 

5 min of exposure (R2= 0.998). Overall, the 
sorption profile indicates that after 45 min, satu- 
ration or equilibrium has not been reached. This 
suggests that long exposure times may be possible 
in an environmental setting without the problems 
associated with saturation. 

With active sampling the analyte is drawn 
through the INCAT device with a syringe at a 
fixed rate as indicated in Fig. 2. This results in the 
active transfer of the analyte from the sample 
through the INCAT device and effectively elimi- 
nates the time required for the analyte to diffuse 

40 

3O 
,g-- 

. 25 

20 

10 

L i I i I 

0 20 30 40 50 

Time of Exposure (minutes) 

Fig. 4. Sorption characteristics with respect to the time of 
sampling over a saturated solution of benzene in water. Condi- 
tions: passive sampling of headspace. 
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Fig. 5. Concentrat ion dependence on sampling of 1,1,1- 
trichloroethane. Conditions: active sampling, 50 ml of  
headspace withdrawn during 60 s. 

from the sample to the preconcentration media. 
Active sampling increases the speed of analysis 
considerably compared with passive diffusion 
sampling in which the rate limiting step in sam- 
pling is the diffusion of the analyte to the surface 
of the sorbent. 

The dependence of sampling on the concentra- 
tion of an analyte in solution was investigated. 
Active sampling of the headspace over solutions 
containing increasing amounts of 1,1,1- 
trichloroethane in water was performed. Approxi- 
mately 50 ml of the headspace was passed 
through the INCAT device over a 60 s interval 
using a gas-tight syringe. The 50 ml sample and 
the 60 s time interval were chosen to ensure that 
enough sample passed through the INCAT device 
for analysis. Other sample sizes and times were 
not investigated at this time. A linear correlation 
was observed with respect to the initial concentra- 
tion in solution, R2= 0.998 (Fig. 5). These results 
indicate that quantitative analysis is possible with 
the INCAT device in an active sampling mode. 

The active mode of sampling was found to be 
superior to the passive sampling mode in the case 
of headspace sampling. This was due to the 
shorter time required to take up a sufficient 
amount of sample for analysis by GC in the active 
mode. In passive sampling the rate of diffusion of 

the analyte through the end of the needle is slow 
relative to the rate of analyte transfer within the 
needle itself during active sampling. This slow rate 
of sampling in the passive mode is advantages for 
the determination of long term average concentra- 
tions of VOC in air. 

3.3. Carbon coated I N C A T  devices 

Use of carbon as the extraction media was 
investigated as an alternative to the internal piece 
of GC capillary column. The choice of a carbon 
sorbent was based upon a number of criteria, 
foremost of which was the experience in our 
laboratory with carbon-based passive monitors 
for VOC in air [7,8]. As well, carbon as a sorbent 
has several advantages over that of a liquid sta- 
tionary phase. Carbon fibres exhibit a high level 
of saturation (>20% weight of fibre) [12,13] 
which is greater than the liquid stationary phase 
available with a short length of gc column. Acti- 
vated carbon monitors have been found to be 
essentially independent of temperature and pres- 
sure fluctuations during sampling [14-16]. Car- 
bon based coatings have been used previously 
with SPME for the analysis of environmental air 
samples [17]. Use of the carbon coating resulted in 
an improvement in the desorption of VOC from 
within the INCAT device. This was attributed to 
an increase in thermal conductivity of the thin 
carbon film in comparison with the relatively 
thick fused silica layer and liquid stationary phase 
of the capillary column. 

A colloidal graphite-coated INCAT device was 
compared with an uncoated INCAT device for 
the analysis of the headspace over a saturated 
solution of BTEX compounds. Sampling was per- 
formed actively by passing ~ 5 ml of headspace 
over a 60 s interval using a gas-tight syringe. A 
1.0 ml direct injection of the aqueous sample was 
also performed for comparison, The results in 
Fig. 6 illustrate that the coated INCAT device 
performed well in comparison with the uncoated 
device and the direct injection. The uncoated IN- 
CAT device was essentially used as a blank, 
demonstrating the effectiveness of the graphite- 
coated INCAT device. The peak due to the pres- 
ence of water in the direct injection (Rt = 2.5 min) 
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Order of Elution 

1. Benzene 
2. Toluene 
3. Ethyl benzene 
4. Xylene(para) 
5. Xylene(meta) 
6. Xylene(ortho) 
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Fig. 6. Comparison between A; colloidal graphite coated 
INCAT device, B: blank needle and, C; 1.0 gl direct injection 
of BTEX compounds. Conditions for A and B: active sam- 
pling, 5 ml headspace withdrawn through the needle over 60 s; 
saturated solution of BTEX compounds in water; equivalent 
GC parameters. 

1 I r 

10 20 30 
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Fig. 7. Chromatograms from a thermally deposited carbon 
coated INCAT device exposed to ambient air. Sampling loca- 
tions were: A; the laboratory and B; solvent storage cabinet. 
Conditions: passive sampling for 24 and 2 h, respectively. 

is absent in the chromatograms of both the IN- 
CAT injections indicating that water is not taken 
up by the INCAT device in an observable 
amount. 

The possibility of using the INCAT device as a 
passive monitor for VOC in air was examined 
using a needle with thermally deposited carbon. 
An INCAT device was left exposed to ambient air 
at various locations within our laboratory and 
then analysed by GC. Sampling was performed 
passively with the duration of exposure fixed at 24 
h. The chromatogram is given in Fig. 7(a). Several 
similar chromatograms were obtained at different 
sampling locations within the laboratory. A chro- 
matogram derived from exposing one of the IN- 
CAT devices to the inside of a solvent storage 
cabinet for 2 h is given in Fig. 7(b). These results 
indicate that a number of compounds may be 
taken up by the device in sufficient quantities for 
analysis by GC. These results demonstrate the 
feasibility of using the INCAT device as a method 
for the passive monitoring of VOC in air. Passive 
sampling of ambient air was attempted using a 
graphitized carbon without success. This was pre- 
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sumably due to the lower surface area of the colloidal 
graphite as compared with the thermally deposited 
carbon. 

Chow and G.R.B. Webster for their advice and 
assistance with this work. We also thank NSERC 
and CMHC for financial support. 

4. Conclusions 

It is noted that these results are still preliminary. 
However, some of the possible advantages of such 
a device are given here. The INCAT device is 
mechanically simple with no moving parts and 
inexpensive to produce. The use of solventless 
extraction ensures maximum sensitivity in analysis. 
The active mode of sampling with its short diffusion 
path length may provide for more rapid analysis 
times in the laboratory as compared with passive 
diffusive sampling. The passive mode of sampling 
with a 7% error in replicate measurements would 
allow for the passive monitoring of VOC in the 
environment. 

Results suggest that the INCAT device may 
provide for a rapid and sensitive alternate method 
for the analysis of VOC in both air and water 
samples in either an active or passive sampling mode. 
We are currently investigating the physical charac- 
teristics and possible applications of this device. 
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Abstract 

The solvent extraction of an ion associate of tetrabromoindate(III) ion, InBr 4 , with quaternary ammonium cations 
(Q+) has been studied. The extraction constant (Ke×) were determined for the ion associates of InBr 4 with Q + 
between an aqueous phase and several organic phases (chloroform, chlorobenzene, benzene and toluene). A linear 
relationship was found between log Kex and the total number of carbon atoms in Q + : from the slope of the lines, the 
contribution of a methylene group to log K~, was calculated to be 0.91 for the chloroform extraction system and 0.52 
for the other extraction systems. The extractability with alkyltrimethylammonium cations was larger than that with 
symmetrical 'tetraalkylammonium cations and the mean difference in log K~, for two cations (one of each type) with 
the same number of carbon atoms was about 1.3. From the extraction constant obtained, the extractability of InBr 4 
among metal-halogeno complex anions was in the order TIBr 4 > Bil 4 > AuBr 4 > AuCI 4 > TIC14- > InBr 4- > 
CuCL. ,,~ 1997 Elsevier Science B.V. 

Keywords: Solvent extraction; Tetrabromoindate(III); Quaternary ammonium ion; Ion association 

1. Introduction 

An extraction of indium from an aqueous 
halide medium into an organic solvent has been 
frequently used for the spectrophotometric deter- 
mination of indium. Suzuki et al. reported on the 
extraction of indium from hydrobromic acid solu- 
tions [1] or potassium iodide-sulfuric acid solu- 
tions [2] with xylene solution of a high molecular 
weight amine and its determination. Light-ab- 
sorbing cationic dyes, such as Malachite Green 
[3], Victoria Blue [4,5], Pyronine G [6,7], Rho- 

* Corresponding author. 

damine B [8], Ethylrhodamine B [9] and Butylrho- 
damine B [8,10] have been used as a counter ion 
of indium bromo complex anions, thus providing 
sensitive extraction-spectrophotometric methods 
for indium. However, the extraction behaviour of 
indium bromo complex anion has not yet been 
examined in quantitative form. 

In the present work, the extraction constants 
for the ion-associates of tetrabromoindate(III) an- 
ion with various quaternary ammonium counter- 
ions distributed between aqueous and four 
organic phases (toluene, benzene, chlorobenzene 
and chloroform) were determined and correlated 
with the number of carbon atoms in the counter 

0039-9140/97/$17.00 ,<~ 1997 Elsevier Science B.V. All rights reserved. 
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Table 1 
Salts of quaternary ammonium cations examined 

Salt (abbreviation) Formula Supplier Purity (%) 

Tetraalkylammonium salts 
Tetrapropylammonium chloride (TPA) 
Tetrabutylammonium chloride (TBA) 
Tetraamylammonium chloride (TAA) 

Alkyltrimethylammonium salts 
Octyltrimethyl ammonium chloride (OTMA) 
Decyltrimethyl ammonium chloride (DTMA) 
Dodecyltrimethyl ammonium chloride (DDTMA) 
Tetradecyltrimethyl ammonium chloride (TDTMA) 
Cetyltrimethyl ammonium chloride (CTMA) 

(C3H7) 4 NC] B >90 
(C4H9) 4 NCI A >98 
(C5HII)4 NCI B >95 

CsHITN(CH3) 3 C1 A >98 
CtoH21N(CH3) 3 CI A > 95 
CI2H25N(CH3) 3 CI A 
CI4H29N(CH3) 3 C1 A > 98 
CI6H33N(CH3) 3 C1 A > 95 

A, Tokyo Kasei; B, Wako Pure. 

ions. Extractability of tetrabromoindate(III) was 
compared with that of other metal-halogeno com- 
plex anions. The information concerning the ex- 
traction constants and the extractability for 
tetrabromoindate(III) are useful for designing the 
novel extraction systems for the separation and 
determination of indium. 

2. Experimental 

2. I. Apparatus 

Table 1, after drying under reduced pressure. 
Accurately weighed amounts of the dried salts 
were dissolved in distilled water to give stock 
standard solutions, which were diluted before use. 
1-(2-Pyridylazo)-2-naphthol (PAN) solution (0.1 
wt./vol%) was prepared by dissolving 0.1 g of 
PAN in 100 ml of ethanol. Commercially avail- 
able toluene, benzene, chlorobenzene and chloro- 
form were used without further purification, and 
were saturated with distilled water before use. All 
of the reagents were of  analytical-reagent grade 
and were used as received. 

A JASCO Uvidec-430 spectrophotometer was 
used for recording spectra and absorbance mea- 
surements in quartz cells of 10 mm light-path 
length. The pH values were measured with a 
Hitachi-Horiba (Model F-8 dp) pH-meter. An 
Iwaki (Model V-SX type KM) shaker was used 
for horizontal shaking of the 25 ml stoppered 
test-tubes for extraction. 

2.2. Reagents 

A standard indium(III) solution (8.71 × 10-4 
M) was prepared by diluting 10 ml of a 1000 ppm 
standard indium(III) solution (8.71 × 10 _3 M in- 
dium in a 0.5 N nitric acid, Wako Pure Chem.) to 
100 ml with distilled water. Hydrobromic acid 
was used for the formation of a indium(III)- 
bromo complex. Quaternary ammonium ion (Q + ) 
solutions were prepared from the salts listed in 

2.3. Procedure 

One ml of a 8.71 x 10 4 M indium(III) solu- 
tion was transferred to a 25 ml stoppered test 
tube. To it, 3 ml of a concentrated hydrobromic 
acid solution (8.59 M) was added. The volume of 
the solution was brought to 5 ml by adding an 
appropriate amount of aqueous quaternary am- 
monium salt solution. The aqueous solution was 
mechanically shaken with 5 ml of  an extract- 
ing solvent for 20 min at 25°C. After phase 
separation, the aqueous phase was used for the 
determination of indium by the extraction-spec- 
trophotometric method with PAN. 

Transfer 2 ml of the aqueous solution into a 50 
ml beaker and add 18 ml of distilled water and 1 
ml of 0.1 wt./vol% PAN solution. Adjust the pH 
range of the solution to about 5.5 5.9 with 
sodium hydroxide and acetate buffer solutions. 
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Transfer this solution into a 50 ml separatory 
funnel and stand for 5 min. Shake this mixture 
with 10 ml of chloroform. After phase separation, 
measure the absorbance of the organic phase at 
560 nm against chloroform and calculate the con- 
centration of indium in the original aqueous 
phase by means of a calibration graph. 

2.4. Ca lcu la t ion  ( ~ / e x t r a c t i o n  cons tan t s  

In the aqueous phase, indium(Ill) reacts with 
bromide to form InBrl2 "~. The stability con- 
stants [11] of the indium(III)-bromo complexes 
InBr 2+, InBr + ,  InBr 3 and InBr4 are log fll.~ = 
2.08, log []1.2 = 3.4, log [11. 3 = 4.0 and log ill.4 = 
4.8, respectively. These complexes are distributed 
between the aqueous and organic phases: 

InBr~ ~ (InBr3),,; 

KD(InBr3) = [InBr3]o/[InBr3] ( 1 ) 

InBr4 + Q*  ~- (Q + .InBr£)o; 

K~(InBr4 ) = [Q+ • InBr4 ]o/[Q +][InBr4] (2) 

where K~ is the extraction constant; the subscript 
0 refers to the organic phase and the absence of a 
subscript indicates the aqueous phase. 

The distribution ratio of indium between the 
aqueous and organic phases (D~n) is given by 

Olt, 

[InBr3]o + [Q + • InBr4 ]o 
[In 3+ ] + [InBr 2+ ] + [InBr+] +[InBr3]+[InBr4]  

(3) 

The side-reaction coefficient of the complexes 
of indium(III) with bromide in the aqueous phase, 
~In3+(Br ). is given by 

~In3 + (Br ) 

[In 3+ ] + [InBr 2+ ] + [InBr2 +] + [InBr3] + 

[InBr4 ][In 3 + ] 

= 1 + [], . ,[Br ] + [],.2[Br ] 2 -~- fll.3[Br ]3 

+ fl, .4[B r ]4 (4) 

When the total concentration of bromide in the 
aqueous phase is 5.15 M, the fifth term on the 

right-hand side of Eq. (4) has the greatest contri- 
bution to :tin 3 ÷ (Br ) by the calculation with the 
stability constants. Hence it is reasonable to con- 
sider that in the aqueous phase almost all the 
indium(Ill) is present as InBr4 , and Eq. (3) can 
be written as 

[Q + • InBr4]o [ In3 + ]i - [lnBr4 ] 
Dh, = -- (5) 

[InBr4 ] [InBr4 ] 

where [In ~+]~ is the initial concentration in the 
aqueous phase. In the extraction of tetrabromoin- 
date(III), the concentration of indium in the 
aqueous phase after extraction was determined 
based on the extraction-spectrophotometric 
method with PAN and the concentration of in- 
dium in the organic phase after extraction was 
determined by subtracting the concentration of 
indium in the aqueous phase after extraction from 
the initial concentration of indium in the aqueous 
phase. The distribution ratios of indium at differ- 
ent concentrations of the quaternary ammonium 
ions were calculated from Eq. (5). 

Hence, the following Eq. (6) can be derived 
from Eqs. (2) and (5). 

Din = K~(InBr4 ) ' [Q+]  (6) 

where 

log D,n = log K~x + log[Q + ] (7) 

The side-reaction coefficient for the quaternary 
ammonium ion :~Q+(Br ) is given by 

[Q+]' [ Q + ] + [ Q + . B r  ]o 
~Q+(Br  ) - - - -  [Q+] [Q+] 

= l + X c x (  Q + . B r  ) . [Br - ]  (8) 

where [Q+]' is the total concentration of the 
quaternary ammonium ion that is not bound in 
ion associates with tetrabromoindate(III) and 
Kex(Q + "Br " ) is the extraction constant of a qua- 
ternary ammonium ion with a bromide ion. [Q +] 
can be calculated by 

[Q+] = [Q +]'/~Q + ( B r - )  (9) 

[Q +]' is evaluated by the following equation: 

[Q+]' = CT(Q ~ ) - [Q+ • InBr2 ]o (10) 
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where CT(Q +) is the total concentration of the 
quaternary ammonium ion. [Q+] can be calcu- 
lated using Eqs. (8)-(10). 

3. R e s u l t s  and d i scuss ion  

3.1. Effect of the concentration of bromide ion 

1 . 0  

0.5 
c 

- 1 . O  

6 (CI-B) 
3 (CI-B) 

/ ' 7 (CI-B) /" / O " 2 ( C F ) /  
slopo=l I// ,9" /// / 

"-@a',< / J, 
- 55 /) )~' " - 3 - 2 // log[Q + ] I /  -12 

/~,~ 
6 <cv> / .~" . ~  

TBA and chloroform were used as a counter 
ion of an indium(III)- bromo complex and an 
extracting solvent, respectively. The effect of the 
concentration of bromide ion on the formation of 
the indium(III)-bromo complex was examined by 
determining indium in the aqueous phase after 
extraction based on the extraction-spectrophoto- 
metric method with PAN. The concentration of 
indium in the aqueous phase first decreased along 
with an increase in the bromide concentration, 
and then became constant. Constant absorbances 
were obtained at 4.29-6.01 M bromide concentra- 
tion range. Therefore, 5.15 M bromide was used 
for the formation of the indium(III)-bromo com- 
plex and InBr2 was the predominant indium 
species in the aqueous phase. 

3.2. Determination of extraction constants 

In a low-polarity solvent (its dielectric constant 
is less than about 10), the extraction equilibrium is 
simple and is given by Eq. (2) because the dissoci- 
ation of the ion associate in the organic phase is 
negligibly small. Toluene, benzene, chlorobenzene 
and chloroform were used as a low-polarity ex- 
traction solvent. In the extraction of tetrabro- 
moindate(III), the distribution ratios of indium at 
different concentrations of the quaternary ammo- 
nium ions were determined. The values of log D[, 
were plotted against log[Q+]; the results for Q+ 
• InBr4- extraction systems are shown in Fig. 1 
(chloroform and chlorobenzene) and Fig. 2 (ben- 
zene and toluene). As expected from Eq. (7), 
straight lines with a slope of 1 were obtained for 
all of the extraction systems. This means that the 
extraction equilibrium of Eq. (2) holds, and that 
the extracted species is Q + • InBr 4 . The extraction 
constants calculated from Eq. (7) are summarized 
in Table 2; the standard deviation is small. 

Fig. 1. Plots of log DI° vs. log[Q + ]. Extracting solvent: chloro- 
form (CF), chlorobenzene (CI-B); Q+: (1) TPA, (2) TBA, (3) 
TAA, (4) OTMA, (5) DTMA, (6) DDTMA, (7) TDTMA. 

3.3. Relationship between the extraction constant 
and the number of carbon atoms in the 
quaternary ammonium ion 

The values of the extraction constants (log Kex) 
were plotted against the number of carbon atoms 
in the quaternary ammonium ion (No). The results 
are shown in Fig. 3. For the same carbon number, 
the extractability (log Kex) with long-chain 
alkyltrimethylammonium cations (group I) is 
larger than that with symmetrical tetraalkylam- 
monium cations (group II), and the mean differ- 
ence in log K~x values between these two groups 
was about 1.3. The ion association reaction in a 
low-polar solvent extraction process is based on a 
hydrophobic interaction and an electrostatic inter- 
action: the effect of the former on the ion associa- 
tion is larger than that of the latter, which 
contributes to an increase in log Kex value with 
increasing N~. However, the differences in log Kex 
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Fig. 2. Plots of log DI, vs log[Q + ]. Extracting solvent: benzene 
(B), toluene (T); Q+: (1) TBA, (2) TAA, (3) DTMA, (4) 
DDTMA, (5) TDTMA, (6) CTMA. 
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Table 2 
Extraction constants (log Kex) obtained between aqueous and 
organic phases 

Q~ Extracting solvent ~' log K~× 

l n B h  b B r  c 

TBA T 2.56 _+ 0.05 (4) - 5.35 
TAA T 4.18_+0.03 (5) - 2 . 9 9  
D T M A  T 2.43 ± 0.05 (4) - 5.92 
D D T M A  T 3.58 _+ 0.03 (4) - 4 . 7 4  
T D T M A  T 4.41 _+0.01 (4) - 3 . 5 6  
C T M A  T 4.70 + 0.03 (4) - 2.38 
TBA B 2.71 _+ 0.04 (5) - 4 . 5 5  
TAA B 4.29 _+ 0.06 (4) - 2 . 1 9  
D T M A  B 2.59+_0.03 (5) - 5 . 1 2  
D D T M A  B 3.75 +0 .04  (6) - 3 . 9 4  
T D T M A  B 4.52 + 0.04 (5) - 2 . 7 6  
C T M A  B 4.73 ± 0.03 (4) - 1.58 
TBA C1-B 3.94 -+ 0.06 (5) - 2 . 2 5  
TAA CI-B 5.98 _+ 0.09 (6) 0.11 
D T M A  CI-B 3.25 _+ 0.02 (5) - 2 . 8 2  
D D T M A  CI-B 4.24 + 0.08 (5) - 1.64 
T D T M A  C1-B 5.12 + 0.01 (4) - 0 . 4 6  
TPA CF 2.35 -+ 0.05 (5) - 1.01 
TBA CF 5.73 _+ 0.03 (5) 1.35 
O T M A  CF 2.31 _+0.02 (6) " - 0 . 4 0  
D T M A  CF 4.39 + 0.07 (5) 0.78 
D D T M A  CF 5.90 + 0.04 (7) 1.96 

15 carbon atoms (group I-II) deviate from the 
straight line for those upto 15 carbon atoms 
(group I-I). These may be because the increment 
in spread of the hydrophobic alkyl chain of the 
cations in group I-II is smaller than that of the 
cations in group I-I. The slopes of the two lines 
for groups I and II were identical for each extrac- 
tion system, and from them the contribution of a 
methylene group to log Kex (A log Kex/-CH2-) 
was found to be about 0.91 for the chloroform 
extraction system and about 0.52 for the 
chlorobenzene, benzene and toluene extraction 
systems on average. The value of AlogKex/- 
CH2 for the chloroform extraction system is 
larger than those for the other three extraction 
systems. This may be caused by the effect of the 
solvation of chloroform on tetrabromoindate(III): 
tetrabromoindate(III) ion is more solvated by 
chloroform than by the other extracting solvents, 
and tetrabromoindate(III) is more easily extracted 
into chloroform. The values of A log Ke/ CH 2- 
for chlorobenzene, benzene, toluene extraction 
systems are in good agreement with the previously 
reported values [13-21]. 

~' Solvent: T, toluene; B, benzene; CI-B, ch[orobenzene; CF, 
chloroform. 
b Mean value +_ S.D. The figures in parentheses are the number 
of measurements. 
" Ref. [12]. 

values between these two quaternary ammonium 
ions for the same carbon number indicates that 
the electrostatic attraction of the cations in group 
I for the anionic complex is larger than that of the 
cations in group II, which can be explained by an 
effect of a flexibility of a quaternary ammonium 
ion: the flexibility of the alkyltrimethylammonium 
ion decreases the distance between the cation and 
the anion. In the log Kex-Nc plots for the benzene 
extraction systems, the points for the 
alkyltrimethylammonium ions having more than 
17 carbon atoms (group I-II) deviate from the 
straight line for those up to 17 carbon atoms 
(group I-I). In the log Kex-Nc plot for the toluene 
extraction system, the points for the 
alkyltrimethylammonium ions having more than 
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Fig. 3. Relation between log Kex and the number of carbon 
atoms in the quaternary ammonium ion. Extracting solvent: 
(1) and (2) chloroform, (3) and (4) chlorobenzene, (5) and (6) 
benzene, (7) and (8) toluene; Q+:  (1), (3), (5) and (7) te- 
traalkylammonium ion (b) TPA, (e) TBA, (h) TAA,  (2), (4), 
(6) and (8) alkyltrimethylammonium ion (a) OTMA,  (c) 
DTMA, (d) D D T M A ,  (f) T D T M A ,  (g) CTMA.  
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Table 3 
Extraction constants of ion associates of various metal- 
halogeno complex anions with octyltrimethylammonium 
cation in chloroform-extraction 

X Metal-halogeno complex log Ke× A log Kex 

CI- CuCI~ 1.5T ~ "~ 2.09 
TICI£ 3.668 J 
AuC14 4'23~ t 0.57 

y 

Br- InBr2 2.31 t 2.66 
AuBr 2 4.97" j 
T1Br 4 5.33 b } 0.36 

I Bil 4 5.31 o 

tors to the extraction constants and the ex- 
tractabilities of cations, anions and extracting 
solvents, possible extraction systems for a spec- 
trophotometry for indium may be predicted. 

" Ref. [17]. 
b Ref. [18]. 

Ref. [19]. 
d Ref. [20]. 

3.4. Extractability of tetrabromoindate(III) 

The extraction constants (logKex) for the 1:1 
ion associates of metal-halogeno complex anions 
with OTMA + into the chloroform extraction are 
listed in Table 3. From these values, it was found 
that the extractability of metal-halogeno complex 
anions was in the order TIBr4 > BiI4 > AuBr4 
> A u C 1 4  > T1CI4  > I n B r 4  > C u C 1 2 ;  the  di f fer-  

ences  in log Kex between two metal-halogeno 
complex anions in this order were 0.02, 0.34, 0.74, 
0.57, 1.35 and 0.74. 

In the design of new sensitive and selective 
extraction-spectrophotometric methods for in- 
dium utilizing the ion association, the use of the 
extraction constants and the extractability for te- 
trabromoindate(III) described above has the ad- 
vantages of saving of time, low cost and less 
labour in the experiment, e.g. from the extraction 
constants obtained, the contribution of some fac- 
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Abstract 

Carbon-based screen-printed electrodes are suitable for uric acid detection. Xanthine oxidase (XO) was immobi- 
lized either directly on the surface of the electrode or in a reactor with CPG aminopropylsilane in a FIA assembly. 
Higher reproducibility and lifetime was obtained with the reactor. Optimum conditions were found for the 
determination of Hypoxanthine (Hx), Inosine (HxR) and Inosine monophosphate (IMP). Calibration curves for IMP, 
HxR and Hx are linear up to 50 laM with detection limit of 1 laM for 50 ~tl injection. One assay is completed within 
30 s. The reproducibility of 20 laM of Hx was obtained with CV 2%. © 1997 Elsevier Science B.V. 

Keywords: Screen-printed electrodes; Uric acid detection: Xanthine oxidase; Hypoxanthine detection; Fish freshness 

I. Introduction 

Rapid non destructive methods would be useful 
in monitoring fish meat quality during processing, 
transportation and marketing. 

Freshness has been determined on the basis of  
indicators such as ATP-related compounds which 
normally don ' t  exist in the living tissues of  fish. 
Adenosine triphosphate (ATP) is decomposed in 
fish meat, adenosine diphosphate (ADP), 
adenosine monophosphate  (AMP) and related 

* Corresponding author. Tel: + 39-55-2757274; fax: + 39- 
55-2476972; e-mail: mascini@cesitl.unifi.it 

compounds are formed by autolysis and/or micro- 
bial actions following the death of  fish. ATP is 
then degraded to uric acid (AU) through the 
following pathway: 

ATP - ,  ADP ~ AMP -~ IMP ~ HxR ~ Hx ~ X 

-*AU 

Hypoxanthine (Hx) and inosine (HxR) concen- 
trations depend upon the species of  fish. Inosine 
monophosphate  (IMP) is one of the major  con- 
tributing factors to the pleasant flavour of  fresh 
fish. The accumulation of Hx and/or xanthine (X) 
during the storage results in an 'off-taste'.  The 
concentration of Hx, one of the intermediates of  

0039-9140/97/$17.00 ,~9 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00098-2 
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Fig. 1. Hydrodynamic voltammogram of (m) uric acid, 29 ~aM, and (O) hydrogen peroxide, 3 mM. 

these reactions increases with prolonged storage 
and thus can be used as an indicator of fish meat 
freshness [1]. 

Simultaneous determination of these compounds 
is also necessary for a rapid estimation of freshness. 

IMP, HxR and Hx determinations are based on 
the following enzyme reactions: 

N T (or AlP) 
IMP --* HxR 

Np 
~IxR + Pi ~ Hx + Ribose - 1 Phosphate 

x o  
Hx + 202 ~ AU + 21-1202 

where NT is 5'-nucleotidase, AlP alkaline phos- 
phatase, Np nucleoside phosphorylase and XO 
xanthine oxidase. XO is a flavoprotein which 
possesses the flavine adenine dinucleotide (FAD) as 
a cofactor at the active site. 

Time consuming, expensive and complex me- 
thods such as paper chromatography, anion-ex- 
change chromatography, precipitation, spec- 
trophotometry [2,3] are described for the 
determination of Hx, X and AU in fish tissue 
extract. 

Electrochemical methods have attracted consid- 
erable attention for the determination of Hx and X 
using an immobilized enzyme-modified oxygen 

electrode [1,4 12]. Oxygen electrode coupled with 
bacteria was exploited for evaluation of fish meat 
quality [13]. These procedures are all based upon 
the amount of oxygen consumed near the surface 
of the sensor. A voltammetric procedure for the 
simultaneous determination of Hx, X and AU has 
been also reported using a pyrolytic graphite elec- 
trode and standard solutions [14]. IMP, HxR and 
Hx concentrations have been also determined by 
measuring the hydrogen peroxide formation using 
a Clark hydrogen peroxide probe [15,16]. 

An amperometric sensor for Hx and X based on 
the detection of uric acid with XO adsorbed on a 
carbon paste electrode has been proposed [17]. 

Flow Injection Analysis (FIA) has been used 
combining a reactor with an alkaline phosphatase 
(ALP) immobilized and a second reactor with a 
purine nucleoside phosphorylase-xanthine oxidase 
(Np XO) coimmobilized for the determination of 
purine nucleotides (ATP, ADP, AMP) with a flow 
through glassy carbon electrode measuring the uric 
acid produced [18]. 

A system with double enzyme reactors (XO-Np 
and NT-Np-XO) coupled with oxygen electrode 
and FIA apparatus was developed for the determi- 
nation of fish freshness [19]. 
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An oxygen electrode coupled with three en- 
zymes: 5'-NT, XO and Np was introduced in a 
FIA system at 30°C, pH 7.8 (1.4 ml rain-~) for 
determination of IMP. Calibration curves are lin- 
ear in the range 1-5 mM for a 50-1~1 injection [8]. 

In this paper we report the use in a FIA assem- 
bly of a carbon based screen-printed electrode. 
This sensor is very sensitive and selective for uric 
acid detection; hydrogen peroxide is not detected 
by such electrode at the potential of 450 mV (Fig. 
1). 

The coupling of this disposable sensor with XO 
enzyme has been realized immobilizing directly 
the enzyme on the carbon or by use of a glass 
bead reactor where the enzyme was immobilized. 
Hx therefore is quantitatively analysed and, by 
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Fig. 2. (a) Amperometric detection with immobilized XO 
screen-printed electrode: Response of the XO sensor to Hx (a) 
0.2 laM, (b) 1 laM, (c) 2 pM, (d) 5 I~M, (e) 10 gM, (f) 19 pm, 
(g) 29 pM and (h) 38 p-M. (b) Hx calibration curves of  the 
XO-screen-printed electrode by (O) successive additions of the 
standard solution or by ( n )  washing the electrode before each 
addition. 
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Fig. 3. Amperometric detection with immobilized Xanthine 
oxidase (XO) screen-printed electrode: Calibration curves for 
determinations of ([2) Hx, (,~) HxR and (A)  IMP. 

using the other enzymes in solution (Np and NT 
or ALP), the related compounds, IMP and HxR, 
could be also evaluated. 

Use of real samples indicates that the reactor 
gave higher reproducible results and with an easy 
procedure quantitative determination of AU, Hx, 
HxR and IMP in real samples in few minutes is 
obtained. 

2. Experimental 

2. I. Chemicals 

Xanthine oxidase (XO) (EC 1. 1. 3. 22; from 
buttermilk; 0.4 U mg ~; Fluka), 5'-nucleotidase 
(EC 3. 1. 3. 5; from Crotalus Adamanteus; 110 U 
mg- ~; Fluka), nucleoside phosphorylase (EC 2.4. 
2. 1; bacterial; 9,7 U mg-1; Fluka), hypoxan- 
thine, xanthine, inosine, inosine monophosphate, 
uric acid, phosphate potassium dihydrogenphos- 
phate, imidazole and BSA were purchased from 
Sigma Chemical Co., St Louis, MO (USA). Glu- 
taraldehyde (25% aqueous solution) and L-hy- 
drochloride lysine were obtained from Merck. 

2.2. Screen-printed electrode 

Screen-printing is a simple and fast technique 
for mass production of disposable electrochemical 
sensors. These electrodes, single-use, have several 
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advantages like avoidance of contamination be- 
tween samples, constant sensitivity and high re- 
producibility of  the different printed sensors. The 
sensor coupled with enzyme avoided the denatu- 
ration effect due to multiple samples. 

With this technique, the ink used to print elec- 
trodes can be varied easily and therefore different 
properties of  the final sensor can be achieved. 
Many different inks are commercially available 
and some of them are based on noble metals. 
Carbon can also be mixed with different com- 
pounds (mediators, enzymes, metal catalytic parti- 
cles...) and therefore modified sensors and 
biosensors can be easily mass produced. 

The inks can be printed on several kind of  
supports like glass, ceramic and plastic sheet. In 
our opinion, the most interesting material for 
printing electrochemical sensors are the carbon- 
based inks as they can be printed on plastic sheets 
at very low firing temperature (from room tem- 
perature to 120°C). 

Screen-printing technology consists in deposit- 
ing different inks on a substrate in a film of  
controlled pattern and thickness. The inks con- 
sisted of finely divided particles of different mate- 
rials in a blend of thermoplastic resins. The 
printed ink must be heated to polymerize the ink 
and then it is ready for an ensuing printing step. 
After every printing step electrodes were heated at 
I10°C for 10 min. 

The screen-printed electrodes were used in a 
3-electrode configuration with a Ag/AgC1 as refer- 
ence electrode and a silver electrode as counter. 
They were realized by several steps corresponding 
to the deposition of different layers: 
• a first layer of  silver ink for the conductive pad, 
• a carbon pad positioned over a part of the 

silver track for the working electrode 
• a silver/silver chloride over the silver track for 

the reference electrode 
• and finally an insulating layer with openings to 

allow electrical contact on a polyester flexible 
film [20]. 

2.3. Preparation of a XO immobilized electrode 

Before enzyme immobilization, the electrode 
was poised at 1.7 V vs Ag/AgC1 for 20 s in order 

to oxidize the carbon surface. This treatment was 
found very important for the reproducibility of  
the biosensor behaviour: 
• 3 Ixl of a solution prepared by mixing 
• 20 tal of  phosphate buffer 0.05 M pH 7.8 

containing 0.023 U XO, 0.015 mg BSA 
• and 2 lal of  0.025% glutaraldehyde, 
were placed on the carbon surface (geometrical 
area = 4 mm2). The membrane was air-dried for 
about 2 h then washed for 20 min in 0.05 M 
phosphate buffer pH 7.8 with 0.5 M lysine to 
remove the excess of glutaraldehyde. The enzyme 
electrode was stored at 4°C until use. All experi- 
ments were performed in 0.05 M Imidazole buffer 
pH 7.8 containing 50 mM phosphate and 0.1 M 
KC1. 

2.4. Preparation of the XO immobilized reactor 

The Xanthine oxidase is immobilized by glu- 
taraldehyde to activated controlled pore glass 
beads (aminopropyl glass, average pore size 700 
A, particle size 80-120 mesh obtained from 
Sigma). To a suspension of  50 mg of activated 
pore glass in 300 ~tl of buffer, 500 I.tl of  2.5% 
glutaraldehyde solution is added. This mixture is 
gently stirred at room temperature for 1 h, then 
washed with water. We add 1.2 mg of  XO (0.5 U) 
to the mixture and this is stirred at 4°C for 24 h. 

The activated glass (about 20 mg) is packed in 
Tygon T M  tube of 0.60 mm internal diameter and 
20 mm long. 

The working buffer for the procedure is 0.05 M 
Imidazole containing 0.1 M KCI and 50 mM 
KH2PO 4 at pH 7.8. The reactor is stored at about 
4°C in the working buffer when not in use. 

2.5. Flow systems and procedure 

The system consisted of a pump (Minipuls 3 
Peristaltic Pump Gilson), an injector (Rheodyne 
5701). An amperometric biosensor detector (Uni- 
versal Sensors, Inc) was used as potentiostat and 
connected with an Amel model 868 recorder. 

The screen-printed 3 electrode was placed in a 
suitable flow cell. The working buffer solution is 
continuously transferred to the flow cell at a 
constant rate by a peristaltic pump. When the 



M.-A. Carsol et a l . /Talanta  44 (1997) 2151 2159 2155 

current reaches a stable value (drift less than 1% 
in 10 min), a known volume (50 tal) of sample 
solution is injected through the sampling valve. 

3. Results and discussion 

3.1. Uric acid amperometric response 

2.6. Amperometric determinations 

Hypoxanthine and related compounds deter- 
mination were based on uric acid detection at a 
potential of  450 mV vs Ag/AgCI with carbon- 
based screen-printed electrode. 

IMP, HxR, Hx and AU standard solutions 
were prepared by dissolving reagent in Imida- 
zole buffer 0.05 M containing 0.1 M KC1-50 
mM KH2PO 4 and were diluted with the buffer 
solution. Suitable amount of NT (or AlP) and 
Np enzymes added for the detection of IMP and 
HxR were optimized according to literature [16]. 

The 3 electrode system was used in beaker 
and in the flow cell. 

In the beaker, the 3 electrode with immobi- 
lized XO was immersed in buffer and standard 
solution of AU and Hx were added. In the 
flow system, the 3 electrode was loaded into 
the flow cell and the standard solutions were 
injected. 

Calibration curves were therefore obtained 
with the two procedures. Standard solutions of 
HxR and IMP were added with Np and Np-NT 
enzymes and after few minutes (5 10) could be 
employed for calibrations. In the case of IMP 
we found that the conversion rate was increased 
at 30°C. 

2. 7. Preparation of samples for fish freshness 
determination 

Several authors proposed a treatment of fish 
sample according to Ehira's methods [2]. A sim- 
pler method has been used. Exudate of fish 
muscle (10 tal) obtained by press treatment were 
diluted with 5 ml of buffer Imidazole 0.05 M 
pH 7.8 containing 0.1 M KC1 and 50 mM 
KH2PO 4 and used immediately as the sample. 

Samples for the determination of fish fresh- 
ness were prepared from the specie gilthead 
bream. AU concentration is determined using 
the FIA system without the XO reactor. 

The carbon electrode gave a very fast and 
reproducible response to uric acid. The calibra- 
tion curve obtained with standard solutions added 
to buffer was perfectly linear in the range 1-50 
~tM with a standard deviation of 5% and a limit 
detection of 0.2 ~tM. This was the basic finding 
and we tried to exploit such linear behaviour for 
hypoxanthine determination and then for fresh- 
ness evaluation. 

3.2. Hypoxanthine detection with XO immobilized 

Enzyme immobilized on carbon sensor allows a 
rapid signal when hypoxanthine standard solution 
was added to the buffer. 

However, the signal decreases very soon and the 
enzyme becomes poisoned just after the addition 
(Fig. 2a). If we add a second addition, the enzyme 
results inhibited. 

However, if we change the buffer solution and 
we add a new aliquot of hypoxanthine standard 
solution, we could obtain a current value propor- 
tional to the addition. Therefore we could obtain 
a linear calibration curve by changing the buffer 
solution before the addition of hypoxanthine and 
by monitoring the maximum value of current (Fig. 
2b). 

The calibration curve obtained with such proce- 
dure is linear up to 50 ~tM and is stable and 
reproducible for more than 50 assays in this range. 
Then, the response of  the sensor decreases slowly. 

The calibration curve with HxR and IMP stan- 
dard solutions treated respectively with Np and 
N p - N v  enzymes showed a linear range more nar- 
row. Fig. 3 reports the comparison of the calibra- 
tion obtained from Hx, HxR and IMP. 

From these experiments we learned that XO is 
inhibited by the enzyme product, probably ad- 
sorbed by the carbon matrix and only the exten- 
sive washing of the electrode allows a new 
determination. Moreover the presence of the other 
enzymes Np or Np-NT in the solution inhibits 
more the XO enzymatic reaction, decreasing the 
linear portion of the calibration curve. 
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3.3. Flow injection system with XO immobilized 
screen-printed electrode 

Previous results led to the conclusion that only 
a FIA procedure could be useful to exploit the 
linearity of the uric acid probe. 

The best flow rate and the sample loop were 
found 0.5 ml min-~ and 50 pl (dispersion coeffi- 
cient was 1.05). 

Fig. 4a reports the calibration curve obtained 
with hypoxanthine and uric acid standard solu- 
tions. We can observe the linearity of the calibra- 
tion curve and that XO converts hypoxanthine 
completely up to almost 100 laM. However, Fig. 
4b reveals how after 2 h (40 additions) the curve 
is linear only up to 50/aM. The detection limit is 
5 pM. 
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Fig. 4. (a) Amperometric detection with immobilized Xanthine 
oxidase (XO) screen-printed electrode using Flow Injection 
Analysis: Calibration curves for determination of (O) AU and 
( I )  Hx. pH 7.8; T, 200C; flow rate, 0.5 ml m i n - ' ;  sample 
volume, 50 pl. (b) Influence of  time on output current of  the 
Hx sensor ( I :  zero time; &: after 2 h). Sample volume, pH 
and flow rate were 50 pl, 7.8 and 0.5 ml m i n -  ', respectively. 
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Fig. 5. Amperometric detection utilizing immobilized Xanthine 
oxidase (XO) reactor and screen-printed electrode: Typical 
signals for 50 lal injections of  standard solution Hx, (a) 8 pM; 
(b) 16 pM; (c) 32 pM and (d) 62 pM). Carrier solution (0.05 M 
Imidazole buffer at pH 7.8 containing 0.1 M KC1 and 0.05M 
KH2PO4) was pumped at a flow rate of  0.5 ml rain '. 

The experiments reveal how the enzyme was 
still poisoned if high concentration of Hx were 
flowed. 

3.4. FIA with XO reactor and screen-printed 
electrode 

A reactor loaded with XO was introduced into 
the FIA assembly and results obtained (Fig. 5) 
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Fig. 6. Hx calibration curve: Effect of  the storage time ((D) 0 
h, (Q) 24 h, (A) 48 h and ( ~ )  72 h). pH 7.8; T, 20°C; flow 
rate, 0.5 ml min t; sample volume, 50 gl. 
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Fig. 7. Amperometric detection utilizing immobilized Xanthine 
oxidase (XO) reactor and screen-printed electrode: Calibration 
curves for determination of (11) AU, (o)  Hx, (A)  HxR and 
( 0 )  IMP. Flow rate, temperature, pH and sample volumes 
were 0.5 ml min - 1  20oc, 7.8 and 50 ~1, respectively. 

Fig. 8(a) and Fig. 8(b) report the drastic reduc- 
tion (around 80%) obtained with standard solu- 
tions of uric acid and hypoxanthine before and 
after 100 injections of  fish samples diluted 50 
times with the buffer. 

The decrease is related to the electrode fouling 
which appears as a reduction of the active area. 
The calibration curve is still linear for both uric 
acid and hypoxanthine but much decreased. 
Therefore it appears that the enzyme reactor is 
still converting all hypoxanthine in uric acid but it 
is the electrode which is unable to oxidise uric 
acid. 

Moreover additions of standard solutions of 
uric acid or hypoxanthine to the samples indicate 
a nonlinear behaviour of the current obtained. 

showed high linearity, high reproducibility and 
fast recovery. The sampling rate is about 100 
samples h-- 

The relative standard deviations for 4 replicate 
injections were 2% for a concentration of 20 ~tM. 

The XO immobilized enzyme reactor was used 
repeatedly to evaluate the lifetime (Fig. 6). The 
system shows linear response after repetitive use 
even after 2 - 3  months with standard solutions 

The response curves to IMP, HxR and Hx were 
compared. After the output current reached a 
steady state, an aliquot of each compound was 
injected into the sensor system. 

Any appreciable difference was observed in the 
response times for IMP, HxR, Hx and AU. 

In Fig. 7 the calibration curves for IMP, HxR, 
Hx and AU are reported in the range 1-50  ~M 
indicating a total conversion of IMP, HxR and 
Hx to AU. The responses are linear in this range 
and the detection limit is 1 ~tM. 

(b) 

Exudates from fishes are generally diluted, 
filtered through 0.45 ~tm pore filters and injected 
without any pretreatment into the sampling valve. 

Preliminary experiments showed a drastic effect 
on the current obtained after repetite sample in- 
jections. 
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Fig. 8. (a and b) Amperometric detection utilizing immobilized 
Xanthine oxidase (XO) reactor and screen-printed electrode: 
Calibration curves for determination of AU and Hx (E)  
before and (o) after 100 injections of fish samples diluted 50 
times with buffer. Flow rate, temperature, pH and sample 
volumes were 0.5 ml min ~, 20°C, 7.8 and 50 lal, respectively. 
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Table 1 
Results obtained with real samples (Gilthead bream) stored in different conditions 

Storage method Time from death [AU] (mM) [Hx] (raM) [HxR] (raM) [IMP] (raM) K (%) 

4°C 48 0 1.85 0.5 11.8 17 
72 0.5 2.65 0.3 12.05 22 
96 0.! 1.1 0.1 4 24 

120 -- 0.4 0.2 5.45 26 
168 0 0.6 0.45 2.7 28 
192 0.1 2.35 0.25 5.3 34 

4°C with ice 48 0 1.25 1.25 20.15 11 
72 0 1.05 0.2 5.7 18 
96 0.15 0.05 0.3 1.9 21 

120 0 0.6 0.35 2.6 27 
168 0 0.5 1 3.95 27.5 
192 0.05 1.05 1.05 6.35 25 
216 0.25 0.25 0.95 3.5 29 
240 0.8 I. 15 2.75 9.05 34 

However, if the exudates are diluted 500 times 
or more with the buffer, linear behaviour in the 
final range 0 -10  ~tM is obtained with a detection 
limit of  0.2 gM. Therefore a detection limit of 0.1 
mM in the exudate can be obtained. Uric acid and 
hypoxanthine gave the same calibration curve and 
it was estimated that 40 assays can be realized 
with a single sensor. After this number of real 
samples the sensor has to be discarded and substi- 
tuted with a new one. Therefore a disposable 
sensor is necessary for such kind of measurement. 

Additions of Np and N v (or AlP) enzymes to 
the diluted exudates allow the detection of  HxR 
and IMP in the sample as reported in the experi- 
mental section. 

The hypoxanthine oxidase reactor showed a 
good operational stability during 2 3 months for 
at least 200-300 assays. The CV was around 
_+ 3% for a sample containing 1.20 mM of Hx or 
HxR and IMP. 

Moreover the proposed procedure allows the 
determination of uric acid in the exudate (by 
excluding the reactor) and this information could 
be useful to assess quality studies. 

In Table 1 we report a study on the determina- 
tion of AU, Hx, HxR and IMP of real samples 
(gilthead bream) stocked in different conditions. 
Therefore the sensor appeared promising for rou- 
tine determination of fish freshness. 

K value, indicator of fish freshness, based on 
the degradation of  ATP in fish meat is defined as 

K = 100 (HxR + Hx)/(IMP + HxR + Hx) (1) 

as ATP, ADP and AMP disappear around 24 h 
after the death of  the fish. 

Species showed a K value of about 11-17%, 48 
h after the death. During storage at 4°C, the K 
value increased to 34% after 192 h while the fish 
kept at 4°C with ice reached this value after 240 h. 
These results showed that the degradation is 
higher at 4°C without ice than with ice. 

These preliminary datas were confirmed with an 
amperometric procedure based on platinum elec- 
trode and hydrogen peroxide detection [16]. 

4. Conclusion 

An amperometric detection based on FIA pro- 
cedure using Xanthine oxidase reactor and a car- 
bon based screen-printed electrode is proposed for 
freshness detection. Exudates of fish can be only 
diluted and injected into the system, therefore any 
preparation step is avoided. 

Screen-printed carbon-based electrode can be 
used for 30-40 assays without further calibration. 
An oxidase reactor can be exploited for 2 -3  
months or at least 200-300 samples. 
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To determine HxR and IMP, relative enzymes 
converting to Hx should be added in suitable 
amounts according to a proposed procedure and 
the sample is then directly injected into the FIA 
system. AU can be also quantitatively determined 
without the oxidase reactor. 

Therefore AU, Hx, HxR and IMP values can 
be obtained in 30 s with CV of 2-3% if the 
concentration is around 1 5 mM in the original 
sample; quality studies on fish samples can be 
easily performed. 
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A n n o u n c e m e n t s  

The quantity 'pH' 

The growing awareness amongst analytical chemists of the need for expressing the traceability and 
uncertainty of results has brought new pressure to reconsider the difficult situation of the realisation of 
the quantity 'pH', IUPAC Commission V. 5, responsible for pH matters [1], is proposing new works 
towards a unified pH scale. The adoption of a scientifically sounder assumption for activity coefficients in 
mixed electrolytes, the Pitzer treatment [2], to replace the Bates-Guggenheim Convention, will lead to the 
best possible definition of pH, the closest to the 'true', unattainable, pall value. By this means known 
standard buffers, with or without background electrolyte, can be assigned calculated pH values on the 
unified pH scale. 

Before this unified pH scale can be formulated, an extensive further programme of experimental work 
on pH standard buffers is required. It is the intention to enlist the co-operation of some dozen suitably 
equipped laboratories world-wide to make extensive new e.m.f, measurements of Harned cells with buffer 
substance components over a wide temperature range to derive the necessary information. A subsequently 
formed working party will then reconsider the current IUPAC (1985) Recommendations [1]. A number of 
laboratories have already offered support. Requests for further details, offers of help, and comments on 
this proposal and on the existing IUPAC Recommendations should be sent to: 

Prof. Arthur K. Covington, 
Department of Chemistry, 
University of Newcastle upon Tyne. NE1 7RU, 
UK. 
Fax: +44 191 2226929, 
e-mail: a.k.covington@newcastle.ac.uk 
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The Benedetti-Pichler Award 

The American Microchemical Society is pleased to announce that it has chosen Professor John G. 
Dorsey, from Florida State University, as the 1997 A.A. Benedetti-Pichler Awardee. In general, Professor 
Dorsey has made outstanding contributions to analytical chemistry and to an understanding of chromato- 
graphic retention mechanisms. In particular, he has made seminal contributions to flow analysis, and to 
the estimation of biological and environmental partitioning processes. The Foley-Dorsey equation is now 
the recognized standard for calculation of the number of theoretical plates that measure the resolving 
power of a separation. The paper in which this equation was published, Anal. Chem. 55, 730-737 (1983) 
has been cited 239 times through June of 1996. 

The Award will be presented at the Eastern Analytical Symposium and Exposition 1997, Somerset, 
New Jersey, USA on Thursday Nov. 20th, 1997 at a symposium in Prof. Dorsey's honor. 
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8th Symposium on Handling of Environmental and Biological 
Samples in Chromatography 

26th Scientific Meeting of the Group of Chromatography and 
related Techniques of the Spanish Royal Society of Chemistry 

Almeria, Spain 
October 26-29, 1997 

Organized by: 
International Association of Environmental Analytical Chemistry Group of Chromatography and Re- 
lated Techniques of the Spanish Royal Society of Chemistry, Faculty of Sciences, University of Almeria, 
Spain. 

This meeting intends to cover new developments and reviews established handling and preparation 
techniques (such as liquid-liquid, solid phase extraction and supercritical fluid extraction) as well as more 
recent techniques. These include specific methods utilizing enzymes, immuno interactions and tailor made 
reagents and membrane techniques. GC, LC, SFC, CE, hyphenated techniques, MS techniques and 
automation will also be considered. A separate session will be devoted to water monitoring, international 
regulations and quality assurance principles of pesticide analysis. Subtopics will be introduced by plenary 
and invited research lectures followed by brief research posters. The symposium language will be English 
with no translation. 

The program will consist of Plenary and Keynote Lectures. An equally important means for exchange 
of information will be via Poster Sessions. The posters will be selected to complement the series of lectures 
so that all factors affecting development of new analytical techniques, instrumentation and procedures for 
environmental and biological studies will be presented. 

For further details contact: 
Mrs M. Frei-H/iusler, IAEAC Secretariat, Postfach 46, CH-4123 Allschwil 2, Switzerland. Tel.: + 41 61 
4812789; fax: + 41 61 4820805; e-mail: iaeacmfrei@access.ch 
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1998 Winter Conference on Plasma Spectrochemistry 

Scottsdale (Arizona) 
January 5-10 1998 

Developments in plasma spectrochemistry by: ICP, DCP, MIP and GDL, HCL sources. 

For further information please contact: 
1998 Winter Conference on Plasma Spectrochemistry, 
%ICP Information Newsletter, 
Department of Chemistry, 
Lederle GRC Towers, 
University of Massachusetts, 
Box 34 510, 
Amherst, MA 01003-4510, 
USA 
Attn: Dr. Ramon Barnes, Conference Chairman 
Tel: + 1 413 5452294; 
Fax: + 1 413 5453757; 
e-mail: winterconf@chem.umass.edu. 

Schedule of activities 

Call for papers, abstracts due 
Exhibitor registration 
Conference pre-registration 
Hotel pre-res ervation 
Late pre-registration deadline 
1998 Winter conference short courses 
1998 Winter conference on plasma spectrochemistry 

July 1, 1997 
September 8, 1997 
October 10, 1997 
October 10, 1997 
December 5, 1997 
January 2-4, 1998 
January 5-10, 1998 

8th International Symposium on Luminescence Spectrometry in 
Biomedical and Environmental Analysis Detection Techniques 

and Applications in Chromatography and Capillary 
Electrophoresis 

Las Palmas de Gran Canaria (Canary Islands), Spain 
26-29 May 1998 

Organized by the University of Las Palmas de G.C. (Spain) in collaboration with the University of 
Ghent (Belgium), the University of Tokyo (Japan) and the Complutense University of Madrid (Spain). 

For further information please contact: 
Professor Dr Jos~ Juan Santana Rodriguez, Symposium Chairman, Department of Chemistry, Faculty of 
Marine Sciences, University of Las Palmas de G.C., 35017 Las Palmas de G.C., Spain. Fax: + 34 9 
28452922; Tel.: + 34 9 28452915/452900; e-mail: josejuan.santana@quimica.ulpgc.es 
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Erratum to 
with single 

Erratum 

'Kinetic determination of organic vapor mixtures 
piezoelectric quartz crystal sensor using artifical 

neural networks' 
[Talanta 44 (1997) 959]  1 

Wan-Li Xing, Xi-Wen He * 

Department of Chemistry, Nankai University Tianjin 300071, People's Republic o[ China 

The publisher regrets that some words were ommitted from p. 961, 2nd column. The sentence beginning 
on line 12, should read: 

From the initial reaction time, the frequency values (J~t)) at every 10 s were recorded. Of particular 
interest were the 10 min period after injection of the samples and 15 rain after purging the detection cell. 

* Corresponding author. 
PII of original article: S0039-9140(96)02142-X 

0039-9140/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
PII S0039-9140(97)00222-1 
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It was a pleasure for the Editors of Talanta to arrange this special issue, proposed by Professor Vasile 
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Jean-Michel Kauffmann 
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